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Abstract 
Homeostasis of human T cells is regulated by many factors that control proliferation, 

differentiation of effector cells and generation of memory. Our current knowledge of the 

mechanisms controlling human T cell homeostasis in vivo is based on experiments in 

small animal models. However many differences exist between immune systems of mice 

and humans, including cell composition, function, and gene expression. Humanized 

mouse models have shown great value in the study of human immunobiology. I have 

used novel humanized mouse models to examine the role of human MHC (HLA) and 

human IL2 in CD8 T cell and CD4 regulatory T cell (Treg) homeostasis. To study human 

CD8 T cells I engrafted CD8 T cells from healthy donor PBMC into NOD-scid IL2rgnull 

(NSG) mice that lacked expression of murine MHC and that expressed HLA-A2. My data 

demonstrate that CD8 T cell survival and effector function required the presence of HLA-

A2, helper function from human CD4 T cells and exogenous human IL2. To study human 

Treg homeostasis I used NSG mice engrafted with human fetal thymus and hematopoietic 

stem cells (BLT model). NSG-BLT mice support the growth of human thymic tissue and 

enable the efficient development of HLA-restricted Treg and conventional T cells. Using 

an AAV vector to express human IL2, I demonstrated that functional human Treg but not 

conventional T cells increased in number in NSG-BLT mice and that this coincided with 

increases in activated human NK cells. Overall my research has revealed that HLA and 

human IL2 have an essential role in human T cell survival and function in vivo.  
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APC (Antigen presenting cell) 
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FasL (Fas Ligand; CD95L) 
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HLA (Human Leukocyte Antigen) 
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ILC (Innate Lymphoid Cells) 

IV (Intra-Venous)  

MHC (Major Histocompatibility Complex) 

MIP (Mouse Insulin Promoter)  

MPEC (Memory Progenitor Effector Cell) 

MHC-I (Class-I Major Histocompatibility Complex) 

MHC-II (Class-II Major Histocompatibility Complex) 

MΦ (Macrophage) 

mTEC (medullary thymic epithelial cell) 

NOD (Non-Obese Diabetic) 

NK Cell (Natural Killer Cell) 

NSG (NOD Scid IL2rgnull) 

PAMP (Pathogen-associated molecular pattern) 

PBMC (peripheral blood mononuclear cells) 

PBL (Peripheral Blood Leukocytes) 

Prf (Perforin) 

Prkdcscid (protein kinase, DNA activated, catalytic polypeptide; severe combined 

immunodeficiency) 

PRR (Pattern Recognition Receptor) 



RAG-1/RAG-2 (Recombination Activating genes) 

RIG-I (Retinoic acid Inducible Gene I) 

SCID (Severe Combined Immunodeficiency) 

SHM (Somatic Hypermutation)  

SLEC (Short Lived Effector Cell) 

SRC (SCID reconstituting cells) 

Tcm (Central Memory T cell) 

TCR (T cell Receptor) 

Tem (Effector Memory T cell) 

Th (T helper) 

Trm (Tissue Resident Memory Cell) 



Chapter I – Introduction  

The immune system exists in a well-balanced state that is capable of remaining quiescent 

when not perturbed while also being poised to respond to foreign intrinsic “danger” 

signals that indicate the possible presence of an infection. Among the myriad of cells that 

make up the mammalian immune system, T cells stand out as an important part of both 

responding to infection and an opposite but just as important role in regulating the 

intensity of the response. Because of this duality, T cells are a popular target for 

therapeutic intervention to modulate immune responses.  The ultimate goal of my thesis 

research is to develop treatments that can either act alone or in conjunction with existing 

therapies to treat autoimmune conditions. Our knowledge regarding the cytokines and 

cell interactions that human T cells require for both normal homeostasis or when 

responding to foreign antigen in vivo is primarily based on experiments in rodent models. 

These experiments have discovered that a large portion of T cell function is conserved, 

but have also identified numerous differences between the human and mouse immune 

response. The many differences that exist between immune systems of mice and humans 

include cell composition, function, and gene expression (1). Because of these differences, 

there has been an effort to develop a small animal model to study human immunology. 

After decades of optimization, several strains of immunodeficient mice that are 

permissive to engraftment with human cells have been developed and utilized as the 

platform upon which the existing models have been built. In my experiments presented 

here, I have used several of these humanized mouse models to examine the role of human 



MHC and of different cytokines, specifically human IL-2 and IL-7, in CD8 T cell and 

CD4 regulatory T cell (Treg) homeostasis.  

 

To study human CD8 T cells, I used the NSG-PBL-SCID model and fractionated the 

whole PBMC fraction into distinct populations. Specifically, the NSG-PBL-SCID model 

used in most of these experiments was created using CD8 T cells that were isolated from 

PBMCs obtained from healthy donors. We injected the cells into NOD-scid IL2rgnull 

(NSG) mice that either expressed murine MHC-I, were deficient in MHC-I expression, or 

into mice that expressed transgenic forms of human MHC-I (HLA-A02*01). My data 

demonstrate that CD8 T cell effector functions are dependent upon the presence of either 

murine MHC-I expression or transgenic expression of human HLA-A02. Survival of 

these CD8 cells was also dependent upon the presence of a secondary cell population or 

the exogenous delivery of human IL-2.  

 

To study human Treg homeostasis I used the NSG-BLT mouse (Bone marrow Liver 

Thymus) model. BLT mice are created by transplanting a piece of human fetal thymus 

and liver under the kidney capsule. These mice are also injected with human CD34+ cells 

that are isolated from the fetal thymus. The human CD34+ cells expand and begin to 

produce myeloid and lymphoid cells. The T cell progenitor cells migrate to the human 

thymus organoid where they are educated on HLA. The BLT model was chosen for two 

specific reasons. First, the NSG-BLT mice support the growth of human thymic tissue 

and enable the efficient development of HLA-restricted T cells, and these mice develop 



stable populations of both Treg and conventional T cells. Using an AAV vector to 

express human IL2, I also demonstrated that functional human Treg, but not conventional 

T cells, increased in number in NSG-BLT mice and that this coincided with increases in 

activated human NK cells. Overall, my research has revealed that HLA and human IL2 

have an essential role in human T cell survival and function in vivo.  

 

Part 1: Innate immunity, T cell types and their respective roles role in the immune 

response  

 

Innate immunity 

Across many species, the immune system is made up of a number of cells that are both 

highly specialized and diverse in their mechanism of action. At the highest level, these 

immune cells can be broadly divided into two different domains that have distinct and 

complimentary roles; the innate and the adaptive immune systems (2). Both of these 

domains are essential to mounting a complete immune response, but the responses of 

these two domains are distinct in how they identify damage or infection, the nature of the 

response and the development of memory following activation. The primary distinction 

between these two domains lies in how foreign molecules or molecules that are indicative 

of non-apoptotic cell death or damage are sensed. Innate cells express receptors that are 

invariant and known as pattern recognition receptors (PRRs). These PRRs recognize 

several different motifs that are indicative of cellular damage or infection with a 



pathogen. The class of molecule that the PRRs can detect are referred to as either 

pathogen-associated molecular patterns  (PAMPs), if they are characteristically linked 

with infection or, damage-associated molecular patterns (DAMPs) if they are typically 

found after injury or non-apoptotic cell death (3). PAMPs are molecules that are either 

only found during infection or they are molecules that are found in a non-physiological 

location. Examples include lipopolysaccharide, peptidoglycan, flagella, ureic acid 

crystals, cytosolic DNA, or double-stranded RNA. DAMPs include molecules found after 

cells die due to injury or after they undergo necrosis. Typical DAMPs include cytosolic 

DNA, or the chromatin-associated protein HMGB1. Both stimulate a strong immune 

response when sensed in the cell in a non-physiologic location. There is some overlap 

between these groups as both damage or infection may result in the presence of cytosolic 

DNA, for instance. Also, TLR4 recognizes LPS as well as heat shock proteins, making it 

capable of recognizing both PAMPs and DAMPs.  A list of common PRRs, their primary 

location, and primary ligand can be found in Table 1.  

 

  



Table 1: PRRs, their location and their ligands 

 

 

 

 

 
 

  



The innate immune system consists primarily of cells that belong to the myeloid lineage. 

However, some of the cells of the innate immune system are of lymphoid origin. For 

example, NK cells and ILCs (innate lymphoid cells) are activated by invariant receptors 

that sense danger or they respond to signals that indicate stress in other cells and develop 

from lymphoid progenitor cells (14). Other innate lymphoid cells such as B-1 cells (15) 

and γδT cells (16) express receptors with limited variability, but lack the ability to 

generate a memory response following activation. While some of these innate cells are 

specialized in direct killing, sequestration of pathogens, or secretion of histamine, others 

are more specialized in antigen presentation (17). Not only do they process proteins and 

present antigens in the context of the MHC-I and MHC-II molecules, they also provide 

co-stimulation, cytokines and chemokines that recruit the cells of the adaptive immune 

response to the relevant areas. 

 

Antigen presentation is a crucial step in both activating and regulating the second 

“adaptive” domain of the immune system. Of these innate cells, DCs are particularly 

important in maintaining tolerance as well as activating the immune system under 

inflammatory circumstances (18). Immature DCs migrate from lymphoid tissues through 

peripheral tissues where they take up and present antigen (19, 20). Most of these antigens 

that the DC samples from the environment come from the normal apoptotic-turnover of 

cells and is important for maintaining overall peripheral tolerance (19, 21). Antigen 

presentation by non-inflammatory DC is crucial in the development of tolerance through 

several different mechanisms (22). T cells that bind to these apoptotic antigens can 



become anergic (23), can be induced to undergo apoptotic cell death (24), or can cause 

the T cell to develop into a Treg (25). Under inflammatory conditions, mature DCs are 

also vital for the normal development of the immune response (26).  As these DC migrate 

from the periphery to secondary lymphoid tissue,  they undergo a specific maturation 

process that results in a number of changes that enhance the DCs ability to activate T 

cells. DCs constitutively express moderate levels of the immunoproteasome, an enhanced 

form of the normal cellular proteasome that processes proteins for antigen presentation 

(27). As they mature, DC expression of the immunoproteasome increases beyond normal 

levels (28, 29). They begin to express chemokine receptors that facilitate migration to the 

secondary lymphoid organs and they express more co-stimulatory molecules (30). 

 

While during steady-state conditions, the circulating DCs are immunosuppressive, during 

inflammation they mature into a state that activates the adaptive immune system. This is 

largely due to changes that occur during DC maturation following the exposure to 

microbial PAMPs or endogenous DAMPs (31). These signals trigger an increase in the 

expression of MHC and increase the expression of co-stimulatory molecules such as 

CD80 and CD86 (32), chemokines (33, 34), and receptors that promote migration into the 

secondary lymphoid organs (35, 36). Within the T cell zone of lymph node germinal 

centers, the DC present these antigens to naïve T cells and stimulate the development of 

effector functions and proliferation (37). Rapid activation in response to conserved 

molecular patterns allows the innate immune system to quickly respond to potential 

threats through direct killing, cytokine production and antigen presentation. 



Table 2: Co-Stimulatory molecules, their ligands, and the effect on T cell activation 

 

 

  



Table 2: Co-Stimulatory molecules, their ligands, and the effect on T cell activation 

T cells can express a number of receptors that bind to ligands that may exist at the 

immunological synapse, depending on the current conditions within the immune 

system. When the receptor binds to the associated ligand(s), there can be an increase 

in cell activation or proliferation that can function as “signal 2” during T cell 

activation. Alternatively, the ligand-receptor pairing can result in a diminution of 

the immune response.  

 

  



Adaptive immunity  

The adaptive immune system is largely dependent upon antigen presentation, much of 

which occurs on specialized APC within the innate immune system. The cells that make 

up the adaptive immune system are divided into T cells and B cells. Both of these cell 

lineages, like the cells of the innate immune system, are capable of recognizing foreign 

antigen. However, T cells and B cells differ in that they do not respond to foreign antigen 

directly through invariant receptors but by specialized receptors. The common 

distinguishing feature of these B and T cell receptors is that they develop through a 

process of genetic recombination and mutation that expands the number of potential 

epitopes that can be recognized beyond what can be encoded in the genome (51). B cells 

recognize foreign antigen, in a soluble form or expressed on a cell surface with a 

membrane bound BCR and also function as an APC by presenting antigen to T cells (52). 

BCR engagement with foreign antigen and appropriate co-stimulation activates the B 

cells and results in the production and secretion of antibody (53). Following antigen 

exposure, B cells migrate to germinal centers where they undergo maturation and a 

process called somatic hypermutation (SHM) that results in the B cells becoming 

antibody-producing plasma cells (54). In addition to SHM, these cells undergo a second 

process called class switch recombination (55, 56). Antibodies exist as a number of 

different isotypes that differ in the constant region. During CSR, the variable region of 

the antibody heavy chain is unchanged but the constant region of the heavy chain is 

alternatively spliced resulting in the production of antibodies with a different constant 

region (57).  



Both plasma cells and the memory B cells that produce antibodies are long lived. This 

long-lived nature makes antibody production an essential component of long-term 

immunity. Because of this, the vast majority of vaccine design and development has 

focused on developing a B cell response to confer long term immunity (58, 59). B cells 

and the isotype switching that occurs is ultimately dependent upon T cell help from a 

specialized type of CD4 T cell called a T follicular helper cell (Tfh) (60).  

 

T cells express a membrane-bound receptor that is responsible for the T cells ability to 

recognize and respond to foreign antigen. This TCR is a heterodimer made up of an alpha 

and a beta chain that associate in the plasma membrane with either the co-receptor CD4 

or CD8. The expression of CD4 or CD8 divides T cells into two distinct categories that 

are named for the co-receptor that they express. Unlike the BCR, the TCR does not 

recognize foreign antigens directly. Instead, the TCR binds to peptides that are presented 

by a complex of proteins called the MHC.  CD4 T cells, also known as helper T cells 

(Th), recognize antigen presented by MHC-II and secrete cytokines which are responsible 

for many regulatory effects. CD8 T cells are primarily cytotoxic cells and kill cells that 

express antigen on MHC-I molecules (61). For both of these cell types, the TCR 

recognize short peptide antigens that have been processed from protein and presented by 

specialized MHC molecules found on the surface of APCs (MHC-I and II) and most 

somatic cells (MHC I) (62). In general, peptides that arise from proteins that are produced 

within the cell are presented via MHC-I (63). Peptides that arise from exogenous proteins 

that are taken up by phagocytosis and processed by both the phagolysosome and the 



proteasome and the peptide fragments that are produced are then presented within the 

MHC-II complex (64). Although the majority of phagocytosed antigens are processed 

and presented by MHC-II, these antigens can also be presented by MHC-I in a process 

called cross-presentation (65). MHC-I consists of two proteins, an integral membrane 

protein that binds to and presents the peptide to the T cell, and the B2M protein (66). 

Proteins processed in the proteasome complex and subsequently presented in a binding 

groove formed by the α1 and α2 subunits and are presented at the cell surface for 

recognition (67).   

 

Both CD4 and CD8 T cells depend on TCR-MHC interactions to mediate their effects, 

but TCR binding to MHC is insufficient to cause T cell activation. T cells depend on 

three signals for activation (68). The first signal is the antigen-specific interaction 

between the TCR on the surface of the T cell and a MHC molecule on the surface of an 

APC (69). The second signal is provided by co-stimulatory molecules that are expressed 

in conjunction with the MHC-I binding to its receptor on the surface of the T cell. The 

classic example of co-stimulation is CD28 expressed by T cells binding to CD80/CD86 

on an APC (70, 71) but numerous other molecules exist that are capable of acting as a 

second signal for activation and are listed as ligands in Table 2. Finally, certain cytokines 

can provide the third signal necessary for T cell activation. Frequently type I interferon 

(IFNα and IFNβ) and IL-12 act as a third signal (72, 73) .   

 



Along with their different MHC preference, these two main subsets of T cells have 

different functions within the immune response. In mice, CD8 T cells are primarily 

cytotoxic cells and are the T cell type responsible for cellular immunity.  These cells 

function by binding to peptide presented by MHC-I with their TCR. MHC-I is expressed 

on most cells and it generally presents antigen found within the cell (63). Consequently, 

CD8 T cells will recognize cells that present intracellular foreign antigens on their 

surface. During an infection, intracellular pathogen-derived proteins will be processed 

and presented on the surface of the cell.  After recognizing these foreign proteins, a CD8 

T cell will undergo a clonal expansion that produces both effector and memory precursor 

cells (74). The effector cells in particular will then mediate the cytotoxic functions that 

are characteristic of this cell type. After recognizing infected cells, CD8 T cells will 

release cytotoxic granules that contain the proteins such as perforin (Prf) and granzyme B 

(GzB)  that ultimately lead to the apoptotic death of the target cell (75). Additionally, 

CD8 T cells may kill target cells through the expression of FasL, which binds to Fas 

expressed on target cells, and also triggers apoptotic cell death (76-78). CD8 T cells also 

produce a number of cytokines that are important for the immune response such as IFNγ. 

CD8 T cells that are activated in the presence of IL-12 tend to produce IFNγ (79). Certain 

subsets of CD8 T cells may also play a regulatory role. For example, Qa-1-restricted CD8 

T cells have been demonstrated to be crucial for regulating CD4 T cells. Qa-1 or HLA-E 

is engaged by NKG2A/CD94 respectively and leads to an inhibition of activity on the 

conjugate CD4 T cell (80).   

 



CD4 T cells are often also called “helper T cells.” This name reflects the role that they 

play upon activation which is primarily that of a regulator. CD4 T cells bind to antigen 

that is presented by specialized APCs that express MHC-II and help to regulate the 

immune response (64). Naïve helper T cells have the ability to react to the wider context 

of the immune response (typically the cytokines that are present at the time of activation) 

in order to mature into several different subsets of cells. When mature, CD4 T cells can 

mediate either positive or negative effects in a number of other cell types. Th cells are 

classically divided into Th1 and Th2 subtypes (81). In this model, a naïve CD4 T cell 

encounters a cognate antigen expressed by MHC-II molecule and specialization to Th1 or 

Th2 is guided through the presence of different cytokines. These distinct subsets are 

defined by specific cytokines expressed by the Th cells and by the overall impact the 

cytokine profile has on the immune response. Naïve CD4 T cells that encounter a cognate 

antigen presented by MHC-II will mature into Th1 cells in the presence of IFN- γ (82) 

and IL-12 (83) and into a Th2 cell in the presence of IL-4 (84) and IL-2 (85). Th1 cells 

primarily mediate functions that are related to cellular immunity, specifically producing 

cytokines that enhance the CD8 T cell response. Th2 cells are classically involved in 

humoral immunity and are crucial in facilitating B cell maturation and antibody class 

switching (86). Although the Th1/Th2 paradigm is a useful description, recent findings 

have necessitated an expansion of these categories to include newly described subsets 

that do not fit within these categories. Th9, Th17, Th22, and Treg cells all fall outside of 

the classical paradigm in that they are induced by different cytokines (Figure 1B) and 

have functions that differ from either Th1 or Th2 cells (Figure 1D) (87). Th9 cells 



produce IL-9 and IL-21 and have been identified as a possible cell type that is involved in 

several different autoimmune conditions (88).  IL-9 was initially classified as a Th2 

cytokine until evidence suggested that there was a subset of presumed Th2 cells that 

produced IL-9 preferentially and were induced to do so in the presence of TGFb (88, 89). 

Although only recently discovered, this subset has been classified as a primarily pro-

inflammatory cell type and linked to anti-tumor effects (90) as well as being increased in 

allergic patients (91) or in a mouse model of airway inflammation (92). Th17 cells are 

identified by the expression of the transcription factor RORγt (Figure 1C) and produce 

the cytokines IL-17, IL-22, and IL-25 (Figure 1D) (93). Initially, these cells were 

identified in a number of autoimmune conditions as well as in the inflammatory response 

to opportunistic infections by normally commensal bacteria and fungi. However, these 

cells have proven difficult to study due to a high degree of plasticity. For instance, in 

autoimmune models such as EAE, Th17 cells were shown to undergo changes during the 

inflammatory response that led to the expression of cytokines that were considered non-

Th17 (94).  Th22 cells bear a number of similarities to Th17 cells. Like Th17 cells, Th22 

are highly associated with inflammation in autoimmune diseases (95, 96). Likewise, 

Th22 and IL-22 are both linked with preventing overgrowth, inflammation and infection 

from commensal bacteria (97).  

 

CD4 Treg are distinct from other Th subtypes in that their primary purpose is to dampen 

the immune response under inflammatory conditions and to maintain tolerance under 

normal circumstances (98). Although other Th subtypes can be immunosuppressive in 



certain contexts, the primary purpose of Treg is to limit the immune response to foreign 

antigen during infection and to prevent autoimmune reactions to self-peptides (99). 

Furthermore, Treg have specific requirements for survival. Unlike conventional cells that 

primarily depend upon IL-7 for survival, Treg primarily depend upon IL-2 for both 

survival and function through the maintenance of the master Treg transcription factor 

FoxP3 (100, 101). Signaling through IL-2 promotes the expression of stat5 and maintains 

the expression of Foxp3 (102, 103). This role for IL-2 in promoting survival of Treg 

provides a feedback loop where activated T cells produce more IL-2 (104, 105). 

Increased IL-2 promotes Treg function and proliferation which, in turn, limits the 

immune response.  

  



Figure 1: The cytokine milieu present during activation determines terminal 
effector fate of naïve CD4 cells 
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Figure 1: The cytokine milieu present during activation determines terminal 

effector fate of naïve CD4 cells  

Naïve CD4 T cells circulate through the tissues of the body and the secondary 

lymphoid organs. When these naïve cells (A) encounter antigen under inflammatory 

conditions they mature into a specialized cell type. This directed development occurs 

based on the cytokine milieu that they are exposed to during activation (B). These 

CD4 cells mature when binding to conjugate antigens expressed by APCs. During 

inflammatory conditions, these cells undergo changes into specific subtypes and can 

be identified by both the expression of certain transcription factors (C) and, to an 

extent, the cytokines that they can produce (D) following maturation. 

  



Part 2: The development, homeostatic proliferation and the function of T cells 

Development of T cells in the Thymus and Central Tolerance 

T cells develop in a well-regulated pattern that is optimized for producing cells that meet 

two conditions. First, these T cells must have an inherent affinity for the peptide-MHC 

complex. This MHC restriction ensures that the T cells will capable of recognizing 

antigen within the context of MHC-1 and II. Second, these T cells must be tolerant to 

endogenous self-antigens to prevent autoimmune activation. This thymic regulation is 

referred to as central tolerance and is divided into positive selection and negative 

selection respectively (106). The result of this development and selection is the 

expression of a TCR where both the α and β chains have been rearranged through a 

process of recombination within the TCR locus. The selection process begins with 

common lymphoid progenitor cells migrating into the cortex of the thymus. At this stage, 

these cells do not express either CD4 or CD8 (double negative) (Figure 2A). 

Development in these pre-T cells begins with the expression of an invariant α-chain and 

the rearrangement and mutation of the β-chain locus. Not all cells will produce a 

functional β-chain capable of pairing with the invariant α-chain at this stage. Those that 

do produce a functional β-chain (Figure 2B) proliferate and progress to the next stage in 

development whereas those that do not will be eliminated (Figure 2C). Signaling through 

this pre-TCR stops recombination at the β-loci, induces proliferation and promotes the 

expression of both the CD4 and CD8 co-receptors. At this next stage, recombination 

occurs at the α-locus in the pre-T cell. Once again, survival and proliferation of the cell 

depends upon the successful rearrangement of the α-locus. First, the rearranged α chain 



must be capable of pairing with the rearranged β-chain (Figure 2D). Inability to pair with 

the β-chain results in the elimination of the T cell (Figure 2E).  



Figure 2: The thymic development of CD4 and CD8 T cells 



Figure 2: The thymic development of CD4 and CD8 T cells 

DN thymocytes migrate into the thymus where they begin to express an invariant α 

chain of the TCR (A.). The β-locus of the TCR undergoes recombination. Successful 

rearrangements of the β-locus can pair with the invariant α chain and progress to 

the DP stage (B.). Unsuccessful recombination results in deletion of the pre-T cell 

(C.). Signaling through the pre-TCR causes rearrangement of the β-locus to stop 

and the expression of CD4 and CD8. These DP T cells proliferate and begin 

recombination at the α-locus. (D. and E.). Loci that successfully undergo 

recombination must be able to pair with the β-chain. Successful pairing results in 

survival (D.) whereas an inability to pair results in elimination (E.) 

 

 

  



This α/β TCR must now be capable of pairing with and recognizing either MHC-I or II in 

the process referred to as positive selection. The thymocytes expressing both CD4 and 

CD8 are exposed to self-antigens presented by MHC-I and MHC-II molecules on cTEC 

(Figure 3A and 3B). T cells must express a TCR that has some inherent affinity for the 

MHC-peptide complex in order to function properly. Cells that have little or no affinity 

die through the induction of apoptosis (Figure 3A and 3B). Those DP cells that have a 

high affinity for MHC-I complexes downregulate CD4 (Figure 3C) whereas those that 

have a high affinity for MHC-II downregulate CD8 (Figure 3D) (107). At this stage, the 

thymocytes now express either CD4 or CD8 and express a TCR that has an inherent 

affinity for the MHC-peptide complex. These cells are educated on endogenous peptides 

and because of this, there is the distinct possibility for these T cells to cause an 

autoimmune reaction if they migrate into the periphery. To prevent this, the T cells must 

undergo another stage of development, negative selection, where the cells with too high 

an affinity are eliminated. In the medulla, these cells encounter medullary thymic 

epithelial cells (mTECs) that express a specialized transcription factor, AIRE, that 

controls expression of tissue-specific antigens (108). AIRE-expressing mTECs produce 

proteins found throughout the body that are usually only expressed by specialized cells. 

CD8 and CD4 T cells that bind MHC-I or II with a high affinity die by apoptotic cell 

death or are induced to become Treg. Those with an intermediate affinity survive and 

emigrate into the periphery to become naïve CD8 (Figure 3E) or CD4 (Figure 3F) cells. 

Treg development is different from conventional T cell development in a number of ways 

that begins when CD4 T cells undergo negative selection.  



Figure 3: T cells are educated on endogenous peptides expressed on both mTEC and 
cTEC.



 
Figure 3: T cells are educated on endogenous peptides expressed on both mTEC and 
cTEC. 

Following rearrangement of the α and β loci, the TCR must recognize either MHC-I 

(A.) or II (B.) MHC. During positive selection, T cells that express a TCR that lacks 

affinity for MHC-peptide complexes expressed on cortical thymic epithelial cells 

(cTECs) die due to neglect (B. and D.). During Negative selection, cells that have too 

high of an affinity for MHC-peptide complexes are deleted through apoptosis. T 

cells with an affinity for MHC-I will develop into CD8 (F.) whereas those that 

recognize MHC-II will develop into CD4 (E.). 

  



Treg Development in the Thymus and the Periphery 

CD4 Treg can develop in either the thymus or in the periphery and are respectively 

referred to as natural or induced Treg (109). Along with the “central tolerance” that 

occurs during development in the thymus, Treg play a vital role in “peripheral tolerance” 

and are essential to prevent aberrant activation. Although central tolerance is vital to the 

maintenance of tolerance, an estimated 25-40% of T cells that emigrate from the thymus 

are cells that have escaped clonal deletion (110). Mutations in FoxP3 were first identified 

in “scurfy” mice that develop a fatal lymphoproliferative disease (111). In humans, 

mutations in FoxP3 that impact Treg development and function also results in a fatal 

lymphoproliferative condition known as IPEX (112). The initial development of Treg in 

the thymus follows the same pattern of selection that conventional T cells undergo. The T 

cells with no or little affinity for the peptide MHC complex die from neglect. The 

difference emerges during positive selection when T cells with high avidity to MHC-self 

complexes are typically deleted (113). Some of these high-avidity cells are instead 

preserved, induced to produce the transcription factor FoxP3, and become regulatory T 

cells (114).  These cells emigrate from the thymus and are essential to maintaining a 

tolerogenic state and preventing aberrant activation.   

 

Once mature T cells emigrate from the thymus, they are nominally tolerant of 

endogenous antigens. However, potentially self-reactive T cells regularly escape deletion 

and migrate into the periphery (115).  



Peripheral Homeostasis and Survival of Tconv and Treg 

After T cells complete the developmental process in the thymus, naïve CD4 and CD8 T 

cells emigrate from the thymus and into the periphery where survival is then dependent 

upon two different factors. First, the naïve T cell must encounter and bind with peptide-

MHC complexes to survive (116, 117). While migrating through the periphery under 

normal conditions, these naïve cells come into contact with APCs and stromal cells 

(MHC-I) that express self-peptide-MHC complexes. If the ability to signal through the 

TCR is impaired experimentally by deleting downstream signaling molecules there is a 

noticeable shortening of the lifespan in these cells compared to T cells that are capable of 

signaling through the TCR (118). Both CD4 (119) and CD8 (116) T cells require a 

constant low level of stimulation through the TCR. The second signal required for 

survival is provided by cytokines. Primarily, these naïve cells depend upon IL-7 for 

survival but both IL-15 and IL-2 also contribute to survival and proliferation (120). IL-7 

was shown to be vital for the survival of naïve cells. A total lack of IL-7 results in a loss 

of naïve cells whereas overexpression of IL-7 causes higher than physiological levels 

(121, 122). IL-7 binds to the IL-7R complex composed of CD127 and IL2Rγc and signals 

through stat5 (123). Under steady-state conditions, IL-2 is required only for Treg 

survival. Finally, IL-15 is particularly important for the maintenance of normal 

homeostasis of memory CD8 T cell levels (120, 124). IL-15 is different from most 

cytokines in that it is not secreted and instead it is membrane bound and it binds to the 

IL-15R at an immunological synapse (125).  



The migratory path of naïve T cells and the initiation of the T cell response to 

foreign antigen.  

 

T cells that have emigrated from the thymus survive because of constant MHC 

stimulation and due to a select few necessary cytokines that are normally present. The 

naïve phenotype of these cells is characterized by the presence of a number of markers 

such as CD45RA, CD62L and CCR7 (126, 127). The latter of these two facilitate homing 

and migration into secondary lymphoid organs. CD62L (also called L selectin) facilitates 

the entry of T cells into the secondary lymphoid organs by binding CD34 or GlyCAM-1 

and slowing the flow rate of these cells through the blood vessels (128). Likewise, CCR7 

is expressed on naïve cells and it binds to chemokines that are preferentially produced in 

secondary lymphoid organs (129). This receptor also facilitates the overall movement of 

the naïve T cells towards lymph nodes. Lymph nodes are collection points that drain 

tissues and concentrate antigen through the migration of tissue resident macrophages and 

dendritic cells. Naïve T cells are then exposed to these antigens and, in the case of 

infection, T cells that can recognize the foreign antigen activate and begin to multiply 

(129).  

 

Memory T cell development 

Following exposure to antigen in the periphery, T cells begin to undergo profound 

changes that begin with the upregulation of certain proteins and an increase in 

proliferation called clonal expansion. This expansion gives rise to a population of T cells 



that all have the capability of recognizing the same foreign antigen. Due to differences in 

cell division, co-stimulation and cytokine stimulation, these cells give rise to a non-

homogenous population of T cells that, although they share a common TCR, are 

specialized for different roles in the T cell response. Historically, this division gave rise 

to two populations that are largely differentiated by their migratory patterns and the 

effector functions the T effector memory (TEM) and the T central memory (TCM) cells 

(130). TEMs migrate from lymphoid organs and into tissues where they mediate the 

effector functions seen during the acute immune response whereas the TCMs recirculate 

throughout the lymphatic system. More recently, however, this paradigm has changed to 

include a number of other possible fates and specialties including tissue-resident memory 

cells (TRMs), short lived effector cells (SLECs) and memory precursor effector cells 

(MPECs) (131). The effector memory cells proliferate quickly, upregulate effector 

proteins used to combat the infection, and migrate into the periphery to areas of infection 

(132). At the end of the immune response, the SLEC population undergoes contraction 

through a process of apoptosis mediated by Bim and FAS-FASL that eliminates the vast 

majority of the cells (133-135). Central memory cells are more resistant to death during 

this phase and persist long-term after the immune response has resolved and returned to a 

point of homeostasis (136-138).  

Part 3: Graft versus host disease 

 



GVHD is a Complication of Tissue Transplantation 

Tissue transplantation is often the definitive treatment for a number of diseases but it is a 

treatment that is not without risks. One such complication is graft versus host disease 

(GVHD). Three factors determine the risk for GVHD to develop in a transplant recipient. 

First, the tissue or organ from a donor individual will introduce some number of 

passenger lymphocytes into the recipient of the graft. The amount of donor cells 

transferred varies greatly depending on what is transplanted. In healthy individuals with 

complete immune systems, these passenger lymphocytes are quickly eliminated and pose 

no risk to the recipient individual. The second condition necessary for GVHD, is that the 

recipient of the transplanted tissue must be incapable of rejecting the transplanted 

lymphocytes. As transplant patients typically undergo a regimen of immunosuppression 

along with transplantation, it is frequently the case that graft recipients cannot reject the 

transplanted cells (139). Finally, the transplanted lymphocytes must recognize the 

recipient’s tissues as foreign, become activated and mediate an immune response against 

the host tissues (140). Collectively, these three conditions result in a condition known as 

graft versus host disease (GVHD) (141). Donor cells from the same species mediate an 

allogeneic graft versus host response but cell transplants across species can mediate a 

similar disease state referred to as xenogeneic graft versus host disease. Although 

possible with most transplantations, GVHD occurs most frequently in patients that have 

undergone HSC transplantation from either a related or an unrelated donor (142). 

 



The TCR has an inherent affinity for the MHC that is finely tuned during T cell 

development in the thymus. Cells possessing TCRs that have no affinity for MHC are 

eliminated and those with excessive affinity are also eliminated via positive and negative 

selection respectively. In an allogeneic or xenogeneic environment, the TCR maintains a 

strong innate affinity for the MHC that is expressed by the host. However, the donor T 

cells that are active in GVHD have not undergone central tolerance with regards to the 

host MHC and, as a result, highly reactive TCR (TCR that bind with high avidity) have 

not been eliminated. Similar to this, antigens that are presented by the passenger APC can 

also cause a different reaction. Polymorphisms that exist between individuals (allogeneic-

GVHD) or species (xenogeneic-GVHD) can also elicit an immune response. This is not 

directly related to the structure of the MHC and is instead related to differences in the 

protein structure and sequence  that is presented by MHC-I and II (143). 

 

The Phases in the Development of acute GVHD 

GVHD occurs in 3 distinct phases: the afferent, the efferent and the effector phase (144). 

The cytokines and cells involved and the resulting pathology are different and are used to 

distinguish each phase.  The afferent phase occurs first and is often described as a 

priming step where the Th cell types in particular become activated. Patients who are 

undergoing bone marrow grafts are treated with myeloablative chemotherapy or 

irradiation to eliminate the endogenous hematopoietic stem cells (HSC) (145). These 

cause widespread tissue damage that results in inflammation through the presence of 

DAMPs and PAMPs leading to the activation of the innate immune cells, and the 



secretion of type I interferon. This collectively leads to the maturation of APCs and these 

cells become primed to present antigen to incoming T cells while the overall cytokine 

milieu is one that is conducive to T cell proliferation and activation. The efferent phase 

occurs after the T cells have recognized the foreign antigen and begin to traffic into the 

host tissues and proliferate. This phase positions the T cells in the tissues that will be 

damaged in the final stage of GVHD. The final stage in GVHD, called the effector phase, 

involves T cell activation causing damage to the host cells. Here, the T cells that were 

primed/activated during the afferent phase begin to cause direct damage to the host 

tissues. Classically, the skin, liver and intestinal tract are most affected by this damage 

but the kidneys as well as the lungs may also be damaged during this phase (146).  

Chronic and mixed forms of GVHD   

The time of manifestation after transplantation determine whether the symptoms were 

indicative of acute (aGVHD) or chronic (cGVHD). Commonly, aGVHD is defined as 

occurring within the first 100 days after transplantation and cGVHD after the 100-day 

mark. This classical division is not an absolute and there are common examples of 

GVHD that bear characteristics of the aGVHD that occur years after transplant and 

concurrent with a cGVHD type disease (147). There is considerable overlap in the organ 

systems that are impacted but cGVHD typically occurs in a wider range of tissues unlike 

in aGVHD which typically develops in a predictable pattern, cGVHD can manifest in a 

number of different ways and with a less predictable course to the overall disease. Also 

different is that many cGVHD cases seem to mimic symptoms or pathological findings 

that are typically seen in autoimmune diseases. Frequently, patients develop 



autoantibodies such as anti-nuclear antibodies typical of lupus (148) or skin lesions that 

are identical to scleroderma (149). Both conditions are unfortunately common 

particularly within HSC recipients. Overall mortality is high among HSC recipients, but 

aGVHD is responsible for 40% of that overall mortality (142). Chronic GVHD occurs in 

44% of all HSC transplantation and is the leading cause of mortality (147). 

   

Part 4: Gene therapy 

 

A Complicated History With Mixed Results 

Since the concept of genetic inheritance was developed, scientists have endeavored to 

find ways to alter this inheritance to achieve specific goals. Historically, this took place 

through such practices as animal husbandry and the intentional breeding of plants to 

encourage desirable traits. Specifically, there is evidence that dogs (150), horses (151), 

sheep (152), and cattle (153-155) have undergone intentional genetic manipulation 

through breeding. Once the molecule responsible for inheritance was identified this idea 

matured into inducing changes in DNA directly. At first, such attempts were crude 

random exposure to mutagens or radiation to hopefully cause some beneficial mutation 

(156-158). Bacterial cultures were exposed to chemical mutagens (alkylating agents such 

as ethyl methanesulfonate) and for a time, plants were grown in so called “atomic 

gardens” or directly exposed to γ radiation. Although crude, some of the most popular 

plant varieties that exist today, most notably Rio red grapefruit and most varieties of 

peppermint were developed through this shotgun approach (156). Clearly though, this 



approach was less than ideal for two primary reasons. First, this random approach was 

labor intensive and of overall questionable value due to the random nature. Second, such 

approaches would be untenable as a possible treatment or for medical use in people.  

   

A significant breakthrough for the application of genetic modification was the 

development of the gene gun as a method to physically deliver DNA into the surface 

areas of plants (159). So called metal “microprojectiles” were coated with nucleic acids 

and propelled into plant cells through the cell wall by modifying a pneumatic airgun. 

Dubbed a “biolistic” (biological-ballistic), this approach lead to transient expression of 

genes in several different mono and dicotyledonous plants. Later, this approach was 

attempted with mammals in an attempt to adapt the technology for human use with the 

research focusing primarily on the application of genetic vaccines (160). The next logical 

step was to find a way to adapt this technology to treat genetic disorders. Many such 

genetic diseases result from genetic mutations that either lead to a loss of function in the 

resulting protein or an alteration that causes impaired or unsuccessful 

transcription/translation (161). In either case, definitive treatment would be to deliver a 

replacement DNA segment for the defective protein. These defects can be difficult to 

treat with conventional therapies for a number of reasons. For instance, replacing a 

missing membrane or mitochondrial protein is difficult to deliver due to location of the 

affected protein, as is the case in cystic fibrosis (162). Even if the defective protein can be 

delivered effectively, such treatments are frequently costly. An example of this is enzyme 

replacement therapy for lysosomal storage disorders, which require frequent infusions 



that are expensive and have limited shelf-life, such as Fabry (163) and Gaucher (164) 

diseases. In both cases, the ideal treatment would be to either repair the defective gene or 

to deliver a replacement gene that expresses a physiological amount of the defective gene 

product. This approach presents a number of challenges. After identifying the defective 

gene, the first obstacle is to find a way to deliver genetic material to the desired cell type 

or organ and to ensure that the delivered genes are expressed.   

 

To overcome this first obstacle, different approaches have been developed. First, the 

genes can be delivered by direct injection; cells may be transformed in vitro before they 

are injected, or by pneumatic delivery (gene gun) (165). These methods are limited and 

typically confined to targeting those cells from a limited subset of tissues that are either 

easily accessible or can be removed and transduced ex vivo. Alternative approaches have 

involved using promoters that allow expression only in dendritic cells (DC). Delivery of 

genetic material to the skin results only in expression in DC as opposed to all cells in the 

vicinity of the gene gun delivery area (166-168). This approach is somewhat limited in 

what tissues can be targeted. Subsequent approaches are more diverse in the tissues that 

can be targeted for transformation. 

 

An alternative and more-targeted approach is using viruses to deliver the genes either 

directly or in vitro before transferring into a recipient host. Such approaches have been 

successful in treating human diseases (adenosine deaminase deficiency induced severe 

combined immunodeficiency) (169). Viruses are potentially immunogenic and previous 



gene therapy interventions, specifically one treating ornithine transcarbamylase 

deficiency, have resulted in fatalities (170). Despite this risk, different viruses have 

different tropisms and this specificity allows for the targeting of certain cell-types based 

on which cells are permissive to infection with a given virus (171-173). Because of this, 

viruses can be chosen to deliver genes based on the cell type that is permissive to 

infection. Furthermore, viruses possess the necessary proteins to facilitate integration of 

the replacement gene into the host genome (in the case of retroviruses) or to persist long-

term in an extrachromosomal state (AAV).   

 

Viral Vectors as Adaptive Gene-Delivery Tools 

Many viral vectors have been used to deliver genes. The cells that can be modified for 

any given virus are limited to those who are permissive to infection as viruses depend on 

different receptors for cell entry. Research has focused on herpesvirus, lentivirus, 

adenovirus, and adeno-associated viruses (174). Lentiviruses have a strong preference for 

infecting dividing cells, specifically preferring to infect leukocytes in many cases both in 

vivo and in vitro. Genes delivered through this vector can integrate into the genome 

where the delivered gene is maintained despite the frequent division (175). Many of the 

human trials that have been done in gene therapy have used lentivirus as a vector. 

Likewise, adeno-associated viruses have also been used to deliver genetic material to a 

wider variety of target cells for a number of reasons. Primarily, these viruses are 

replication defective and are not known to cause any sort of productive infection or 

disease (176). Interestingly, although not known to cause any human diseases, a large 



portion of the human population has antibodies specific for one or more serotype of AAV 

(177, 178). As mentioned above, the genes that are delivered using AAV are expressed 

long-term. Studies in primates (179) and mice (180) have both shown that transferred 

genes are still expressed from 6 months to 1.5 years after injection. Integration into the 

genome is rare and the AAV genes typically exist as multiple copies arranged into 

extrachromosomal concatemers (181). While these viruses lack the specificity of other 

viruses, they are capable of delivering genetic material to a broad range of cells. 

Expression of the delivered gene can be tailored as well. The gene may be expressed in a 

broad range of cells (using the CMV promoter, for instance) or targeted to one particular 

cell type (such as beta cells with the mouse insulin promoter). Several AAV vectors, 

primarily AAV1, AAV2, and AAV8, are currently being tested in a number of human 

phase I, II, and III clinical trials. Many of these are for diseases where a single defective 

protein is responsible for the symptoms of the disease. Specifically, muscular dystrophy, 

cystic fibrosis, Canavan’s disease, and alpha-1-Antitrypsin deficiency (174).   

Part 5: The development and application of the humanized mouse model  

Mutations and Differences in the Lineages of Mice Used in Humanized Mouse 

Models  

History has shown that although mice and non-human primate models are a reasonable 

approximation of overall mammalian biology, they fall short as a specific model for 

predicting human biology. Both have fallen short with disastrous consequences as was 

the case with CD154 blockade. Blocking CD154 is able to prevent the rejection of skin 



and cardiac allografts in mice (182) as well as pancreatic islet allografts (183). CD154 

blockade was also shown to be effective in non-human primates in extending the survival 

of renal (184) and islet (185) allografts. Both of these animal models identified CD154 

blockade as a promising treatment to prevent the rejection of allogeneic tissues. However, 

the results that were seen in human clinical trials differed greatly from what these models 

predicted and resulted in thromboembolic complications (186). In particular, profound 

differences exist between what has been discovered in the murine system as compared to 

human immunology. Ethical concerns limit what can be studied in humans in vivo, and ex 

vivo studies using human cells are limited in the degree to which they simulate the 

outcomes in vivo. Other models, specifically non-human primate models, have 

traditionally been used as a more accurate system to study both basic biology and to 

predict the outcomes of therapeutics developed for human use. However non-human 

primate models are expensive, require extensive resources, and also have ethical 

concerns. In an effort to avoid these ethical concerns and to also create a better 

representation of the human immune system, several groups have explored 

immunodeficient mouse models as recipients for human tissues (1, 187).  The primary 

requirement in developing a humanized mouse model was creating or identifying strains 

of mice that are deficient in some aspect of the immune response. Such a deficiency was 

first observed in mice bearing a mutation that caused hairlessness, later called nude mice. 

These mice showed impaired development of T cells due to the lack of development of 

the thymus that is caused by a defect in the FOXN1 gene (188). All subsequent models 



have been built using strains bearing different spontaneous or induced mutations that 

impair the function of the immune system. 

 

Developing a mouse that was truly permissive to engraftment with human cells was 

accomplished over several years through identifying mice with mutations in specific 

genes that would impair immune function and development. First, mutations were 

identified that impaired the development of the adaptive immune system. Early on in this 

search, mutations that impair development of B and T cells were identified. Initially a 

mutation was found that inactivated the Prkdcscid gene, a gene essential for DNA damage 

repair that is required for generation of antigen-specific receptors, and severely impaired 

the development of B and T cells (189-191). Subsequently, mutations in Rag-1 (192) and 

Rag-2 (193), expressing proteins involved in recombination of TCRs and BCRs, were 

found to have a similar phenotype. NSG mice bearing the scid mutation or mutations 

within the Rag-1 or Rag-2 genes, support engraftment with human immune systems but 

overall engraftment levels are low and have limited functionality (194). Targeted 

mutations were also made in the in the IL2rγ, also called the common γ chain, that 

effectively eliminated high affinity signaling for cytokines such as IL2, IL4, IL7, IL9, 

IL15 and IL21 and when combined with scid or Rag mutations, enable efficient 

engraftment of functional human immune systems (195-197). The strain background of 

the immunodeficient recipients will also directly impact the efficiency of human immune 

system development. For example; NOD mice, which develop an autoimmune form of 

diabetes, have a number of genetic advantages that make them more permissive to 



engraftment with human cells and tissues compared to other mouse strains. Such 

differences include a polymorphism in Sirpα that makes macrophage phagocytosis of 

human cells less likely (198), impaired DC maturation, reduced cytokine production by 

macrophages and reduced NK cell number and function (199). Immunodeficient NOD 

mice have proved to be more permissive to engraftment of human immune systems when 

compared to alternative strains (1). 

Models of the Human Immune system 

Over the years, the many strains of mice that are immunocompromised have been used as 

a host for human cells to study different aspects of human biology. These mice with 

impaired immune responses are all permissive to engraftment with human cells to some 

degree. Of particular interest to the remainder to this thesis is the NOD, Scid, common-

gamma chain knockout (NSG) strain of mouse described above.  Regardless of which 

strain of mouse is used, the models can be broadly divided into three different categories. 

These different models recapitulate all or a specified portion of the human immune 

system (187, 200, 201). Categorically, these models are defined by which types of human 

cells are injected into the mice and the human cell populations that persist long term 

(Figure 4). The Hu-PBL-SCID model is an immunodeficient mouse that is injected with 

human PBMC. This model primarily engrafts with T cells (189, 202). This model is 

simple to establish and mice engraft with both effector and memory T cells but not with 

myeloid cells or B cells. Since the engrafted cells are mature T cells from a human, this 

model allows for the direct study of T cells from donors that have T cell-related 



disorders. Unfortunately, the PBL-SCID model suffers in that it is difficult to use for 

long-term experiments due to the gradual development of a xenogeneic GVHD.  

 

The human SCID repopulating cell (SRC) mice are generated as newborns through the 

intravenous or intrahepatic injection of CD34+ human cells or the IV injection of adult 

mice. The CD34+ HSC may come from newborn umbilical cord blood, bone marrow 

aspirates, G-CSF mobilized peripheral blood and fetal liver (203). As the mice age, 

multiple lineages of both myeloid and lymphoid cells develop within the mice and 

produce a naïve immune system that contains innate immune cells, B cells, and T cells. 

Although this Hu-SRC SCID model recapitulates most facets of the immune system, the 

T cells are educated on mouse MHC and engraftment levels tend to be low. Finally, BLT 

mice are generated by first surgically implanting human fetal liver and thymus under the 

renal capsule and subsequently injecting human CD34+ cells isolated from the same fetal 

liver used in the surgery (204). These mice, like the SRC-SCID, develop a full naïve 

immune system but the T cells that develop in this model are educated on a human 

thymus as opposed to mouse thymus. The BLT mouse generates HLA restricted T cells 

in addition to more robust T cell engraftment overall and enables development of 

conventional and regulatory T cells.  

  

  



Figure 4: An illustration of the differences between the three main types of 
humanized mouse models 



Figure 4: An illustration of the differences between the three main types of 

humanized mouse models  

Approaches to engraft human immune systems into immunodeficient mice (A.) with 

genetic defects in the host immune system are either directly engrafted with human 

cells or undergo a conditioning regimen. One or more of potential cell types are then 

transplanted or injected into these mice. This results in the reconstitution of one or 

more aspects of the human immune system (B.). The engraftment of cells depends 

on which donor cells are used and the resulting humanized mouse is classified as one 

of three different models (C.) that develop distinct cell populations (D.). 

 

  



Hu-SRC-SCID and BLT mice can also be used to generate both B and T cell responses to 

infection. BLT mice infected with EBV (204), HIV (205, 206), and dengue virus (207, 

208) successfully developed virus-specific immune responses.  

 

Although the humanized mouse model is a robust platform with a number of possible 

applications, it has a number of limitations that need to be addressed. Cytokines that are 

produced within the mouse are not always cross-reactive. Human IL-2, for instance, 

binds to both the human and mouse high-affinity IL-2R complex but mouse IL-2 does not 

bind as well to the human IL-2R trimer (209). B cells develop in both the Hu-SRC-SCID 

and the BLT mice but these mice do not develop robust B cell responses to antigen and 

they fail to undergo affinity maturation or isotype switching (210). Mice that have 

mutations in the IL2rγ gene also tend to have poorly defined secondary lymphoid organs 

due to a lack of IL-7 signaling (211).  

 

 

  



Chapter II – Role of MHC in the engraftment and function of human 

CD8 T cells in NSG Hu-PBL-SCID mice 

 

Introduction 

The NSG Hu-PBL-SCID model is optimized to study mature human T cells within the 

context of a small animal model. To generate Hu-PBL-SCID mice adult human PBMC 

are injected into NSG mice and allowed to expand and fill this mostly empty niche. 

Transiently, innate cells and B cells may be detected, but only CD4 and CD8 T cells 

persist long term. As a result, the NSG mouse will gradually develop a diverse repertoire 

of CD4 and CD8 T cells that reflect what is found in a human donor, allowing 

experiments involving transplantation survival, infection, or models of GVHD. The 

engrafting T cells will mediate a xenogeneic GVHD as the mature human T cells 

recognize mouse xeno-antigens. Previous published work has indicated that CD4 T cells 

are independently capable of engrafting and mediating a similar xenogeneic GVHD but it 

is less clear from the literature whether or not CD8 T cells will behave similarly (212).  

 

Homeostasis and survival of both naïve and memory CD8 T cells in the periphery is 

regulated by several mechanisms, including cytokine signaling and engagement with 

MHC molecules. Several cytokines have been demonstrated to be important factors in 

CD8 T cell survival, with IL-2, IL-7, and IL-15 having essential roles. In addition to 

these cytokines, signaling via CD8 TCR interactions with the MHC-I molecules are 

critical for survival. Normal CD8 T cell function depends on the TCR expressed by the 



CD8 T cell recognizing foreign antigen that is presented by MHC-I. In addition to being 

necessary for CD8 T cells to function, transient low-level interactions between the TCR 

expressed by the CD8 T cell and MHC-I molecules expressed on other cells is critical for 

cell survival. The Hu-PBL-SCID system will introduce mature T cells into an 

environment where they will be continuously exposed to murine MHC-I, enabling the 

expansion of xeno-reactive human T cells. Previous research has shown that human CD8 

T cells can recognize xenogeneic-antigen expressed by either human or mouse cells 

(213). The engagement of TCR expressed by xeno-reactive CD8 T cells with murine 

MHC will provide a strong activation signal and stimulate a robust immune response to 

the xeno-antigens.  

 

The strong interactions between TCR and xenogeneic-MHC that dominate in the Hu-

PBL-SCID model will likely lead to the activation of CD8 T cells. These mice will also 

lack CD4 Treg cells, which are also an important part of how the immune system 

prevents aberrant activation. Both of these conditions will contribute to the CD8 T cells 

in this model mediating disease in the form of a xenogeneic-GVHD response. 

Observations made in our lab previously indicate that CD4 and CD8 T cells can engraft 

into NSG mice that lack the expression of MHC-I. Since the effector functions of the 

CD8 T cells are tied so closely to the expression of MHC-I, I used two different MHC-I 

deficient NSG strains to answer the question of whether or not CD8 T cells can persist in 

an environment that lacks the expression of MHC-I. I have hypothesized that the 



engraftment and effector functions will be diminished in MHC-I-deficient mice when 

they are engrafted with human CD8 T cells.  

 

Materials and methods  

 
Mice  

NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NOD-scid IL2rγnull, NSG), NSG-B2Mnull, NSG-

(KdDb)null (NSG-KDnull), mice were obtained from colonies maintained by Dr. Leonard 

Shultz at The Jackson Laboratory (Bar Harbor, ME). B6 mice expressing HHD-A2 were 

crossed with NSG-B2Mnull and NSG-KDnull to generate a mouse MHC-I deficient mouse 

that expresses HLA A02*01. All animals were housed in a specific pathogen free facility 

in microisolator cages, given autoclaved food and maintained on acidified autoclaved 

water or sulfamethoxazole-trimethoprim medicated water (Goldline Laboratories, Ft. 

Lauderdale, FL) provided on alternate weeks. All animal procedures were done in 

accordance with the guidelines of the Animal Care and Use Committee of the University 

of Massachusetts Medical School and The Jackson Laboratory and conformed to the 

recommendations in the Guide for the Care and Use of Laboratory Animals (Institute of 

Laboratory Animal Resources, National Research Council, National Academy of 

Sciences, Eighth Edition 2011). 

 



Whole blood was collected from healthy donors into heparin treated 50ml conical tubes. 

Volunteers donated blood under informed consent in accordance with the Declaration of 

Helsinki and approval from the Institutional Review Board of the University of 

Massachusetts Medical School. Following collection, the blood was processed the same 

day by diluting the samples 1:1 with RPMI and overlaying the diluted blood on Ficoll 

density gradient separation media. Following separation, samples were suspended in 

RPMI and either injected directly or separated further using MACS LD or LS columns 

(Miltenyi Biotech). 

 

Cell separation 
 
The PBMCs were either diluted directly for injection or were labeled with magnetic 

beads conjugated to CD4 or CD8 antibodies obtained (Miltenyi biotech, Auburn, CA, 

USA) and used to label a portion of the PBMC cells. CD4 depleted cells, also referred to 

as CD8e cells, were directly labeled with anti-CD4 microbeads and passed over a 

Miltenyi LD column. The fraction that passed through was collected and retained for 

either injection (CD8e groups) or further processed. Purified CD8 T cells (CD8p) were 

obtained by either labeling the CD8 T cells directly or by labeling the CD4 depleted 

CD8e cells with CD8 microbeads and passing them over an LS column. The LS column 

was then flushed with MACS buffer and the bound cells washed and resuspended in 

RPMI media for injection into mice. In some experiments, the CD4+ fraction remaining 

after depleting CD4 cells were relabeled with CD4 microbeads and passed over a LS 



column to yield a purified CD4 Fraction and an CD4-, CD8- fraction, referred to as the 

flow through cells (FT).   

Antibodies and flow cytometry 

Human immune cell populations were monitored in mice using monoclonal antibodies 

(mAbs) specific for the following human antigens; CD45 (clone HI30), CD3 (clone 

UCHT1), CD4 (clone RPA-T4), CD8 (clone RPA-T8), CD20 (clone 2H7), CD45RA 

(clone HI100), CD62L (clone DREG-56), HLA-DR (clone G46-6), purchased from 

eBioscience, BD Bioscience (San Jose, CA) or BioLegend (San Diego, CA). Mouse cells 

were identified and excluded from analysis by staining with a mAb specific for murine 

CD45 (clone 30-F11, BD Biosciences). Single-cell suspensions of bone marrow and 

spleen were prepared from engrafted mice, and whole blood was collected in heparin. 

Single cell suspensions of 1x106 cells or 100 μL of whole blood were washed with FACS 

buffer (PBS supplemented with 2% fetal bovine serum (FBS) and 0.02% sodium azide) 

and then pre-incubated with rat anti-mouse FcR11b mAb (clone 2.4G2, BD Biosciences) 

to block binding to mouse Fc receptors. Specific mAbs were then added to the samples 

and incubated for 30 min at 4°C. Stained samples were washed and fixed with 2% 

paraformaldehyde for cell suspensions or treated with BD FACS lysing solution for 

whole blood. At least 50,000 events were acquired on LSRII or FACSCalibur instruments 

(BD Biosciences). Data analysis was performed with FlowJo (Tree Star, Inc., Ashland, 

OR) software. 

 



Histological analyses 

For histological examination, samples of liver, lung, and small intestine were recovered 

from NSG, NSG-B2Mnull, NSG-KDnull, NSG-B2Mnull/A2, NSG-B2Mnull/HHD-A2, NSG-

KDnull/HHD-A2 mice, immersed overnight in 10% neutral buffered formalin and 

embedded in paraffin. Sections (5 µm) were cut and stained with haematoxylin and eosin. 

Immunohistochemical staining was performed with mAbs specific for human CD45 

(clone 2B11+PD7/26; Dako, Glostrup, Denmark) using a DakoCytomation 

EnVisionDual Link system implemented on a Dako Autostainer Universal Staining 

System (Dako). 

 

GVHD Model 

Results 

 

CD8 T cells engraft in NSG mice  
 
NSG mice that are injected with human PBMC engraft with both CD4 and CD8 T cells 

(214). These engrafted T cell populations are activated by mouse xeno-antigens, expand 

in number and ultimately mediate a xenogeneic GVHD. However, the mechanisms that 



enable the survival of human CD8 T cells in NSG mice and the role for CD8 T cells in 

the development of GVHD are not well understood. To elucidate the factors regulating T 

cell engraftment in the Hu-PBL-SCID model, I designed an experimental strategy to 

specifically study CD8 T cells survival in NSG mice. The first question was to determine 

if human CD8 T cells are able to engraft in the absence of other cell populations present 

in PBMC. To do this we first isolated CD8 T cells from the whole fraction of the PBL by 

either positively or negatively selecting the CD8 T cells (Figure 5). The un-manipulated 

PBMC fraction (Figure 5A), the CD4-depleted fraction (CD8e, Figure 5B), and the 

CD8-purified fraction (CD8p), (Figure 5C) were then injected into NSG mice who were 

then monitored for changes in bodyweight and bled bi-weekly to assess engraftment. The 

rationale for using both the CD8e andCD8p fractions was to determine if engraftment of 

human CD8 T cell in NSG mice requires the innate immune cells and/or B cells present 

in the PBMC preparation or if CD8 T cells are sufficient to engraft as a purified 

population. The purity level of each population of cells was confirmed by flow 

cytometry.  

  



Figure 5: Purification of different cell fractions from human PBMC 



Figure 5: Purification of different cell fractions from human PBMC 

Human PBMC were obtained from normal donors and was separated using the 

MACS system. After the whole blood was processed using a Ficoll separation 

gradient, PBMC were retained for injection (A) and a proportion of these cells were 

also labeled with magnetic beads conjugated to an anti-CD4 antibody and passed 

through a depletion column. The cells that passed through the column were 

separated into two groups. The first comprised the CD8e group (B) and the 

remainder was labeled with magnetic beads conjugated to an anti-CD8 antibody 

and isolated using a positive selection column (c).   

 

  



NSG mice were injected IV with whole PBMCs (1x107 cells), CD8e (5 to 6x106 cells), or 

CD8p (2x106 cells). These specific numbers of cells were used to enable the injection of 

similar numbers of CD8 T cells. To assess engraftment of CD8 T cells blood was 

collected at day 14 post-injection, stained with antibodies specific for human T cells, 

including human CD45, CD3, CD4 and CD8 and analyzed the cells by flow cytometry. 

The distinct human populations within the HuPBL-SCID mice were designated using the 

gating strategy shown in the representative flow plots of blood samples from NSG mice 

injected with PBMC (Figure 6). This flow cytometry profile allows human cells 

(CD45+) to be distinguished from the endogenous mouse cells (mCD45+) and identifies 

discrete populations of CD3+ CD4+ and CD3+ CD8+ T cells. As shown in Figure 26C, 

the majority of human cells that engraft in NSG mice injected with PBMC at day 14 are 

human T cells, with both CD4 and CD8 T cells detectable (Figure 26D). Both the PBMC 

injected NSG mice and the CD8e injected NSG mice engrafted with CD45+ cells by day 

14 (Figure 6E). Similar engraftment was not, however, seen in the CD8p-injected group. 

Only low levels of human CD45+ cells were detected in NSG mice injected with CD8p 

fractions. The CD45+ cells detected in all mice at day 14 were predominantly CD3 cells 

(average = 97% CD3+). Overall these data suggest that purified CD8 T cells are unable 

to efficiently engraft in NSG mice and require the presence of one or more non-T cell 

populations to support engraftment.   



Figure 6: Blood from mice engrafted with CD8e cells has a detectable human 
population at day 14 
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Figure 6: Blood from mice engrafted with CD8e cells has a detectable human 

population at day 14 

NSG mice were engrafted with human PBMC, CD8e or CD8p cells and bled at day 

14 to determine if human cells had engrafted. At day 14 blood was drawn from these 

animals and stained as shown in a-d. First, we gated on lymphocytes (A), and within 

this population we used huCD45 and mCD45 to determine the human and mouse 

hematopoietic cells respectively (B). Within the huCD45 population, we determined 

what cells were T cells by CD3 expression (C). Within the CD3 population we 

separated the CD4 and the CD8 T cells (D). At day 14, there was a distinguishable 

population seen in both the PBMC and the CD8e groups but not the CD8p group 

(E). These cells were overwhelmingly CD3+ cells.  

  



Engrafted CD8 T cells mediate a GVHD-like response and migrate into the host 
tissues 
 

The data above demonstrated that human CD8 T cells persist in NSG mice injected with 

CD8e cells, which allows the further evaluation human CD8 T cells survival and function 

in NSG mice The ability of the engrafting CD8 T cells to mediate xenogeneic GVHD that 

is seen the Hu-PBL-SCID model was tested. NSG mice were injected IV with human 

PBMC, CD8e and CD8p populations as described above. The bodyweight and overall 

condition of the mice were monitored regularly. NSG mice engrafted with either PBMC 

(Figure 7A) or CD8e cells (Figure 7B) gradually lost weight and developed symptoms 

of xenogeneic GVHD. The NSG mice engrafted with CD8p cells, however, maintained 

their weight throughout the course of the experiment (Figure 7C). Survival of PBMC 

engrafted and CD8e-engrafted NSG mice was significantly reduced compared to CD8p-

engrafted mice (Figure 7D). Human cell chimerism levels were monitored in the 

peripheral blood of engrafted NSG mice bi-weekly by FACS analysis. Levels of 

engraftment at day 14 correlated with the overall mortality. In addition, the activation 

status of the CD8 T cells was evaluated and compared to the initial population of CD8 T 

cells prior to injection. To assess the activation status of the T cells the expression level 

of CD45RA, an isoform of CD45 that decreases after activation, was evaluated by flow 

cytometry. Expression of CD45RA on CD8 T cells was decreased after 14 days in both 

the PBMC and the CD8e groups when compared with the expression on the donor CD8 T 

cells (Figure 7E). This shows that while the CD8 T cells can engraft in NSG mice, CD4 

T cell help may be facilitating CD8 T cell activation and engraftment in the PBMC mice.  



The CD8p mice were excluded from this analysis as the number of human cells in these 

animals was too low to allow for an accurate comparison (ie fewer than 100 events within 

the CD8 gate). These data show that the CD8 T cells can engraft in NSG mice, they 

develop an activated phenotype, the engrafted cells are functional and mediate a 

xenogeneic GVHD. 

  



Figure 7: NSG Mice engrafted with PBMC or CD8e cells have a gradual weight loss 
that corresponds with overall mortality and engraftment with huCD45 
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Figure 7: NSG Mice engrafted with PBMC or CD8e cells have a gradual weight loss 

that corresponds with overall mortality and engraftment with huCD45 

The NSG mice that were engrafted with either PBMC, CD8e, or CD8p cells were 

monitored for signs of weight loss. The PBMC (A) and the CD8e (B) engrafted NSG 

mice gradually lost weight. Similar weight loss was not seen in the CD8p engrafted 

animals (C). This weight loss in the NSG mice correlates with overall mortality (D). 

When we compared the expression of CD45RA on these cells at the time of input to 

the expression at day 14 we saw a dramatic decrease in the PBMC and a more 

moderate decrease in the CD8e group (E).  

 

 

  



The results above show that human CD8 T cells will engraft in NSG mice and mediate a 

xeno-GVHD. In NSG mice injected with PBMC, CD4 and CD8 T cells infiltrate a 

number of peripheral organs including the mouse liver. To determine if CD8 T cells 

migrate to peripheral tissues in the absence or CD4 T cell help, livers from PBMC 

engrafted and CD8e engrafted NSG mice were recovered when the mice were sacrificed 

(body weight<80% of starting weight or signs of distress) and the tissues were stained 

with H&E to visualize infiltrating leukocytes within these tissues. The liver from an 

unengrafted NSG mouse shows a lack of infiltrates and an overall uniform appearance 

(Figure 8A). The 3 adjacent panels show livers from CD8e-engrafted animals that were 

collected at the time of sacrifice. In all cases, the livers from engrafted NSG mice show 

numerous infiltrates into the liver concentrated near blood vessels (Figure 8B-D) and 

overall alterations to the structure of the organ. This type of infiltration is typical in the 

immunopathology of patients suffering from GVHD with liver involvement (215). In the 

following panels, liver sections from NSG mice that were engrafted with PBMC (Figure 

8 E and H) or CD8e (Figure 8 F and G) were stained with anti-human CD45 to 

visualize infiltrating human cells. These findings indicate that human CD8 T cells are 

able to infiltrate peripheral tissues in NSG mice in the absence of CD4 T cells. 

Collectively, these data together indicate that the engrafted human T cells persist in the 

NSG mice. The CD8 T cells expand within the mice, develop an activated phenotype, 

migrate into peripheral tissues, and mediate a xenogeneic GVHD. Furthermore, the CD8 

T cells are capable of mediating this disease on their own without CD4 T cell help.  

  



Figure 8: Liver tissues isolated from CD8e engrafted animals show extensive 
mononuclear infiltrates near vessels 
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Figure 2.4: Liver tissues isolated from CD8e engrafted animals show extensive 

mononuclear infiltrates near vessels  

Liver sections from unengrafted NSG mice (A) or CD8e engrafted mice were 

sectioned and stained with H&E to visualize infiltrating cells (B-D). CD8e-engrafted 

NSG mice had extensive infiltration into the tissues surrounding the blood vessels 

and profound changes in the overall color of the tissues. In the following panels 

Liver sections from NSG mice engrafted with PBMC (E and H) or CD8e (F and G) 

are stained with anti-human CD45 to visualize infiltrating human cells. 

  



CD8 T cell engraftment and function depends upon the expression of MHC-I 

  
MHC-I has a critical role in maintaining CD8 T cell homeostasis and function (116). To 

examine the contribution of murine MHC to CD8 T cell survival and function in NSG 

mice, I used two different types of MHC-I knockout NSG mice that were developed by 

Dr. Leonard Shultz, at the Jackson Laboratory. The first NSG strain lacks expression of 

the MHC-I locus (NSG-KDnull), and the second stain lacks the B2M molecule necessary 

for surface expression of MHC-I. Previous studies have shown that NSG-B2Mnull mice 

have a delay in the development of xenogeneic-GVHD after injection of human PBMC 

(214). To compare the kinetics of human cell engraftment and of xenogeneic-GVHD 

between the NSG-B2Mnull mice and the NSG KDnull mice, unfractionated PBMC were 

injected IV into NSG, NSG-KDnull and NSG-B2Mnull mice. Injected NSG mice were 

monitored for weight loss, mortality, engraftment, and T cell activation by bleeding these 

animals bi-weekly. As before, all of the animals showed a gradual and progressive weight 

loss (Figure 9A-C) that ultimately lead to the development of GVHD and the euthanasia 

of the mice. The GVHD symptoms were delayed in the NSG-KDnull mice and NSG-

B2Mnull (Figure 9B and C). The delay in weight loss correlated with a delay in the time 

that the animals survived within the parameters of the experiment (Figure 9D). As 

before, all mice that were engrafted with PBMC were engrafted with CD8 T cells at day 

14 and day 28 with a small but not statistically significant trend towards lower 

engraftment in the NSG-KDnull mice (Figure 9E and F).  

  



Figure 9: Human PBMC isolated from donors engraft in mice deficient in MHC-I 
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Figure 9: Human PBMC isolated from donors engraft in mice deficient in MHC-I 

PBMC were injected into either NSG, NSG-KDnull, or NSG-B2Mnull mice. All of the 

groups experienced a gradual weight loss with both of the MHC-I deficient strains 

having a trend towards slower weight loss when compared to the NSG mice (A-C). 

The weight loss correlated with the development of GVHD with the NSG-PBMC 

mice developing symptoms noticeably sooner than the NSG-KDnull-PBMC or the 

NSG-B2Mnull -PBMC mice (D). Engraftment was similar among the three groups, 

but there was a noticeable trend towards higher engraftment in the NSG group 

when compared with the MHC-I deficient groups at day 14 and day 28 (E and F).  

 

  



The data shown above with MHC-I deficient NSG mice indicate that following injection 

with human PBMC, these mice engrafted and develop a xenogeneic-GVHD, although at 

slower kinetics than NSG mice. I hypothesized that enriched CD8 T cells (CD8e) would 

engraft into NSG mice lacking expression of MHC-I but would not mediate a 

xenogeneic-GVHD. Normal NSG mice, NSG-KDnull or NSG-B2Mnull mice were injected 

with 4 to 6x106 enriched CD8 cells. Weights were monitored and the mice were bled bi-

weekly. As before, the CD8e cells caused a gradual and progressive weight loss in the 

NSG mice (Figure 10A). Conversely, NSG-KDnull (Figure 10B) and NSG-B2Mnull mice 

(Figure 10C) did not develop similar weight loss out to 60 days. As expected, this 

resistance to weight loss correlated with an increase in survival. Whereas the majority of 

the NSG mice were sacrificed by day 60, no mice in the NSG-KDnull or the NSG-B2Mnull 

mice (Figure 10D) had developed symptoms of GVHD. Interestingly, although the 

engraftment was reduced, particularly at earlier time points, the CD8 T cells did indeed 

engraft in the MHC-1-deficient mice and the engraftment increased over the course of the 

experiment. At day 14, both the NSG-KDnull and the NSG-B2Mnull had a significantly 

lower proportion of huCD45+ T cells at day 14 (Figure 10E). At day 28 the percentage 

of huCD45 cells was increased in both the NSG-KDnull and the NSG-B2Mnull but they 

both remained significantly lower than the NSG mice (Figure 10F). As before, the 

engrafted cells developed an activated phenotype, expressing less of the CD45RA 

isoform. This difference was most noticeable at day 14 (Figure 10G), but persisted out to 

day 28 (Figure 10H). Overall these data indicate that NSG mice deficient in expression 



of MHC-I will still support low level engraftment of human CD8 T cells, but these cells 

will not mediate a severe GVHD.  

 

 



Figure 10: CD8 T cells engraft into MHC-I deficient mice and persist long term 
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Figure 10: CD8 T cells engraft into MHC-I deficient mice and persist long term. 
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Figure 10: CD8 T cells engraft into MHC-I deficient mice and persist long-term. 

NSG, NSG-KDnull, or NSG-B2Mnull mice were injected with either PBMC, or CD8e 

cells. We monitored the mice regularly for weight loss. The NSG mice given CD8e 

cells lost weight (A). The NSG-KDnull (B) and the NSG-B2Mnull (C) mice both 

maintained their bodyweight throughout the course of the experiment. The NSG 

mice engrafted with CD8e cells gradually lost weight and developed symptoms 

consistent with GVHD whereas both the NSG-KDnull and the NSG-B2Mnull mice 

persisted until the end of the experiment with weight loss less than 20% of the 

starting weight (D). The NSG mice engrafted with CD8e cells engrafted with the 

highest level of human cells, followed by the NSG-KDnull mice treated with and the 

NSG-B2Mnull mice at both day 14 (E) and day 28 (F). Finally, CD8e-injected MHC-I 

deficient mice had a population of human CD8 cells that developed an activated 

phenotype at a slower rate than the other groups as defined by a reduction in the 

expression of CD45RA from day 14 (G) to day 28 (H). 

  



 
NSG MHC-I deficient mice permitted CD8 T engraftment but the mice maintained their 

bodyweight long-term and the mice did not develop signs of GVHD. I hypothesized that 

the expression of human MHC-I would restore the ability of the CD8 T cells to mediate 

GVHD. To test this hypothesis, a NSG-KDnull mouse strain expressing human HLA-A02 

in the form of the HHD hybrid protein was used. The NSG KDnull/HHD mouse was 

developed by Dr. Shultz. The HHD molecule is a hybrid protein consisting of HLA 

A0201 expressing a chimeric form of the human MHC-I molecule. Specifically, it is 

made up of the human β2-microglobulin fused to the HLA A0201 α-1 and α-2 domains 

and a murine α-3 domain from H-2Db (216). These mice were injected with 4 to 6x106 

CD8e cells from an HLA-A2-negative donor, weighed regularly, and bled bi-weekly to 

monitor engraftment over the course of the experiment. As expected, NSG-KDnull mice 

engrafted with CD8 T cells maintained their bodyweight throughout the experiment 

(Figure 11A). The NSG-KDnull/HHD mice injected with CD8e cells were again 

susceptible to the progressive weight loss seen in NSG mice (Figure 11B). Following 

injection with CD8e cells, the NSG-KDnull/HHD mice also experienced weight loss at 

rates that were similar to that seen in NSG mice (Figure 11C). As predicted, the 

engraftment levels in the mice expressing transgenic human HLA-A02 was improved 

when compared with MHC-I deficient animals and was closer to what is typically seen in 

NSG mice (Figure 11D). In previous experiments, the MHC-I deficient mice developed 

an activated phenotype slower than the NSG mice, I also decided to evaluate the 

development of an activated phenotype in the NSG-KDnull/HHD mice when compared to 



the NSG or the NSG-KDnull mice. Blood that was collected at day 21 was stained with 

antibodies to MHC-II (HLA DR) or CD45RO. Expression of CD45RO and HLA DR is 

elevated on antigen-experienced and acutely activated cells, respectively (217, 218). CD8 

T cells recovered from the NSG-KDnull/HHD mice that were injected with CD8e cells had 

significantly higher levels of HLA DR when compared with the NSG-KDnull mice. The 

expression level was similar to that seen in NSG mice that were injected with PBMC 

(Figure 11E). Likewise, CD8 T cells from the NSG-KDnull/HHD mice injected with 

CD8e cells expressed significantly more CD45RO when compared with the NSG-KDnull 

mice. The expression level of CD45RO was similar to that seen in NSG mice that were 

injected with PBMC (Figure 11F). Based on this restoration of susceptibility to GVHD, 

we concluded that the engrafted CD8 T cells were capable of recognizing and interacting 

with the HHD protein and mediating GVHD.  

 

I next tested if the severity of GVHD in NSG NSG-KDnull/HHD mice was altered when 

CD8 cells from HLA-A02+ donors were injected when compared with cells from a HLA-

A02- donor. I hypothesized that CD8 T cells from an HLA-A2+ donor should be tolerant 

to A2-epxressing mouse cells if the primary mechanism of recognition is allo-recognition 

of the A2 molecule. Thus the GVHD severity following injection of CD8 T cells from a 

HLA-A2+ donor is expected to be less severe than the disease mediated by CD8 T cells 

from a A2- individual. To test this PBMC from HLA A02 donors and from non-HLA 

A02 donors were treated as before to generate an enriched population of CD8 cells that 

were used to inject into NSG, NSG-KDnull, or NSG-KDnull/HHD mice.  Mice were 



injected with 1x107 PBMC or 4 to 6x106 CD8e cells, weighed regularly, and bled bi-

weekly to monitor engraftment over the course of the experiment. Interestingly, we did 

not detect an appreciable difference between the HLA-A02 positive donors and the non-

HLA A02 donors. In both cases there was progressive weight loss and eventual removal 

from the experiment due to weight loss (Figure 11G). Of particular note, the mice that 

were injected with CD8 T cells that were isolated from an HLA A02+ donor did not 

differ significantly from the mice who were injected with CD8 T cells from an HLA 

A02- donor. This indicates both that the CD8 T cells are recognizing the transgenic HLA 

and that the severity of the reaction to the xenogeneic peptides is as severe as the reaction 

to the foreign MHC-I seen in normal NSG mice. 

  



Figure 11: Expression of transgenic MHC-I restores mouse susceptibility to GVHD. 
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Figure 11: Expression of transgenic MHC-I restores mouse susceptibility to GVHD.  
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Figure 11: Expression of transgenic MHC-I restores mouse susceptibility to GVHD. 

NSG-KDnull, NSG-KDnull/A2, or NSG mice were injected with CD8e cells from HLA-

A02-negative donors. As seen previously, there were marginal changes in the weight 

of NSG-KDnull (A) mice whereas the expression of HHD (B) restored susceptibility to 

progressive weight loss. The NSG mice expressing HHD had a much higher rate of 

weight loss (C) and that increase in weight loss correlated with an increase in the 

ability of CD8 T cells to engraft in these mice (D). The activation level between the 

NSG-KDnull and the NSG-KDnull-HHD mice was significantly different. These mice 

expressed significantly more CD45RO (E) and more HLA DR (F). When we 

repeated this experiment and compared either A2+ or A2- CD8e cells from donors, 

we saw no significant difference in weight loss, between the NSG-KDnull and the 

NSG-KDnull-HHD mice (G). 

 

 
 
 
 
 
  



Discussion 

 
The in vivo survival of mouse CD8 T cells is dependent upon regular low-level 

interactions with the MHC-I molecules expressed on cells (116). In order to determine if 

human CD8 T cells have a similar requirement for survival, proliferation and function, I 

have used the Hu-PBL-SCID model with NSG mice. I used an enriched cell population 

that contains CD8 T cells and engrafted different NSG mouse strains that either express 

murine MHC-I, express no MHC, or express a transgenic human HLA A02*01 complex. 

In the three different instances, I saw profound differences in the engraftment and 

function of the CD8 T cells. Most notably, NSG-KDnull and the NSG-B2Mnull mice had a 

significantly lower proportion of huCD45+ T cells that stayed relatively low throughout 

the course of the experiments, a range of 50-120 days. During this time period, there was 

minimal weight loss and the mice appeared healthy. CD8 T cells were capable of 

persisting, but only at a relatively low level. CD8 T cells engrafting in the NSG-KDnull 

and the NSG-B2Mnull mice developed an activated phenotype, but with significantly 

slower kinetics as compared to NSG mice. Although the human CD8 T cells were able to 

survive in the NSG-KDnull and the NSG-B2Mnull mice, these mice did not develop a xeno-

GVHD. I hypothesize that the NSG-KDnull and the NSG-B2Mnull mice will be useful to 

study the functionality of human T cells in the absence of the confounding effects of 

xeno-GVHD. 

 

Finally, to generate a model of allogeneic GVHD, we crossed the NSG-KDnull mice with 

a strain that expresses a transgenic HLA A02*01 complex that is a hybrid of human and 



murine proteins. This HHD complex was expressed by the murine cells, restored the 

susceptibility of the mice to GVHD and effectively made a different model of GVHD 

where allogeneic peptides are presented and recognized within the context of the human 

MHC. This model of allogeneic GVHD offers an opportunity to study human GVHD in a 

small animal model where the reactivity of naïve and memory CD8 T cells to foreign 

antigen can be studied and methodologies to reduce or eliminate the reactivity can be 

explored. This is an improvement to the existing NSG model of GVHD because it 

eliminates the inherent reactivity between the human TCR expressed by CD8 T cells and 

the murine MHC-I.  

 
  



Chapter III – Role human cytokines on the engraftment, survival, and 

function of human CD8 T cells 

Introduction: Cellular and cytokine factors that regulate T cell survival and 

function 

In Chapter 2, I observed that CD8 T cells engraft into the NSG Hu-PBL-SCID model 

when injected as a part of the whole PBMC or when injected as an enriched population 

lacking CD4 T cells (CD8e cells), but not when injected as a purified population (CD8p). 

Only when CD8 T cells are injected as a purified population (CD8p) do we see that CD8 

T cells generally fail to engraft. The engraftment data with enriched CD8 T cells (CD8e) 

indicated that non-CD4 cells support CD8 T cell engraftment. The engraftment level of 

CD8 T cells was significantly higher for the NSG-PBMC group as compared to NSG 

mice injected with CD8e populations suggesting that CD4 T cells will support CD8 T cell 

engraftment in NSG mice.  

 

The engraftment of purified human CD8 T cells in NSG mice may require help in the 

form of direct cell contact or the production of cytokines. As mentioned above, there are 

a handful of cytokines that are known to be primary factors for T cell survival. In 

particular, IL-2, IL-7 and, to a lesser extent, IL-15 are all important for T cell survival. 

CD4 T cells are also known to be important for CD8 T cell activation and survival, due in 

part to the production of IL-2. Given this information, we decided to test if CD4 T cells 



could support CD8 T cell engraftment by co-injecting purified CD4 T cells. Since we 

have already observed that CD8e cells will engraft and we know that non-T cells do not 

persist in this model (212, 214), we can presume that the CD8 T cells need only transient 

help from other cells in order to engraft. As we also see that rarely CD8p cells will 

engraft for an unknown reason, I also decided to titrate the dose of CD8p cells to 

determine if there is a threshold number of CD8p cells necessary to engraft.  

  

Materials and methods  

 
Mice 

NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NOD-scid IL2rγnull, NSG), and NSG-Tg(huIL7) mice 

were obtained from colonies maintained by Leonard Schultz at The Jackson Laboratory 

(Bar Harbor, ME). All animals were housed in a specific pathogen free facility in 

microisolator cages, given autoclaved food and maintained on acidified autoclaved water 

or sulfamethoxazole-trimethoprim medicated water (Goldline Laboratories, Ft. 

Lauderdale, FL) provided on alternate weeks. All animal procedures were done in 

accordance with the guidelines of the Animal Care and Use Committee of the University 

of Massachusetts Medical School and The Jackson Laboratory and conformed to the 

recommendations in the Guide for the Care and Use of Laboratory Animals (Institute of 

Laboratory Animal Resources, National Research Council, National Academy of 

Sciences, Eighth Edition 2011). 

 



NSG-huIL7 Tg Mice:  

Administration of recombinant IL7 to HSC-engrafted NSG mice increases human T cell 

responses (219). Using BAC technology, Dr. Leonard Shultz developed NSG-huIL7 Tg 

mice that make physiological levels of human IL7 (1 to 2 pg/ml serum). 

 

Blood preparation 
 
Whole blood was collected from healthy donors into heparin treated 50ml conical tubes. 

Volunteers donated blood under informed consent in accordance with the Declaration of 

Helsinki and approval from the Institutional Review Board of the University of 

Massachusetts Medical School. Following collection, the blood was processed the same 

day by diluting the samples 1:1 with RPMI and overlaying the diluted blood on Ficoll 

density gradient separation media. Following separation, samples were suspended in 

RPMI and either injected directly or separated further using MACS LD or LS columns 

(Miltenyi Biotech). 

 

Cell separation 
 
The PBMCs were either diluted directly for injection or were labeled with magnetic 

beads conjugated to CD4 or CD8 antibodies obtained (Miltenyi biotech, Auburn, CA, 

USA) and used to label a portion of the PBMC cells. CD4 depleted cells, also referred to 

as CD8e cells, were directly labeled with anti-CD4 microbeads and passed over a 

Miltenyi LD column. The fraction that passed through was collected and retained for 

either injection (CD8e groups) or further processed. Purified CD8 T cells (CD8p) were 



obtained by either labeling the CD8 T cells directly or by labeling the CD4 depleted 

CD8e cells with CD8 microbeads and passing them over an LS column. The LS column 

was then flushed with MACS buffer and the bound cells washed and resuspended in 

RPMI media for injection into Mice. In some experiments, the CD4+ fraction remaining 

after depleting CD4 cells were relabeled with CD4 microbeads and passed over a LS 

column to yield a purified CD4 Fraction and an CD4-, CD8- fraction, referred to as the 

flow through cells(FT).   

 

Antibodies and flow cytometry 

Human immune cell populations were monitored in mice using monoclonal antibodies 

(mAbs) specific for the following human antigens; CD45 (clone HI30), CD3 (clone 

UCHT1), CD4 (clone RPA-T4), CD8 (clone RPA-T8), CD20 (clone 2H7), CD45RA 

(clone HI100), CD62L (clone DREG-56), HLA-DR (clone G46-6), purchased from 

eBioscience, BD Bioscience (San Jose, CA) or BioLegend (San Diego, CA). Mouse cells 

were identified and excluded from analysis by staining with a mAb specific for murine 

CD45 (clone 30-F11, BD Biosciences). Single-cell suspensions of bone marrow and 

spleen were prepared from engrafted mice, and whole blood was collected in heparin. 

Single cell suspensions of 1x106 cells or 100 μL of whole blood were washed with FACS 

buffer (PBS supplemented with 2% fetal bovine serum (FBS) and 0.02% sodium azide) 

and then pre-incubated with rat anti-mouse FcR11b mAb (clone 2.4G2, BD Biosciences) 

to block binding to mouse Fc receptors. Specific mAbs were then added to the samples 

and incubated for 30 min at 4°C. Stained samples were washed and fixed with 2% 



paraformaldehyde for cell suspensions or treated with BD FACS lysing solution for 

whole blood. At least 50,000 events were acquired on LSRII or FACSCalibur instruments 

(BD Biosciences). Data analysis was performed with FlowJo (Tree Star, Inc., Ashland, 

OR) software. 

 

IL2 

The IL-2 reagent was obtained from Hoffman La Roche and consisted of an IL-2 Fc 

fusion protein.  

 

Results 

Purified human CD8 T cells are dependent upon other cell types to successfully 
engraft  

As described in Chapter 2, NSG mice that are injected with purified CD8 T cells (CD8p) 

fail to engraft while those that are injected with CD4 depleted cells (CD8e) engraft with 

CD8 T cells although with slower kinetics when compared to whole human PBMC. 

Given this information, we hypothesized that CD8 T cell engraftment could be supported 

by either the non-T cell fraction, or through help from CD4 T cells that are present in 

whole PBMC-treated mice. Based on this evidence, I devised an experimental scheme 

that isolated human cells into 5 different groups, PBMC, CD8e, CD8p, CD4p, and flow 

through (The remaining CD4- and CD8- cells) (Figure 12).  

  



Figure 12: Isolation plan for elucidating the role of other cell types in CD8 T cell 
engraftment 

PBMC 

CD8e 

PBMC 

CD8e 

CD8p 

CD4p 

Deplete  
CD4 

Purify 
CD8 

CD8e

Purify
CD8

AA

B 

C 

D 



Figure 12: Isolation plan for elucidating the role of other cell types in CD8 T cell 

engraftment. 

Beginning with whole PBMC from a healthy donor, some cells were reserved for the 

PBMC group (A) and the rest were labeled with CD4-specific magnetic beads and 

processed with a depletion column. The column was flushed to liberate the bound 

CD4 cells (CD4+) and some of the resulting CD8e cells were retained for injection 

(B). The remaining CD8e cells were labeled with CD8-specific microbeads and 

processed through a purification column. The purified CD8p cells were retained for 

injection (C). The bound CD4+ fraction from the first separation step was retained 

for injection (D). 

  



I decided to test whether or not CD4 T cells could provide help to CD8 T cells and assist 

them in engrafting. To conduct this experiment, I isolated CD4p, CD8p and CD8e cells 

from healthy donors.  NSG mice were injected with the CD4p cells (4x106 cells) IV at the 

same time as the CD8p cells (2x106 cells). A separate group of NSG mice were injected 

with CD8p cells alone (2x106 cells) or CD8e cells (5x106 cells). After allowing the cells 

to engraft, mice were bled at 2 weeks and the level of engraftment with human cells was 

analyzed. (Figure 13A) We next decided to test if CD4 T cells that have been lethally 

irradiated could also support engraftment. Lethally irradiated cells will not proliferate but 

they do retain a number of effector functions such as cytokine secretion and limited 

protein synthesis. They may also engage in direct cell interactions with the CD8 T cells. 

To test this, the experiment outlined in (Figure 13A) was repeated with the addition of 

lethally irradiating the CD4 T cells before injecting the cells (Figure 13B).   

  



Figure 13: Irradiated and non-irradiated CD4 T cells are capable of supporting the 
engraftment of CD8p T cells into NSG mice 
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Figure 13: Irradiated and non-irradiated CD4 T cells are capable of supporting the 

engraftment of CD8p T cells into NSG mice 

NSG mice were irradiated as previously described and PBMC from healthy donors 

were separated into CD4p, CD8e, and CD8p groups. The CD4p cells were injected 

at a dosage of 4x106 cells per mouse simultaneously with 2x106 CD8p cells. 

Simultaneously, CD8e cells 6x106 or CD8p 2x106 CD8p cells were injected to control 

for engraftment differences. At 2 weeks, the mice were bled to analyze the 

engraftment levels in the blood (A). To determine if transient CD4 help is sufficient 

to support CD8 T cell engraftment, we repeated the experiment as described in part 

(A) but the CD4p cells were lethally irradiated with 2000 rad before injection into 

the NSG mice (B).  

 

  



Titration of CD8p cells into NSG mice reveals that there is a threshold for 
engraftment 

The experiments shown above revealed that injection of 2x106 CD8p cells do not engraft 

without some support from other cell types. The 2x106 CD8 T cell number is similar to 

the amount of CD8s that are injected with 1x107 PBMC, the standard dose in my 

experiments. I next asked the question if there was a threshold for engraftment with this 

cell population. Specifically, I wanted to know if injecting a large amount of CD8 T cells 

would enable engraftment. If CD8 survival is dependent upon a cytokine that is produced 

by CD8 T cells or if there is a rare population of CD8 T cells that can preferentially 

survive, then injecting an increased number of CD8p cells may allow cells to engraft. I 

hypothesized that there would be a certain point at which the number of injected cells 

would become large enough to ensure survival and long-term engraftment of a CD8 T 

cell population that exists long term. To test this, we obtained PBMC from a healthy 

donor and purified the CD8 T cells as described above. Mice were then injected with 

PBMC (10x106 cells/mouse) or CD8p cells at a dose ranging from 1x106 to 8x106 

cells/mouse in an effort to determine if there is a threshold amount that, when injected, 

will result in engraftment. The PBMC group and the highest dose of CD8p cells had an 

increased level of mice removed from the experiment due to their appearance or weight 

loss (Figure 14A). PBMC injected mice engrafted at a high level that was evident by the 

amount of huCD45+ cells seen in the blood at day 21 and day 35 (Figure 14B). Mice that 

were injected with 1x106-2x106 cells had negligible engraftment over the course of 49 

days (Figure 14C-D). Those mice injected with 4x106 cells had a small increase in 

engraftment of CD8 T cells at week 5 and 7 (Figure 14E). Finally, the mice injected with 



8x106 cells were significantly more engrafted (P<0.01) than all other CD8p groups and 

the rate of removal of these mice from the experiment due to GVHD was not 

significantly different from the PBMC groups. 



Figure 14: Injecting a large amount of CD8 T cells can overcome the inability of 
CD8p cells to engraft. 
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Figure 14: Injecting a large amount of CD8 T cells can overcome the inability of 

CD8p cells to engraft. 

NSG mice were engrafted with either PBMC or CD8p cells ranging from 1x106 to 

8x106. The bodyweights were measured regularly and the mice monitored for signs 

of GVHD. The survival of the mice is shown in (A) with both the PBMC and the 

8x106 populations showing a marked increase in mortality relative to the other 

groups.  

 

  



Mice expressing transgenic human IL-7 fail to engraft with purified CD8 T cells 

 
As mentioned above, IL-7 is important in the survival of human CD4 and CD8 T cells. 

Given this information, I first tried to support CD8 T cell engraftment by using a system 

that had supplemental IL-7. We obtained NSG mice that express human IL-7 and used 

these mice as recipients for human CD8 T cells. NSG and NSG-TgIL-7 mice were 

injected IV with either PBMC (10x106 cells) or CD8p (2x106 cells). We monitored the 

weight of the animals and noticed the typical decline seen in NSG mice that were 

engrafted with PBMC (Figure 15A) and that decline was the same as what was seen in 

NSG-IL-7 mice (Figure 15B). No such weight loss was seen in either the NSG (Figure 

15A) or the NSG-IL-7 mice (Figure 15B) that were given CD8p cells. Similarly, there 

was no difference in the survival of NSG (Figure 15C) or NSG-IL-7 (Figure 15D) mice 

that were injected with CD8 T cells.  Blood taken from the mice at week 2 indicated that 

there was a detectible population of human cells in both the PBMC NSG and the PBMC 

NSG-IL-7 groups and there was no significant difference between the two groups 

(Figure 15E). Conversely, there was little or no detectible human cells seen in either the 

of the NSG or NSG-IL-7 groups injected with CD8p at week 2 (Figure 15E). The mice 

were bled again at week 4 and there were still no detectable human cells in either of the 

CD8p groups (Figure 15F).  

  



Figure 15: Transgenic Expression of IL-7 Fails to Support the Engraftment of 
Human CD8 T Cells 
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Figure 15: Transgenic IL-7 fails to support the engraftment of human CD8 T cells. 

NSG or NSG-IL-7 mice were injected with either PBMC or CD8p cells. Bodyweight 

was regularly monitored for changes. Weights consistently declined in both PBMC 

groups (NSG (A) and the NSG-IL-7 (B)) but did not decline in either of the strains 

injected with CD8p cells. (NSG (A) and the NSG-IL-7 (B)). Blood taken from the 

mice stained with antibodies against CD45 showed a detectible population in the 

PBMC mice, but not the CD8p mice at both week 2 (C) and week 4 (D).  

  



Exogenous human IL-2 can support the engraftment of purified CD8 T cells  

Given the ability of a transient population of non-CD8 T cells to support CD8 

engraftment and the result that showed that IL-7 was not sufficient for CD8 engraftment, 

we hypothesized that IL-2 might be capable of supporting CD8 T cell engraftment. To 

test this we injected NSG mice with either CD8e (5 to 6x106 cells) or CD8p (2x106 cells) 

cells isolated as seen above. At the time we injected the human cells, half of the CD8p 

mice were also given a bolus of either PBS, or PBS containing IL-2. Mice were injected 

SC bi-weekly thereafter with either PBS or PBS containing IL-2. Mice were monitored 

regularly for changes in bodyweight (data not shown). Blood was taken at day 14 and 

was stained with antibodies against human CD45, CD3, CD4 and CD8 and analyzed. The 

NSG-CD8e and the NSG-CD8p-IL2 mice had an identifiable population of human cells 

whereas the NSG-CD8p mice had no or negligible human cells (Figure 16A) At day 28, 

we repeated the analysis of the blood and found expansion in all groups but most notably 

in the CD8e and the CD8p+IL-2 groups. (Figure 16B). I sacrificed the mice on day 28 

and compared the number of human cells found in the spleen (Figure 16C) and evaluated 

the CD8 T cells for activation by assessing the prevalence of CD45RA-expressing cells 

(Figure 16D)  



Figure 16: Exogenous human IL-2 can support CD8 T cell engraftment 
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Figure 16: Exogenous human IL-2 can support CD8 T cell engraftment  

NSG mice were injected with PBMC, CD8e or CD8p. The NSG-CD8p mice were 

further separated into a PBS and an IL-2 group and were injected bi-weekly with 

either IL-2 or PBS. At 2 and 4 weeks, blood was collected and stained and the 

proportion of human CD45 at week 2 (A) and week 4 (B) showed a significant 

increase in the NSG-CD8p-IL-2 relative to the NSG-CD8p control group. Mice were 

euthanized at week, the number of splenocytes present were counted (C) and the 

splenocytes were stained for markers to identify CD45RA expression on CD8 T cells 

(D).  

 

 
 
 
 
 
  



Discussion 

I began these experiments with the goal of determining the role that cell interactions 

specifically CD4 help and cytokine production, has on human CD8 T cell survival and 

function. In the experiments described above, we tested whether CD4 T cell presence, 

higher cell doses of CD8 T cells and cytokines can promote engraftment of human CD8 

T cells in NSG mice. Understanding the factors that regulate and can change CD8 T cell 

homeostasis is important in order to understand how they will behave during infection or 

other immune responses. Understanding of how CD8 T cells will respond to the presence 

or absence of certain stimuli would also be important to help understand why CD8 T cells 

can lose effectiveness during the course of an infection. Additionally, having a small 

animal model where CD8 T cells can be exposed to strong stimuli might also provide a 

platform to test cytokines or drugs that may reverse CD8 exhaustion during chronic 

activation.  

 

Purified CD8 T cells are unable to engraft and survive in NSG mice without the early 

presence of additional cell components, including CD4 T cells. I hypothesized that the 

CD4 T cells, like the non-T cell fraction from the CD8e cells, would be able to support 

CD8 engraftment. In the case of CD4 T cells, it is possible that this help could be in the 

form of direct interaction or through the production of cytokines. Given the results seen 

in our IL-2 experiments, it is possible that the CD4 production of IL-2 may be aiding 

CD8 T cell survival at the critical early stages of engraftment. Interestingly, injections of 

a higher number of CD8 T cells enabled engraftment of the CD8p cells. This suggests 



that human CD8 T cells could be producing factors that are able to support survival in 

NSG mice but only at a low level. Interestingly, IL-7 did not aid in CD8 T cell survival 

whereas IL-2 did. IL-7 is critical for the survival of naïve CD4 and CD8 T cells whereas 

IL-2 is normally only necessary for the survival of Treg. However, IL-2 can also be 

important for CD8 proliferation especially in the absence of CD4 help (220).  

 

  



Chapter IV – The regulatory effect of huIL-2 on Treg homeostasis and 

function in NSG BLT mice 

Background on IL-2 and Treg function 

 
The use of recombinant adeno associated virus (rAAV) for in vivo gene delivery is a 

promising approach for the treatment of numerous genetic disorders and as a basic 

research tool (221). AAV is a non-pathogenic, non-envelope parvovirus that infects both 

dividing and non-dividing cells in vivo and supports stable expression of transgenes by 

infected cells (222). An additional advantage for the use of AAV as a gene therapy vector 

is the high level of diversity in AAV-serotypes that enables the targeting of a broad range 

of cell types in vivo (223). AAV-based vectors have been used in mice for the efficient 

delivery and long-term expression of transgenes with positive therapeutic results (224). 

Moreover AAV vectors have shown promise and safety in clinical trials for a number of 

diseases including hemophilia, rheumatoid arthritis, cystic fibrosis, lipoprotein lipase 

deficiency, Leber’s congenital amaurosis, choroideremia, Canavan’s disease, muscular 

dystrophy, alpha-1-antitrypsan deficiency, Parkinson’s disease, macular degeneration and 

heart disease (174). However, the efficient preclinical testing of novel AAV vectors 

expressing transgenes that will act specifically on human cells and tissues is hampered by 

the paucity of appropriate models that recapitulate human biology (225). Previous studies 

using humanized mice have demonstrated the success of AAV vectors for the delivery of 

anti-cancer therapies (226, 227), to express PDX1 in human liver cells (228), to target 

transgene expression to human CD4 T cells (226), and to augment the development and 



function of human immune systems following CD34+ HSC engraftment (229-232). The 

success of these previous experimental strategies with AAV vectors in humanized mice 

support the use of humanized mouse models to test AAV vectors for gene delivery, 

targeting specific human immune cell populations. 

 

FOXP3+ CD4+ Treg are an essential component of T cell tolerance and physiological 

immune homeostasis (233-235), and IL2 is critical to maintain normal Treg homeostasis 

(236). Low dose IL2 therapies have been tested in both mice and in clinical trials as a 

strategy to increase functional Treg levels and limit autoimmunity and suppress 

transplant rejection (237-240). Low dose IL2 therapies preferentially act through the high 

affinity IL2 receptor that is expressed by Treg (241). Recent studies in NOD mice have 

demonstrated that AAV delivery of IL2 has a protective effect on the development of 

type-1 diabetes (T1D) (237, 238, 242, 243). Injection of NOD mice with an AAV8 vector 

expressing mouse IL2 under the control of the mouse insulin promoter enabled long term 

expression of IL2 by pancreatic beta cells, increased the number of functional Treg and 

delayed progression of T1D (237, 238). Similar effects on Treg levels and delay in 

diabetes progression were also observed in NOD mice injected with recombinant IL2 

(244). Delivery of low dose human IL2 in recent clinical trials has been accomplished by 

repeated injections of recombinant IL2, Proleukin (Aldesleukin) (240). Clinical trials 

have shown that injection of patients with recombinant human IL2 at low doses increases 

human Treg levels and reduces symptoms in uncontrolled chronic GVHD (245), HCV-

induced vasculitis (246), alopecia areata (247) and SLE (248, 249). However, a clinical 



trial of a rapamycin/IL2 combination therapy in T1D patients resulted in beta cell 

dysfunction (250). T1D patients treated with combination rapamycin and low dose IL2 

showed a significant increase in levels of human Treg but this was accompanied by a 

decrease in C-peptide levels and increases in numbers of NK cells and eosinophils (250). 

Recent studies treating T1D patients with low dose IL2 only have shown efficacy for 

increasing Treg number, but these studies also demonstrated expansion of human NK 

cells and eosinophils in a dose-specific manner (239, 251-253). These findings highlight 

the need for models to test the efficacy of strategies targeting human Treg and the 

development of novel approaches to deliver low dose IL2.  

 

Here we use a humanized mouse model that enables efficient development of functional 

human T cells, including CD4+/CD25+/FOXP3+/CD125dim Treg, to study the 

effectiveness of an AAV vector expressing human IL2. These studies use NOD-scid 

IL2rγnull (NSG) mice engrafted with human fetal thymus and liver tissues, abbreviated as 

the BLT (bone marrow/liver/thymus) model. The BLT model supports robust 

development of HLA-restricted conventional and regulatory T cell subsets (254). Our 

results show that use of an AAV8 vector expressing human IL2 under control of the 

mouse insulin promoter increases the levels of Treg in the blood and spleen of NSG-BLT 

mice. Moreover, the IL2-expanded human Treg cell population maintains the ability to 

suppress immune responses both in vivo and in vitro. Coinciding with the Treg 

expansion, a significant increase in the number and activation status of human NK cells is 

observed, recapitulating the clinical observations. These findings validate that humanized 



mouse models are effective for the in vivo study of AAV based therapies that specifically 

target human immune cell subsets. 

Materials and methods 

 
Mice 

NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NOD-scid IL2rγnull, NSG) mice were obtained from 

colonies maintained by Dr. Leonard Schultz at The Jackson Laboratory (Bar Harbor, 

ME). All animals were housed in a specific pathogen free facility in microisolator cages, 

given autoclaved food and maintained on acidified autoclaved water or 

sulfamethoxazole-trimethoprim medicated water (Goldline Laboratories, Ft. Lauderdale, 

FL) provided on alternate weeks. All animal procedures were done in accordance with 

the guidelines of the Animal Care and Use Committee of the University of Massachusetts 

Medical School and The Jackson Laboratory and conformed to the recommendations in 

the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal 

Resources, National Research Council, National Academy of Sciences, Eighth Edition 

2011). 

 

Fetal tissue transplantation 

Human fetal thymus and fetal liver (gestational age between 16 and 20 week) specimens 

were obtained from Advanced Bioscience Resources (Alameda, CA). Upon receipt, 

tissues were washed with RPMI supplemented with penicillin G (100U/ml), streptomycin 

(100mg/ml), fungizone (0.25 μg/ml), and gentamycin (5μg/ml). The thymus tissue and a 



portion of the liver were sectioned into 1mm3 fragments for transplantation, as previously 

described (255). The remaining fetal liver was processed to recover human CD34+ 

hematopoietic stem cells (HSC) as described below. Recipient NSG mice were irradiated 

with 200 cGy and implanted with fetal thymus and fetal liver fragments together in the 

renal subcapsular space, as described previously (256). 

 

Enrichment of CD34+ HSC from fetal liver tissue 

To recover human CD34+ HSC, fetal liver was processed as previously described (255). 

Briefly, fetal liver was minced and digested at 37°C for 20 min with a collagenase-

dispase buffer (Liver Digest Medium, Gibco). Recovered cells were washed with RPMI 

supplemented with 10% fetal bovine serum and filtered through a metal sieve. Red blood 

cells were removed by ficoll-hypaque density centrifugation. The fetal liver cells were 

then depleted of CD3+ cells using a magnetic bead negative-selection separation 

technique (Miltenyi Biotec Inc., Auburn, CA), and the percentage of CD34+ cells was 

determined by flow cytometry (CD34 specific antibody, clone 581, BD Biosciences). At 

a minimum of four hours after irradiation, recipient NSG mice were injected IV with 

CD3-depleted fetal liver cells to achieve 1x105 CD34+ HSC per mouse. 

 

ds AAV8 vectors 

The dsAAV vectors were engineered and packaged as previously described (257). 

Briefly, full-length cDNA encoding human IL2 or EGFP were subcloned into a dsAAV 

plasmid (258) containing the murine preproinsulin II promoter (mIP). dsAAV vector 



packaging was carried out as previously described (238, 259) or produced by the Viral 

Vector Core at the University of Massachusetts Medical School Horae Gene Therapy 

Center (Worcester, MA). Recipient mice were injected IP with 2.5x1011 particles of the 

purified AAV8-huIL-2 or AAV8-EGFP.  

 

ELISA 

Blood was collected from mice into 1,000U of heparin sodium injection, USP (Pfizer 

Injectables, New York, NY) and thoroughly mixed to prevent coagulation. Blood was 

then centrifuged for 30 minutes at 1000xg and the plasma layer collected. Plasma 

samples were then diluted 1:3 in 1% BSA PBS and frozen until levels of IL2 were 

measured. IL2 levels were quantified using a human IL2-specific ELISA kit (BioLegend) 

following the manufacturers protocol. 

 

Antibodies and flow cytometry 

Human immune cell populations were monitored in NSG-BLT mice using monoclonal 

antibodies (mAbs) specific for the following human antigens; CD45 (clone HI30), CD3 

(clone UCHT1), CD4 (clone RPA-T4), CD8 (clone RPA-T8), CD16 (clone 3G8), CD20 

(clone 2H7), CD25 (clones 2A3 and MA-251), CD45RA (clone HI100), CD56 (clone 

NCAM16.2), CD62L (clone DREG-56), CD94 (clone HP-3D9), CD127 (clone A019D5), 

Ki67 (clone B56), FoxP3 (clone 236A/E7), HLA-DR (clone G46-6), NKp46 (clone 

9e2/Nkp46), granzyme B (clone GB11) purchased from eBioscience, BD Bioscience 

(San Jose, CA) or BioLegend (San Diego, CA). Mouse cells were identified and excluded 



from analysis by staining with a mAb specific for murine CD45 (clone 30-F11, BD 

Biosciences). Single-cell suspensions of bone marrow and spleen were prepared from 

engrafted mice, and whole blood was collected in heparin. Single cell suspensions of 

1x106 cells or 100 μL of whole blood were washed with FACS buffer (PBS 

supplemented with 2% fetal bovine serum (FBS) and 0.02% sodium azide) and then pre-

incubated with rat anti-mouse FcR11b mAb (clone 2.4G2, BD Biosciences) to block 

binding to mouse Fc receptors. Specific mAbs were then added to the samples and 

incubated for 30 min at 4°C. Stained samples were washed and fixed with 2% 

paraformaldehyde for cell suspensions or treated with BD FACS lysing solution for 

whole blood. At least 50,000 events were acquired on LSRII or FACSCalibur instruments 

(BD Biosciences). Data analysis was performed with FlowJo (Tree Star, Inc., Ashland, 

OR) software. 

 

pSTAT5 Staining 

pSTAT5 was stained using the Phosflow staining kit obtained from BD Bioscience (San 

Jose, CA) and following the manufacture’s protocol. Briefly, splenocytes were suspended 

at 5x106 cells/ml in RPMI supplemented with 10% FBS, and 1x106 cells were then added 

to 5mL FACS tubes (BD Biosciences). Splenocytes were then cultured at 37°C/5% CO2 

for 2 hours and either treated with IL2 (50 IU) for 20 minutes at 37°C or left untreated. 

Following the incubation splenocytes were fixed with Cytofix buffer, permeabilized with 

Perm Buffer III, and washed twice in Staining Buffer. Cells were stained at room 

temperature with an antibody specific for pSTAT5 (clone 47/Stat5 (pY694), BD 



Biosciences) for 60 minutes and then washed with Staining Buffer. Splenocytes were 

then stained with mAbs specific for murine CD45 and human CD4 and CD25. Samples 

were analyzed immediately after staining. 

 

In Vitro Treg Suppression Assay 

Human Treg were tested for the ability to suppress in vitro proliferation of human CD4 T 

cells. CD4 Treg were enriched from AAV8-hu-IL2-treated and PBS-treated NSG-BLT 

mice, and effector CD4 T cells (CD25-) were enriched from a cohort of NSG-BLT mice 

that were generated with tissues not matched to the AAV treated NSG-BLT mice. CD4+ 

T cells were enriched from the spleens of NSG-BLT mice by magnetic bead negative 

selection using a human CD4 T cell isolation kit (Miltenyi Biotech). Enriched CD4+ cells 

were then stained with mAbs to CD25 and CD127, and Treg (CD25+/CD127dim) and 

effector T cells (CD25-) were purified by cell sorting using a BD-FACS ARIA (BD 

Biosciences). Effector T cells were labeled with CFSE (Sigma Aldrich) and incubated for 

5 days with anti-CD3/anti-CD28-coated beads (Miltenyi Biotech) in the presence or 

absence of human Treg at graded ratios. After 5 days, cells were stained with 

fluorochrome-conjugated mAbs and Live/dead viability dye (ThermoFisher) and 

analyzed via FACS for proliferation (CSFE dye dilution). The percentage of proliferation 

inhibition was calculated as previously described by determining the proportion of 

dividing effector T cells from each co-culture as compared to the proportion of dividing 

effectors in the absence of Treg when stimulated with anti-CD3/anti-CD28-coated beads 

(260).  



 

In Vivo Killing Assay 

NSG-BLT mice and NSG mice not engrafted with human cells were injected IV with 

PBMC (20x106 cells) that were allogeneic to the transplanted tissues in NSG-BLT mice. 

HLA allelic differences between the injected allogeneic PBMC and the BLT-generated 

immune system were used to monitor levels of the injected PBMC. Specifically, PBMC 

from HLA-A2+ or HLA-A3+ donors were injected into BLT mice that were A2- or A3-, 

respectively. Three days after PBMC injection, splenocytes were recovered from the 

injected mice and levels of allogeneic PBMC were determined by staining with mAbs 

specific for either HLA-A2 (Clone BB7.2 BD Bioscience) or HLA-A3 (Clone GAP.A3 

BD Bioscience). For deletion of CD4 T cells, mice were injected IP with 200mg of OKT-

4 (anti-CD4) mAb (BioXcel, Lebanon, NH) on days -8, -7, and -6 before injection with 

allogeneic PBMC. Depletion of CD4 T cells was confirmed by flow cytometry using the 

RPA-T4 clone. 

 

Statistical Analyses 

To compare individual pair-wise groupings, we used one-way ANOVA with Bonferroni 

post-tests and Kruskal-Wallis test with Dunns post-test for parametric and non-parametric 

data, respectively. Results of proliferation assays were analyzed using a T test. For both 

analyses, significant differences were assumed for p values <0.05.  Statistical analyses 

were performed using GraphPad Prism software (version 4.0c, GraphPad, San Diego, 

CA). 



 

Results 

AAV8-huIL-2 increases the proportion of Treg in BLT mice 

 
NSG-BLT mice provide an ideal humanized model to study the effects of human-specific 

therapies on immune system homeostasis and T cell biology. The NSG-BLT model 

supports the growth of human thymus tissue and enables the selection of HLA-restricted 

T cells on autologous human thymic epithelium cells. Representative flow cytometry data 

showing human T cell populations detected in the peripheral blood of NSG-BLT mice at 

12 weeks post implant are shown in (Figure 17A and B). Human CD8+ and CD4+ 

conventional T cells and Treg develop efficiently and populate the periphery of NSG-

BLT mice. Human CD4+ Treg represented an average of 3.6±0.7% of total circulating 

human hematolymphoid cells (human CD45+). The peripheral development of T cell 

subsets suggests that NSG-BLT mice are potential candidates for pre-clinical evaluation 

of immune therapies targeting human T cells. 

 

Previous studies have shown that delivery of IL2 by AAV is an effective approach to 

expand functional Tregs in NOD mice and prevent the development of T1D (238). To 

test the effect of AAV8-delivered huIL2 on human Treg and conventional T cell 

homeostasis, we used the NSG-BLT model. NSG-BLT mice were injected IP with 

2.5x1011 particles of either a human IL2-expressing vector (AAV8-huIL2) or a control 

vector (AAV8-EGFP). Human IL2 was detected in the plasma of NSG-BLT mice 



injected with AAV8-huIL2 but not in AAV8-EGFP treated mice beginning at 2 weeks 

post injection of AAV (Figure 17C). Human cell chimerism (CD45+) and T cell 

(CD3+/CD4+ and CD3+/CD8+) levels were monitored in the peripheral blood every 2 

weeks over a 10-week time frame. No significant differences were observed in the 

percentages of CD45+ human cells (Figure 17D) and of CD3+ T cells (Figure 17E) 

(both CD4+ and CD8+) in the peripheral blood of NSG-BLT mice injected with AAV8-

huIL2 as compared to control NSG-BLT mice (Figure 17F and 17G). These findings 

suggest that treatment with this AAV vector at this dose establishes constitutive low level 

expression of human IL2, which does not significantly alter human immune system 

homeostasis in NSG-BLT mice. 

  



Figure 17: Levels of human CD4 and CD8 T cells are maintained in NSG-BLT mice 
treated with AAV8-huIL2. 
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Figure 17: Levels of human CD4 and CD8 T cells are maintained in NSG-BLT mice 

treated with AAV8-huIL2. 

NSG-BLT mice were generated as described in the Materials and Methods. Human 

immune system development was examined in the blood of NSG-BLT mice 12 weeks 

after implantation of tissues and HSC (A and B). The gating strategy is shown in (A) 

with identification of CD3+ T cells by gating on human CD45+ cells and then gating 

on CD4+ and CD8+ T cells. Within the CD4+ population, Treg were identified as 

CD127low/CD25+/ FoxP3+. Representative human cell engraftment levels are shown 

in (B). The data shown in A and B are representative of 4 experiments. (C) NSG-

BLT mice were injected IP with either AAV8-EGFP or AAV8-huIL2 (2.5x1011 

particles) and human IL2 levels were monitored in the serum by ELISA. Human 

immune system engraftment, including overall engraftment of human CD45+ cells, 

was monitored in the blood of NSG-BLT mice injected with either AAV8-EGFP or 

AAV8-huIL2 (D) CD3+ T cells (E), CD4 T cells (F) and CD8 T cells (G). These 

results are representative of 4 experiments. 

 

 
  



Table 3: Summary of Treg increase seen in other AAV8-huIL-2 experiments 

  



We next assessed the effect of AAV-huIL2 on human Treg in NSG-BLT mice (Figure 

18). NSG-BLT mice were injected with AAV8-EGFP or AAV-huIL2, and the levels of 

human Treg (human CD3+/CD4+/CD127-/CD25+/FoxP3+) were monitored in the 

peripheral blood every two weeks. Over the course of 10 weeks, the proportion of CD4 

Treg increased significantly in NSG-BLT mice injected with AAV8-huIL2 (Figure 18). 

Representative staining of Tregs from the blood of AAV8-EGFP (Figure 18A) and 

AAV8-huIL2 (Figure 18B) treated NSG-BLT mice shows the changes in the percentage 

of human Treg over time. A significant increase in human CD127-/CD25+ CD4 Tregs 

was detectable at week 4 in NSG-BLT mice after injection with AAV-huIL2, and this 

increase was maintained through week 10 (Figure 18C), as compared to AAV8-EGFP 

injected NSG-BLT mice. The majority of CD127-/CD25+ Treg in both treatment groups 

of NSG-BLT mice were FoxP3+ at all time points, as show by the percentage of CD4 T 

cells that were CD25+/FoxP3+ (Figure 18D) or CD127-/CD25+/FoxP3+ (Figure 18E).  



Figure 18: Treatment with AAV8-huIL2 increases the percent of human Treg in the 
blood of NSG-BLT mice. 
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Figure 18: Treatment with AAV8-huIL2 increases the percent of human Treg in the 

blood of NSG-BLT mice.  

NSG-BLT mice were generated as described in the Materials and Methods. NSG-

BLT mice were injected IP with either AAV8-EGFP(n=5) or AAV8-huIL2 (n=9) 

(2.5x1011 particles) and bled every 2 weeks to monitor human Treg levels. 

Representative staining (CD127 and CD25) for human Treg over time in NSG BLT 

mice injected with AAV8-EGFP (A) and AAV8-huIL2 (B) are shown. Percent of 

CD4 Treg subsets over time are shown: CD127low/CD25+ (C), CD25+/FoxP3+ (D), 

and CD25+/CD127low/FoxP3+ (E). These results are representative of 4 experiments.  

**p<0.01; ***p<0.001. 

 

 

  



We devised a gating strategy to identify human Treg in the splenocytes from NSG-BLT 

mice treated with AAV8-EGFP Figures 19A) and AAV8-huIL2 (Figure 19B). 

Significant increases in both the percentages and numbers of human Treg in the spleen at 

the 10-week time point were observed (Figure 19C and 19D). To determine if expression 

of IL2 enhanced human Treg development, we analyzed the CD4+ Treg cell subset 

within the human thymus graft of NSG-BLT mice injected with AAV8-huIL2 (Figure 

19E). The implanted thymus grafts were excised from mice 10 weeks after treatment with 

either AAV8-EGFP or AAV8-huIL-2 and processed to collect thymocytes for analysis by 

flow cytometry. No significant increase in human Treg levels was detected within the 

thymic tissue of NSG-BLT mice treated with AAV8-huIL2. Together these data suggest 

that delivery of human IL-2 by AAV vectors increased the frequency of peripheral 

human Tregs in NSG-BLT mice but did not increase development of Treg within the 

thymus. 

  



Figure 19: Treatment with AAV8-huIL2 increases the percent and number of 
human CD4 Treg in the spleen of NSG-BLT mice but does not change levels in the 
thymus. 

 

AAV8-EGFP AAV8-huIL2
0

20

40

60

80

H
um

an
 C

D
25

+/
C

D
12

7-
/F

o
xP

3+
 

(T
o

ta
l N

um
b

er
, x

10
6 )

AAV8-EGFP AAV8-huIL2
0

20

40

60

80

H
um

an
 C

D
25

+/
C

D
12

7-
/F

o
xP

3+
 

(%
 o

f 
C

D
4 

T
 c

el
ls

)

AAV8-EGFP AAV8-huIL2
0

2

4

6

8

10

H
um

an
 C

D
25

+/
C

D
12

7-
/F

o
xP

3+
 

(%
 o

f 
C

D
4 

T
 c

el
ls

)

Figure 3
A. AAV8-EGFP

B. AAV8-huIL2

E.D.C.

*** *** NS

80.3

75.2
75.7

19.8

14.5

87.4

77.8

86.7
87.1

8.89

59

93.5

FSC-A

H
u

m
a

n
 C

D
4

5
87.5

FSC-A

H
u

m
an

 C
D

45

86.7



Figure 19: Treatment with AAV8-huIL2 increases the percent and number of 

human CD4 Treg in the spleen of NSG-BLT mice but does not change levels in the 

thymus. 

NSG-BLT mice were generated as described in the Materials and Methods. NSG-

BLT mice were injected IP with either AAV8-EGFP(n=5) or AAV8-huIL2 (n=9) 

(2.5x1011 particles). At 10 weeks post-treatment Treg levels were determined in 

spleens and thymus tissues. The gating strategy used for analyzing splenocytes is 

shown for NSG-BLT mice treated with AAV8-EGFP (A) and AAV8-huIL2 (B). The 

proportion (C) and numbers (D) of CD127low/CD25+/FoxP3+ Tregs are shown. The 

human thymic tissue was recovered from NSG-BLT mice injected with either 

AAV8-huIL2 or AAV8-EGFP, and the proportion of CD4 Treg was determined (E). 

These results are representative of 4 experiments. ***p<0.001. 

 
  



Expression of human IL2 in NSG-BLT mice stimulated a significant increase in the 

levels of peripheral human Treg. To assess their phenotype, we first examined Treg 

expression of CD45RA and CD62L in AAV8-treated NSG-BLT mice. 

CD45RA+/CD62L+ human Treg are capable of robust expansion and efficiently suppress 

immune responses (261). The levels of CD45RA+/CD62L+ human Treg were 

significantly higher in blood (Figure 20A) and spleen (Figure 20B) of AAV8-huIL2-

treated NSG-BLT mice as compared with Treg from AAV8-EGFP-treated NSG-BLT 

mice. AAV8-huIL2-treated NSG-BLT mice also had a higher proportion of Ki67+ human 

Treg in the spleen when compared to the AAV8-EGFP-treated NSG-BLT mice (Figure 

20C). A higher proportion of Ki67+ human Treg was also detected in the blood of 

AAV8-huIL2-treated mice but this difference did not reach statistical significance (data 

not shown). Expression of CD25 (IL2 receptor alpha chain) was increased on human 

Treg in the blood of NSG-BLT mice 2 weeks after treatment with AAV8-huIL2, and 

increased CD25 expression was maintained through the 10 week experiment (Figure 

20D).  

 

To test responsiveness of human Treg to IL2 stimulation we assessed levels of 

phosphorylated STAT5 (pSTAT5) after exposure to IL2 in vitro. Splenocytes from NSG-

BLT mice injected 10 weeks previously with either AAV8-huIL2 or AAV8-EGFP were 

stimulated in vitro with recombinant huIL2 for 20 minutes and evaluated for pSTAT5 

expression by flow cytometry. CD4 Treg were identified as CD3+/CD4+/CD25+ cells 

(Figure 20E). Within this population we quantified the mean fluorescent intensity (MFI) 



of pSTAT5 staining. Tregs from NSG-BLT mice injected with AAV8-huIL2 or AAV8-

EGFP showed a similar increased level STAT5 phosphorylation in response to IL-2 

stimulation when compared to one another (Figure 20F). These results demonstrated that 

human Tregs exposed to chronic IL-2 stimulation maintain responsiveness to IL-2. 

  



Figure 20: AAV8-huIL2 treatment alters the phenotype and homeostasis of human 
Treg in NSG-BLT. 
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Figure 20: AAV8-huIL2 treatment alters the phenotype and homeostasis of human 

Treg in NSG-BLT. 

NSG-BLT mice were generated as described in the Materials and Methods and were 

injected IP with (2.5x1011 particles) of either AAV8-huIL2 (n=9) or control AAV8-

EGFP(n=5)  Expression of phenotypic and proliferation markers by the recovered 

human Treg was determined at 10 weeks post-treatment. The frequency of human 

Treg co-expressing CD45RA and CD62L was determined in blood (A) and spleen 

(B). To determine the proportion of human Treg undergoing cell division, 

expression of Ki67 by splenic Treg was evaluated (C). Expression of CD25 by Tregs 

that were recovered from the blood of NSG-BLT mice was evaluated every 2 weeks 

after AAV treatment (D). The data shown in A-D are representative of 4 

experiments. STAT5 phosphorylation (pSTAT) was evaluated in Treg recovered 

from the spleen of NSG-BLT mice 10 weeks after AAV treatment (E and F). 

Splenocytes were stimulated with 50 IU of recombinant human IL-2 for 20 minutes 

or unstimulated (medium only) and then pSTAT5 levels were evaluated by flow 

cytometry. The gating strategy (E) and the pSTAT5 levels detected in 

CD3+/CD4+/CD25+ cells (F) are shown. The data shown in E and F are 

representative of 2 experiments.  **p<0.01; ***p<0.001; ****p<0.0001. 

  



Treg isolated from AAV8-huIL-2 treated animals are responsive to stimuli and 
functional 

 
Human Treg from AAV8-huIL2 treated NSG-BLT mice maintain functionality.  

The results presented above show that expression of human IL2 by an AAV vector 

increases the levels of Treg in NSG-BLT mice but does not indicate whether the Treg 

population maintains overall functionality in vitro and in vivo. For in vitro suppression 

assays, human Treg (CD4+/CD127low/CD25+) were sorted from the spleens of AAV8-

EGFP or AAV8-IL2-injected NSG-BLT mice 5 weeks after treatment. Splenic effector 

human T cells (CD4+/CD25-) were enriched from a separate cohort of otherwise 

untreated NSG-BLT mice (allogeneic donor). The two recovered populations were then 

used in a CFSE-based proliferation suppression assay (260). CFSE-labeled, effector 

CD4+ T cells were stimulated with CD3 and CD28 in the presence or absence of graded 

numbers of purified human Treg. After 5 days of in vitro culture, proliferation of the 

CD4+ conventional T cells was assessed by dilution of CFSE. Human Tregs recovered 

from NSG-BLT mice injected with AAV8-huIL2 or AAV8-EGFP were able to suppress 

CD4 proliferation and this effect decreased with lower Treg:T effector ratios (Figure 

21A). No statistical differences in suppression were observed between Treg recovered 

from AAV8-huIL2 or AAV8-EGFP treated mice. These results indicate that human Treg 

responding to IL-2 in NSG-BLT mice maintain in vitro functionality. 

 

To assess their in vivo function, PBMC from a donor that was HLA-mismatched with the 

BLT tissue donor were injected into non-engrafted NSG mice or into NSG-BLT mice 



treated with either AAV8-EGFP or AAV8-huIL2. Specifically, allogeneic donors that 

were mismatched at HLA-A2 or A3 were identified, as this enabled the direct monitoring 

of A2+ or A3+ allogeneic PBMC in the NSG-BLT mice by flow cytometric analysis. 

Three days after injection of PBMC, the levels of HLA-mismatched PBMC recovered 

from the spleens of recipient mice were determined. NSG-BLT mice treated with AAV8-

EGFP had significantly lower levels of mismatched PBMC as compared to the non-

engrafted NSG mice (NSG Control), indicating that the BLT immune system efficiently 

rejected the injected allogeneic human cells (Figure 21B). In contrast NSG-BLT mice 

treated with AAV8-huIL2 showed a significant increase in detectable HLA-mismatched 

PBMC as compared to the AAV8-EGFP group (Figure 21B). These results indicate that 

treatment with AAV8-huIL2 suppressed the ability of BLT mice to reject allogeneic 

human PBMC.   

 

To determine whether this suppressive effect was due to CD4+ T cells, we injected HLA-

mismatched PBMC into non-engrafted NSG mice (NSG Control) or AAV8-treated NSG-

BLT mice that were depleted of CD4+ cells 5 days prior to injection of allogeneic 

PBMC. Injection of AAV8-EGFP-treated NSG mice with a CD4-depleting antibody prior 

to injection of PBMC did not reduce the number of injected PBMC detected in the spleen 

of these mice (Figure 21C). Consistent with the results shown in Figure 21B, NSG-BLT 

mice treated with AAV8-huIL2 had a significant increase in the detectable levels of 

HLA-mismatched PBMC as compared to the AAV8-EGFP treated group. However, 

depletion of CD4+ cells from NSG-BLT mice treated with AAV8-huIL2 resulted in a 



significant reduction in detectable HLA-mismatched PBMC as compared to the AAV8-

huIL2 group that was not CD4-depleted (Figure 21C). The results from the CD4 

depletion experiments indicate that the suppression of allo-specific immune responses in 

NSG-BLT mice treated with AAV8-huIL2 requires a CD4+ T cell population. Together 

these results demonstrate that AAV delivery of human IL2 stimulates an increase in 

functional human CD4+ (Treg) in NSG-BLT mice. 

  



Figure 21: Human Tregs from AAV8-huIL2 treated NSG-BLT mice function in 
vitro and in vivo. 
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 Figure 21: Human Tregs from AAV8-huIL2 treated NSG-BLT mice function in 

vitro and in vivo.   

The ability of human Treg in NSG-BLT mice treated with AAV8-huIL2 to suppress 

human effector T cell responses was elevated with in vitro (A) and in vivo (B and C) 

assays. NSG-BLT mice were generated as described in the Materials and Methods, 

and were injected IP with 2.5x1011 particles of AAV8-EGFP or AAV8-huIL2. (A) 

Splenic human Treg (CD4+/CD127low/CD25+) were sorted from AAV8-EGFP or 

AAV8-IL-2 treated NSG-BLT mice 5 weeks after treatment. Splenic effector human 

T cells (CD4+/CD25-) were enriched from a separate cohort of NSG-BLT mice 

(allogeneic donor). The effector CD4 T cells were labeled with CFSE, cultured with 

the purified human Treg at the indicated ratios and stimulated with CD3/CD28 

coated beads for 4 days. The percent inhibition was calculated as described in the 

Material and Methods. The data shown are an average of 3 independent 

experiments. (B) Human PBMC (15x106) were injected into either non-engrafted 

NSG mice and NSG-BLT mice treated 4 weeks earlier with either AAV8-EGFP or 

AAV8-huIL2 (2.5x1011 particles). The PBMC were from a donor that was HLA-

mismatched (allogeneic) to the engrafted BLT immune system. Specifically, HLA-

A2 and A3 mismatched donors were used. Three days after injection of allogeneic 

PBMC, splenocytes were recovered and the levels of injected PBMC were 

determined in the peripheral blood by flow cytometry staining with antibodies to 

HLA-A2 or HLA-A3 to identify A2+/A3+ donor PBMC. The total number of 

recovered donor PBMC was then determined. (C) To determine if CD4 T (Treg) 



suppressed the killing of allogeneic PBMC in NSG-BLT mice treated with AAV8 

huIL-2, allogeneic donor PBMC were injected into non-engrafted NSG mice and 

NSG mice treated 4 weeks earlier with either AAV8-EGFP or AAV8-huIL2 as 

described in B. In addition, mice in the indicated groups were treated with an 

isotype control antibody or an antibody against human CD4 to deplete CD4 T cells 

(including Treg) from the BLT immune system 5 days before injection of donor 

PBMC. Three days after injection of allogeneic PBMC, splenocytes were recovered 

and the levels of injected PBMC were determined in the peripheral blood by 

staining with antibodies to HLA-A2 or A3. The total numbers of recovered donor 

PBMC were then determined. The data shown for B and C are representative of 2 

independent experiments. *p<0.05; **p<0.01; ****p<0.0001 

 

  



AAV8-huIL2 treatment does not alter the proportion of conventional CD4 or CD8 T 
cells in NSG-BLT mice.  

Conventional human effector and memory CD4 and CD8 T cells constitutively express 

the IL2 receptor beta (CD122) and common gamma γ (CD132) chains that enable 

intermediate IL2 binding and signaling. Moreover acutely activated conventional T cells 

will also upregulate expression of CD25 (IL2 receptor alpha chain), creating a high 

affinity IL2 receptor (262). To determine if treatment with AAV8-huIL2 stimulates 

activation of human T cells in NSG-BLT mice, we first evaluated the phenotype and 

activation status of conventional CD4 and CD8 T cells. At 10 weeks post treatment with 

AAV8 vectors, CD4 and CD8 T cells from the peripheral blood of NSG-BLT mice were 

evaluated for expression of HLA-DR as a marker of acute activation and for the presence 

of naïve cells (CD45RA+/CD62L+), effector/memory cells (CD45RA-/CD62L-) and 

central memory human CD45RA-/CD62L+ T cells. Consistent with the increased 

function of human Treg, the percent of conventional CD4 and CD8 T cells expressing 

HLA-DR in NSG-BLT mice treated with AAV8-huIL2 was significantly lower as 

compared to control NSG-BLT mice (Figure 22A and 22E). However, no significant 

differences were observed in the percentages of naïve, effector/memory and central 

memory CD4 (Figure 22B-D) and CD8 (Figure 22F-H) T cells. These data indicate that 

AAV8-huIL2 treatment slightly reduces the levels of acutely activated CD4 and CD8 T 

cells but does not significantly alter the subset distribution of the conventional T cell 

populations. 

  



Figure 22: Conventional human T cells from AAV8 EGFP-treated and AAV8-huIL2 
treated NSG-BLT mice have a similar phenotype. 
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Figure 22: Conventional human T cells from AAV8 EGFP-treated and AAV8-huIL2 

treated NSG-BLT mice have a similar phenotype.  

NSG-BLT mice were generated as described in the Materials and Methods and were 

injected IP with either 2.5x1011 particles of AAV8-EGFP(n=5) or AAV8-huIL2 

(n=9). At 10 weeks post-treatment, conventional human CD4 (A-D) and CD8 (E-H) 

T cells from the blood were evaluated for the expression of HLA-DR (A and E), and 

for CD45RA and CD62L to determine the proportion of naïve (CD45RA+/CD62L+) 

(B and F), effector/effector memory (CD45RA-/CD62L-) (C and G), and central 

memory (CD45RA-/CD62L+) (D and H). These results are representative of 4 

experiments. *p<0.05; **p<0.01.  

  



AAV8-huIL-2 treatment increases the number of NK cells recovered from the 
spleen 
 
Human NK cells defined as NKp46+/CD94High/Low constitutively express the low affinity 

IL-2 receptor complex and will proliferate in response to treatment with IL-2 (238). We 

next evaluated NK numbers and activation in AAV8-EGFP and AAV8-huIL2 treated 

NSG-BLT mice. Representative flow panels of NK cells in the spleen at 10 weeks are 

shown in Figure 23A. NSG-BLT mice treated with AAV8-huIL2 had significantly 

higher percentages and numbers of human NK cells in the spleen as compared to AAV8-

EGFP-treated NSG-BLT mice (Figures 23B-C). Treatment with AAV8-huIL2 also 

resulted in a significant increase in the number of NK cells that expressed granzyme B, 

which identifies NK cells that have cytotoxic activity (Figure 23D).  Overall these data 

demonstrate the treatment with AAV8-huIL2 results in a significant increase in NK cell 

numbers and their activation status. 

 

  



Figure 23: AAV8 huIL-2 treatment increases the number and activates human NK 
cells in NSG-BLT mice. 
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Figure 23: AAV8 huIL-2 treatment increases the number and activates human NK 

cells in NSG-BLT mice. 

NSG-BLT mice were generated as described in the Materials and Methods and were 

injected IP with either 2.5x1011 particles of AAV8-EGFP (n=5) or AAV8-huIL2 

(n=9). At 10 weeks post-treatment NK splenic cell numbers and activation status 

were determined. The gating strategy used for analyzing splenocytes is shown for 

NSG-BLT mice treated with AAV8-EGFP (A) and AAV8-huIL2 (B). Human NK 

cells were defined as NKp46+/CD94+/CD56+. The total numbers of human NK cells 

recovered from spleens of NSG-BLT mice are shown (C). The proportion of human 

NK cells expressing granzyme B is shown (D). These results are representative of 4 

experiments. **p<0.01. 

 
 
 
 
 
 
 
 
 
  



Discussion 

Gene therapy is an exciting new therapy that has the potential to address several diseases 

that are, as of yet, untreatable or require lifelong treatments that are expensive and 

invasive. Despite the possible applications, there are potential problems that can and have 

arisen when these therapies have been directly tested in humans. Furthermore, current 

animal models fall short of being able to predict human-specific outcomes and there is an 

urgent need to devise a way to test these therapies in a pre-clinical in vivo model (263). 

One approach to address this need has been the development of a humanized mouse 

model of the immune system. Several groups have worked to create a strain of mouse that 

is permissive to engraftment with human cells and to develop  reliable methods to 

replicate the human immune system (187, 264, 265). Using such a model, we have tested 

the systemic implications of delivering human IL-2. Our experiments have shown that 

IL-2 delivered via an AAV vector to a humanized mouse model reproduces the effects of 

low dose IL2 therapies on human immune system homeostasis that were observed in 

clinical trials (266).  

 

In these experiments, we used the NSG-BLT mouse model because it develops a 

consistent population of both conventional and regulatory T cells that are educated on 

human HLA in the human thymic organoid present in this model (204, 267, 268). Over 

the course of our experiments, we have demonstrated that the AAV vector caused a 

systemic elevation of the human IL-2 levels and that this elevation results in an increase 

in the number of functional human Treg within the BLT mice. Although there is a 



dramatic impact on the Treg, this treatment  has minor effects on conventional T cell 

numbers and function. However, a concurrent increase in the numbers and activation of 

human NK cells was evident in NSG-BLT mice treated with AAV8-huIL2. These results 

support the utilization of the BLT model to study therapies targeting human Treg and 

indicates that BLT mice are effective tools to study the impact of AAV therapies on 

human immune system function and homeostasis.  

 
 
A major breakthrough for the in vivo study of human immune systems followed the 

development in the mid-2000’s of immunodeficient mice with a mutation in the 

interleukin-2 (IL-2) receptor γ-chain locus (Il2rg; also known as γc and CD132) (269-

272). The targeted mutation of Il2rg completely prevents murine natural killer (NK) cell 

development, and cripples host innate immune function. The NSG strain has become the 

most widely used immunodeficient mouse strain for the engraftment of human cells and 

tissues worldwide (273). NSG mice support engraftment with human HSC and immune 

system development (274-276) due, in part, to expression of a signal regulatory protein 

alpha (Sirpa) allele that has a close homology to human SIRPA (277). The NSG mouse 

also supports the implantation of human fetal thymic and liver tissues for the generation 

of BLT (Thy/Liv) mice (255, 278). The robust development of human immune systems 

in NSG-BLT mice has enabled the study of numerous aspects of human immunity 

including; 1) infectious diseases with pathogens such as John Cunningham virus (JCV), 

chlamydia, dengue virus, EBV, ebola virus, HIV, Kaposi’s sarcoma-associated virus, and 

mycobacterium, 2) immune responses to immunization with viral glycoproteins, and 3) 



immune responses to tissue allografts (201, 265, 279-285). An important advantage of the 

BLT model is the growth of human thymic tissues engrafted with autologous human HSC 

that enables education of human conventional and regulatory T cells on human thymic 

epithelium and the development of HLA-restricted T cells (254). Moreover the human 

Tregs that develop in BLT mice are functional, making this model attractive to study the 

impact of immune therapies on HLA-restricted Treg function and homeostasis (286, 

287). Our findings with IL2 treatment of NSG-BLT mice reproduce observations from 

clinical trials showing that low dose IL2 therapies increase functional Treg and NK cells 

in patients (239, 288) and validate the use of the NSG-BLT model as a platform to test 

approaches targeting human Treg. 

 

Low dose IL2 therapies increase levels of functional Treg in humans but also have the 

potential to stimulate immune cell populations that may be detrimental to the patient 

including NK cells, eosinophils and memory T cells (240). Humanized mouse models 

have been used to study the role of IL2 in human immune system homeostasis. Ito and 

colleagues developed a NOD/Shi-scid-IL2Rγnull (NOG) mouse strain expressing a human 

IL2 transgene (NOG-IL2) (289). Human HSC-engrafted NOG-IL2 mice showed a 

significant increase in functional human NK cells as compared to NOG mice but no 

effect on human T cells was reported. The NOD-IL2 transgenic mice also support 

enhanced engraftment of human CD8 T cells purified from peripheral blood and the 

engrafted CD8 T cells mediated a severe xeno-GVHD (290). A previous study also 

demonstrated that hydrodynamic delivery of a plasmid expressing human IL2 into NSG 



mice enhanced survival of in vitro expanded human Treg (291). However hydrodynamic 

injection of the IL2 expressing plasmid in NSG mice engrafted with PBMC also 

accelerated the development of xenogeneic GVHD. A recent study examined the impact 

of treating humanized NSG mice with IL2-antibody complexes, which in standard 

immunocompetent mouse models alters T cell and NK cell homeostasis (292). NSG mice 

expressing human HLA-A2 and engrafted with A2+ HSC from UCB were challenged 

with a human melanoma cell line and then treated with human IL2-antibody complexes 

(Hu-IL2c). One Hu-IL2c tested did not significantly alter the frequencies of human 

conventional CD4 and CD8 T cells but did stimulate an increase in T-bet positive, 

effector T cells and an increase in human Treg. Our studies show that IL2 delivered by 

AAV stimulates a significant increase in Treg and NK cells in NSG-BLT mice but does 

not dramatically alter the frequency or phenotype of conventional T cells. Moreover the 

Treg increased AAV-huIL2 cells maintained functionality. Studies are currently 

underway to determine the functionality of NK cells recovered from NSG-BLT mice 

treated with AAV-huIL2. 

 

The significant increase of functional human NK cells in NSG-BLT mice injected with 

AAV8-IL2 and in clinical trials with low dose IL2 therapies (240) highlights the ability 

of human NK cells to respond to low levels of human IL2. IL2 binding and signaling is 

mediated by expression of three distinct receptor subunits including CD25 (IL2Rα), 

CD122 (IL2Rβ) and CD132 (IL2Rγ) in varying combinations on the cell surface (293). 

The high affinity IL2 receptor (IL2R), which is constitutively expressed on CD4+ 



FOXP3+ Treg, is a heterotrimer comprised of the 3 subunits (CD25, CD122, and CD132) 

(294). The majority of NK cells express the intermediate-affinity receptor, a dimeric 

IL2R that consists of CD122 and CD132, which are the signaling subunits of the 

receptor, and are thought to respond to only high levels of IL2 (295). A small population 

of CD56-bright human NK cells express CD25 and respond efficiently to low dose of 

IL2, suggesting that these may be the NK cell subset that expands in vivo with low dose 

IL2 therapies (296). A recent study has also shown that trans-presentation of IL2 bound 

to CD25 activates CD25-negative NK cells (297), suggesting an additional mechanism 

for activation of NK cells by low dose IL2 therapies. The generation of novel IL2 

therapies that selectively target Treg but do not activate NK cells may be possible using 

IL2 specific antibodies (298) or by the development of modified IL2 molecules (299). 

Regardless of the approach, the NSG-BLT mouse model will be an effective tool to 

assess the efficacy of new IL2 strategies.  

 

Overall our study highlights the utility of humanized mice engrafted with human immune 

systems in validating AAV vectors expressing immune modulatory therapies. NSG-BLT 

mice treated with AAV8-IL2 displayed the expected results on human immune system 

homeostasis that were observed in clinical trials. These results support the use of the 

NSG-BLT model to study more targeted approaches to IL2 therapy that avoid the 

activation of NK cell populations while still inducing a more tolerogenic environment 

through selectively increasing the Treg population. Humanized mice present a convenient 

and safe pre-clinical system for testing such novel therapies before they are used in 



human clinical trials. More importantly, NSG-BLT mice are more likely to yield results 

that are relevant to human physiology than testing in comparable immunocompetent 

small animal models given the significant differences between human and mouse 

immunobiology (300, 301). 

 



Chapter V – Discussion 
 

Delineating the role of HLA and cytokines in the survival and function of CD8 T 

cells 

CD8 T cells are an important part of the immune system that is vital for the control of 

viruses, intracellular pathogens and cancer. The absence of CD8 T cells, in many cases, 

can lead to chronic viral infection instead of viral clearance as seen in HCV (302). In 

other circumstances, CD8 T cells may activate in response to a viral infection but fail to 

maintain the response necessary to clear the virus as is seen in people who develop 

chronic infection with HCV versus those who clear the infection (303). Chronic infection 

may also cause CD8 T cells to exist in a state of constant stimulation which can lead to T 

cell exhaustion and further impairment in the ability to mediate effector functions (304, 

305). Because CD8 T cells are so important for the immune response, it is crucial to 

understand how abnormal conditions may change the ability of CD8 T cells to respond to 

infection. The Hu-PBL-SCID model discussed above represents an environment where 

CD8 T cells will persist long term and where they can be exposed  artificial conditions. 

This could be constant stimulation that would mimic that seen in chronic infection or 

inflammation. After exposure to conditions that may similarly alter CD8 effector 

functions, such as driving the cells towards exhaustion, the CD8 T cells can be treated 

with cytokines or candidate drugs to evaluate what treatments will return the CD8 T cells 

to a responsive state.  

 



In this research, I have undertaken an in depth investigation of both the survival 

requirements and factors required for efficient T cell function in two different in vivo 

mouse models. First, I used a variety of MHC-I deficient mice in an attempt to ascertain 

what elements are crucial for both survival and function of human CD8 T cells. Our 

initial hypothesis that the expression of MHC-I was essential for function and for 

efficient engraftment of CD8 T cells was demonstrated by comparing the engraftment, 

the proliferation and the function of CD8 T cells in normal NSG mice with that of MHC-I 

deficient NSG mice. IL-7 had no apparent effect on the engraftment of the purified CD8 

T cell population. Given the importance of IL-7 in the normal homeostatic survival of T 

cells, I anticipated that the transgenic NSG-IL-7 mice would better support T cell 

engraftment especially as the phenotype of the engrafted cells is overwhelmingly naïve 

and IL-7 is crucial for the survival of naïve T cells. When CD8 T cells are exposed to 

TCR-MHC-I interactions in the presence of IL-2 they can undergo bystander activation 

(306). This causes a shift to a more activated phenotype and strong proliferation. Given 

the results we have seen here; it is likely that the ability of IL-2 but not IL-7 to facilitate 

engraftment is due largely to this phenomenon. As this would also accelerate the course 

of the xenogeneic-GVHD, it would also function in a feed-forward manner and kindle the 

CD8 response to the mouse MHC-I, which in turn would result in more cytokine 

production and activation.  

 



Implications of this research and general conclusions  

The role of HLA/MHC-I in the survival and function of CD8 T cells 
 
CD8 T cell survival, proliferation and function is linked with and to a degree dependent 

upon continuous interaction with MHC-I. In my experiments using NSG mice that are 

engrafted with either CD4 and CD8 T cells (PBMC) or enriched CD8 T cells (CD8p) I 

was able to show that the efficient development of xenogeneic GVHD is in part 

dependent upon the presence of murine MHC-I. While this result was not, by itself, 

surprising, the persistence of CD8 T cells in the MHC-I deficient NSG mice was 

somewhat unexpected. The CD8 T cells persist at a low level long term. To test whether 

or not the T cells remained functional, I conducted two pilot experiments where I 

transplanted human skin grafts onto NSG-KDnull mice. Previous research using the NSG 

Hu-PBL-SCID model has shown that the human T cells are capable of rejecting human 

skin grafts (307). After the human skin grafts had healed onto the mice, the mice were 

injected with. The CD8 T cells engrafted and were capable of rejecting the skin graft 

while the NSG-KDnull mice maintained their bodyweight and did not show any other 

outward signs of GVHD while the skin graft was rejected. These preliminary experiment 

contained low numbers of mice but strongly suggest that the CD8 T cells are functional 

despite their long-term persistence in an environment that lacks MHC-1. This is a prime 

example of the utility of this model to examine human CD8 T cell function and its 

dependence on extrinsic factors. 

 



Previously, rejection studies of different tissues have been conducted using the Hu-PBL-

SCID model. The persistent problem with this model, however, is that the tissue rejection 

occurs within the wider context of a global xenogeneic-GVHD. Xenogeneic GVHD, as 

shown in chapter 2, has wide reaching effects and even when CD8e T cells are engrafted 

into normal NSG mice, the animals clearly show symptoms of GVHD as early as 2 weeks 

and the T cells are shifted towards a more activated phenotype. Such changes have a high 

chance of masking any subtle changes that may occur in the engrafted T cells as a result 

of rejecting an implanted tissue within this context of global inflammation. What has 

been described here presents the possibility of a more nuanced approach to studying 

transplantation tolerance using the PBL-SCID model. Our lab has previously published 

similar research showing that CD4 T cells can engraft in a strain of NSG mouse that lacks 

the expression of MHC-II (NSG-ABO) (212). Crossing the NSG-ABO and the NSG-

KDnull mice to produce a MHC-I/MHC-II deficient strain of NSG mouse would 

potentially create a strain of mouse that will still engraft with human CD4 and CD8 T 

cells in the absence of xenogeneic GVHD. Based on my research here and previously 

published findings, we could potentially use this strain to produce a NSG Hu-PBL-SCID 

model that is xenogeneic GVHD resistant. Such resistance would make it a more 

attractive host for both CD4 and CD8 T cells to study the survival and the function of 

mature human T cells. Specifically, we could use this MHC-I/MHC-II deficient mouse as 

a recipient for human CD4 and CD8 T cells in addition to tissues or tumors and study 

rejection directly without such confounding factors as the background inflammation due 

to the xenogeneic-GVHD.  



Treg function and dependence on IL-2 
 

It has long been known that there is a vital role for IL-2 in the generation, maintenance, 

and function of Treg. Because of this fact, IL-2 has become a popular target for clinical 

trials to alleviate autoimmune conditions, facilitate better outcomes during 

transplantation, or suppress Treg function during cancer treatment. The danger of altering 

pleiotropic cytokines, however, is that there is always a strong risk of unintended 

consequences. The NSG BLT model showed that exogenous IL-2, in addition to 

increasing the level of Treg, greatly increased the number of NK cells in the spleen. In 

our model there was no obvious negative consequence of this increase, but this finding 

should counsel caution when using IL-2 in a clinical setting. This caution is even more 

important in autoimmune conditions where NK cells are known or suspected to play a 

role in the pathology.  In addition to caution, this model has also demonstrated that the 

BLT mice are effective tools in the testing of preclinical treatments, particularly those 

that target the immune response.  

 

Limitations of the current model 

CD8 T cell function and homeostatic proliferation 

Our current humanized models have demonstrated that HLA expression and the presence 

of IL-2 is necessary for optimal engraftment. We have limited information on why some 

CD8 T cells are able to not only persist but proliferate and, in some instances, cause a 

GVHD-like disease in MHC-I-expressing mice. The NSG-KDnull mice still express the 



B2m protein which is involved in some non-classical MHC-I antigen presentation. This 

might be an unaccounted for factor that effects both CD8 T cell function and 

proliferation. The B2M strain of mice, however, has some difficulty breeding and NSG 

mice from this strain are generally smaller in size as B2M is involved in some non-

immunological processes such as iron transportation. Because of this, it is difficult to 

determine to what extent, if any, non-classical antigen presentation is playing in the 

homeostatic proliferation of CD8 T cells within the context of our model.  

 

Treg dependence upon IL-2 for function and proliferation 

Treg depend upon IL-2 for both survival and to maintain a suppressive phenotype. In our 

experiments we used an in vivo model of allogeneic rejection to determine to what extent 

the suppressive function of Treg had changed. Because of the nature of our model 

system, specifically we had a set of NSG-BLT mice with more systemic IL-2 than the 

control group, there is the possibility that the presence of IL-2 impacted the survival of 

our allograft. To partially address this concern, we depleted CD4 cells in an additional 

experiment and saw that the allograft rejection returned to a more baseline state. 

However, this specific approach does not directly address the different levels of IL-2. 

To address this issue, we would need a more specific control for this difference in 

cytokines. One possibility would be to use an inducible source of IL-2 that could be 

turned off at the time the allograft is introduced. By allowing the IL-2 to expand the Treg 

in one group and then returning the IL-2 level to baseline, we could then directly compare 

the impact of Treg on allograft survival independent of differences in IL-2.  



Future Directions 

Elucidating more of the nuanced functions of CD8 T cell survival and function using 

the humanized mouse model 

 

CD8 T cells are capable of engrafting into NSG mice if supported by either a CD4 or 

CD8-/CD4- population of cells. This support need not be present long term and irradiated 

cells are capable of supporting CD8 engraftment. Likewise, HLA and/or MHC- I also 

assist in the engraftment and is crucial for mediating function as determined by the 

presence or absence of GVHD. Despite this information, we are left with several 

questions that have yet to be answered. These studies have looked at the engraftment of a 

heterogeneous population of mature T cells and have identified a trend towards an 

increase in the proportion of activated (CD45RO+/CD45RA- or HLA DR+) T cells but 

we have not determined whether or not naïve cells are becoming activated or if the 

memory cells within the injected population of cells are preferentially surviving in this 

environment. Regardless of the origin, I showed that the injected CD8 T cells can persist 

long term in MHC-I deficient NSG mice despite the lack of TCR stimulation. Although 

these cells are persisting in the mice, it is unknown how functional these CD8 T cells are 

given the overall lack of signals that normally ensure survival. As mentioned above, I 

conducted pilot experiments in the NSG-KDnull that looked at whether or not the CD8e 

cells could reject a human skin graft. A similar approach could be used to test if the CD8e 

cells that persist in the NSG-KDnull mice are still functional despite the lack of TCR 

stimulation. To address this, there are several avenues that we could take to further 



determine what cells survive within the context of the NSG Hu-PBL-SCID model. 

Specifically, we know that there is a general trend towards T cells with an activated 

phenotype dominating later during the engraftment phase in both the MHC-I sufficient 

and the MHC- I deficient NSG mice. Another approach to test how functional these cells 

are would be to collect splenocytes from the CD8e engrafted NSG KDnull mice and test 

their ability to kill in vitro (308) compared to splenocytes from a CD8e engrafted NSG 

mouse. 

 

There is reason to believe that the populations that survive and engraft in the normal and 

the MHC-I knockout animals may differ. To test this, we can separate the PBMC input 

into purified CD8p cells and separate them into naïve (CD45RA+/CD62L+) and memory 

(CD45RA-/CD62L-) and inject these two populations into NSG and NSG KDnull mice 

with irradiated CD4 cells or non-T cells to support engraftment and compare the 

engraftment between the 4 groups to determine if MHC is more important for the survival 

of naïve cells when compared with memory phenotype cells. 

 

 
  



Bibliography 
1. Brehm MA, Cuthbert A, Yang C, Miller DM, DiIorio P, Laning J, Burzenski L, 

Gott B, Foreman O, Kavirayani A, Herlihy M, Rossini AA, Shultz LD, Greiner 
DL. 2010. Parameters for establishing humanized mouse models to study human 
immunity: analysis of human hematopoietic stem cell engraftment in three 
immunodeficient strains of mice bearing the IL2rgamma(null) mutation. Clin 
Immunol 135: 84-98 

2. Medzhitov R, Janeway CA, Jr. 1997. Innate immunity: impact on the adaptive 
immune response. Curr Opin Immunol 9: 4-9 

3. Janeway CA, Jr. 1989. Approaching the asymptote? Evolution and revolution in 
immunology. Cold Spring Harb Symp Quant Biol 54 Pt 1: 1-13 

4. Takeuchi O, Hoshino K, Akira S. 2000. Cutting edge: TLR2-deficient and 
MyD88-deficient mice are highly susceptible to Staphylococcus aureus infection. 
J Immunol 165: 5392-6 

5. Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, Du X, Birdwell D, Alejos 
E, Silva M, Galanos C, Freudenberg M, Ricciardi-Castagnoli P, Layton B, Beutler 
B. 1998. Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice: 
mutations in Tlr4 gene. Science 282: 2085-8 

6. Hayashi F, Smith KD, Ozinsky A, Hawn TR, Yi EC, Goodlett DR, Eng JK, Akira 
S, Underhill DM, Aderem A. 2001. The innate immune response to bacterial 
flagellin is mediated by Toll-like receptor 5. Nature 410: 1099-103 

7. Diebold SS, Kaisho T, Hemmi H, Akira S, Reis e Sousa C. 2004. Innate antiviral 
responses by means of TLR7-mediated recognition of single-stranded RNA. 
Science 303: 1529-31 

8. Muzio M, Bosisio D, Polentarutti N, D'Amico G, Stoppacciaro A, Mancinelli R, 
van't Veer C, Penton-Rol G, Ruco LP, Allavena P, Mantovani A. 2000. 
Differential expression and regulation of toll-like receptors (TLR) in human 
leukocytes: selective expression of TLR3 in dendritic cells. J Immunol 164: 5998-
6004 

9. Ahmad-Nejad P, Hacker H, Rutz M, Bauer S, Vabulas RM, Wagner H. 2002. 
Bacterial CpG-DNA and lipopolysaccharides activate Toll-like receptors at 
distinct cellular compartments. Eur J Immunol 32: 1958-68 

10. Mariathasan S, Newton K, Monack DM, Vucic D, French DM, Lee WP, Roose-
Girma M, Erickson S, Dixit VM. 2004. Differential activation of the 
inflammasome by caspase-1 adaptors ASC and Ipaf. Nature 430: 213-8 

11. Takaoka A, Wang Z, Choi MK, Yanai H, Negishi H, Ban T, Lu Y, Miyagishi M, 
Kodama T, Honda K, Ohba Y, Taniguchi T. 2007. DAI (DLM-1/ZBP1) is a 
cytosolic DNA sensor and an activator of innate immune response. Nature 448: 
501-5 

12. Girardin SE, Boneca IG, Viala J, Chamaillard M, Labigne A, Thomas G, Philpott 
DJ, Sansonetti PJ. 2003. Nod2 is a general sensor of peptidoglycan through 
muramyl dipeptide (MDP) detection. J Biol Chem 278: 8869-72 



13. Girardin SE, Travassos LH, Herve M, Blanot D, Boneca IG, Philpott DJ, 
Sansonetti PJ, Mengin-Lecreulx D. 2003. Peptidoglycan molecular requirements 
allowing detection by Nod1 and Nod2. J Biol Chem 278: 41702-8 

14. Spits H, Cupedo T. 2012. Innate lymphoid cells: emerging insights in 
development, lineage relationships, and function. Annu Rev Immunol 30: 647-75 

15. Montecino-Rodriguez E, Dorshkind K. 2006. New perspectives in B-1 B cell 
development and function. Trends Immunol 27: 428-33 

16. Chien YH, Meyer C, Bonneville M. 2014. gammadelta T cells: first line of 
defense and beyond. Annu Rev Immunol 32: 121-55 

17. Matzinger P. 1994. Tolerance, danger, and the extended family. Annu Rev 
Immunol 12: 991-1045 

18. Levonen AL, Landar A, Ramachandran A, Ceaser EK, Dickinson DA, Zanoni G, 
Morrow JD, Darley-Usmar VM. 2004. Cellular mechanisms of redox cell 
signalling: role of cysteine modification in controlling antioxidant defences in 
response to electrophilic lipid oxidation products. Biochem J 378: 373-82 

19. Huang FP, Platt N, Wykes M, Major JR, Powell TJ, Jenkins CD, MacPherson 
GG. 2000. A discrete subpopulation of dendritic cells transports apoptotic 
intestinal epithelial cells to T cell areas of mesenteric lymph nodes. J Exp Med 
191: 435-44 

20. Granucci F, Zanoni I, Feau S, Capuano G, Ricciardi-Castagnoli P. 2004. The 
regulatory role of dendritic cells in the immune response. Int Arch Allergy 
Immunol 134: 179-85 

21. Steinman RM, Turley S, Mellman I, Inaba K. 2000. The induction of tolerance by 
dendritic cells that have captured apoptotic cells. J Exp Med 191: 411-6 

22. Hawiger D, Inaba K, Dorsett Y, Guo M, Mahnke K, Rivera M, Ravetch JV, 
Steinman RM, Nussenzweig MC. 2001. Dendritic cells induce peripheral T cell 
unresponsiveness under steady state conditions in vivo. J Exp Med 194: 769-79 

23. Adler AJ, Marsh DW, Yochum GS, Guzzo JL, Nigam A, Nelson WG, Pardoll 
DM. 1998. CD4+ T cell tolerance to parenchymal self-antigens requires 
presentation by bone marrow-derived antigen-presenting cells. J Exp Med 187: 
1555-64 

24. Kurts C, Kosaka H, Carbone FR, Miller JF, Heath WR. 1997. Class I-restricted 
cross-presentation of exogenous self-antigens leads to deletion of autoreactive 
CD8(+) T cells. J Exp Med 186: 239-45 

25. Verhasselt V, Vosters O, Beuneu C, Nicaise C, Stordeur P, Goldman M. 2004. 
Induction of FOXP3-expressing regulatory CD4pos T cells by human mature 
autologous dendritic cells. Eur J Immunol 34: 762-72 

26. Tan JK, O'Neill HC. 2005. Maturation requirements for dendritic cells in T cell 
stimulation leading to tolerance versus immunity. J Leukoc Biol 78: 319-24 

27. Sijts EJ, Kloetzel PM. 2011. The role of the proteasome in the generation of MHC 
class I ligands and immune responses. Cell Mol Life Sci 68: 1491-502 

28. Macagno A, Gilliet M, Sallusto F, Lanzavecchia A, Nestle FO, Groettrup M. 
1999. Dendritic cells up-regulate immunoproteasomes and the proteasome 
regulator PA28 during maturation. Eur J Immunol 29: 4037-42 



29. Ebstein F, Lange N, Urban S, Seifert U, Kruger E, Kloetzel PM. 2009. Maturation 
of human dendritic cells is accompanied by functional remodelling of the 
ubiquitin-proteasome system. Int J Biochem Cell Biol 41: 1205-15 

30. Platt AM, Randolph GJ. 2013. Dendritic cell migration through the lymphatic 
vasculature to lymph nodes. Adv Immunol 120: 51-68 

31. Blander JM, Medzhitov R. 2004. Regulation of phagosome maturation by signals 
from toll-like receptors. Science 304: 1014-8 

32. Guermonprez P, Valladeau J, Zitvogel L, Thery C, Amigorena S. 2002. Antigen 
presentation and T cell stimulation by dendritic cells. Annu Rev Immunol 20: 621-
67 

33. Re F, Strominger JL. 2001. Toll-like receptor 2 (TLR2) and TLR4 differentially 
activate human dendritic cells. J Biol Chem 276: 37692-9 

34. Sozzani S, Allavena P, Vecchi A, Mantovani A. 2000. Chemokines and dendritic 
cell traffic. J Clin Immunol 20: 151-60 

35. Sallusto F, Palermo B, Lenig D, Miettinen M, Matikainen S, Julkunen I, Forster 
R, Burgstahler R, Lipp M, Lanzavecchia A. 1999. Distinct patterns and kinetics of 
chemokine production regulate dendritic cell function. Eur J Immunol 29: 1617-
25 

36. Faure-Andre G, Vargas P, Yuseff MI, Heuze M, Diaz J, Lankar D, Steri V, Manry 
J, Hugues S, Vascotto F, Boulanger J, Raposo G, Bono MR, Rosemblatt M, Piel 
M, Lennon-Dumenil AM. 2008. Regulation of dendritic cell migration by CD74, 
the MHC class II-associated invariant chain. Science 322: 1705-10 

37. Reis e Sousa C. 2006. Dendritic cells in a mature age. Nat Rev Immunol 6: 476-83 
38. Brown MH, Boles K, van der Merwe PA, Kumar V, Mathew PA, Barclay AN. 

1998. 2B4, the natural killer and T cell immunoglobulin superfamily surface 
protein, is a ligand for CD48. J Exp Med 188: 2083-90 

39. Raziorrouh B, Schraut W, Gerlach T, Nowack D, Gruner NH, Ulsenheimer A, 
Zachoval R, Wachtler M, Spannagl M, Haas J, Diepolder HM, Jung MC. 2010. 
The immunoregulatory role of CD244 in chronic hepatitis B infection and its 
inhibitory potential on virus-specific CD8+ T-cell function. Hepatology 52: 1934-
47 

40. Skanland SS, Moltu K, Berge T, Aandahl EM, Tasken K. 2014. T-cell co-
stimulation through the CD2 and CD28 co-receptors induces distinct signalling 
responses. Biochem J 460: 399-410 

41. Acuto O, Michel F. 2003. CD28-mediated co-stimulation: a quantitative support 
for TCR signalling. Nat Rev Immunol 3: 939-51 

42. Pages F, Ragueneau M, Rottapel R, Truneh A, Nunes J, Imbert J, Olive D. 1994. 
Binding of phosphatidylinositol-3-OH kinase to CD28 is required for T-cell 
signalling. Nature 369: 327-9 

43. Hutloff A, Dittrich AM, Beier KC, Eljaschewitsch B, Kraft R, Anagnostopoulos I, 
Kroczek RA. 1999. ICOS is an inducible T-cell co-stimulator structurally and 
functionally related to CD28. Nature 397: 263-6 



44. Henning G, Kraft MS, Derfuss T, Pirzer R, de Saint-Basile G, Aversa G, 
Fleckenstein B, Meinl E. 2001. Signaling lymphocytic activation molecule 
(SLAM) regulates T cellular cytotoxicity. Eur J Immunol 31: 2741-50 

45. Punnonen J, Cocks BG, Carballido JM, Bennett B, Peterson D, Aversa G, de 
Vries JE. 1997. Soluble and membrane-bound forms of signaling lymphocytic 
activation molecule (SLAM) induce proliferation and Ig synthesis by activated 
human B lymphocytes. J Exp Med 185: 993-1004 

46. Waterhouse P, Penninger JM, Timms E, Wakeham A, Shahinian A, Lee KP, 
Thompson CB, Griesser H, Mak TW. 1995. Lymphoproliferative disorders with 
early lethality in mice deficient in Ctla-4. Science 270: 985-8 

47. Teft WA, Kirchhof MG, Madrenas J. 2006. A molecular perspective of CTLA-4 
function. Annu Rev Immunol 24: 65-97 

48. Sierro S, Romero P, Speiser DE. 2011. The CD4-like molecule LAG-3, biology 
and therapeutic applications. Expert Opin Ther Targets 15: 91-101 

49. Nishimura H, Okazaki T, Tanaka Y, Nakatani K, Hara M, Matsumori A, 
Sasayama S, Mizoguchi A, Hiai H, Minato N, Honjo T. 2001. Autoimmune 
dilated cardiomyopathy in PD-1 receptor-deficient mice. Science 291: 319-22 

50. Sanchez-Fueyo A, Tian J, Picarella D, Domenig C, Zheng XX, Sabatos CA, 
Manlongat N, Bender O, Kamradt T, Kuchroo VK, Gutierrez-Ramos JC, Coyle 
AJ, Strom TB. 2003. Tim-3 inhibits T helper type 1-mediated auto- and 
alloimmune responses and promotes immunological tolerance. Nat Immunol 4: 
1093-101 

51. Tonegawa S. 1983. Somatic generation of antibody diversity. Nature 302: 575-81 
52. Rock KL, Benacerraf B, Abbas AK. 1984. Antigen presentation by hapten-

specific B lymphocytes. I. Role of surface immunoglobulin receptors. J Exp Med 
160: 1102-13 

53. Cooper MD. 2015. The early history of B cells. Nat Rev Immunol 15: 191-7 
54. Shapiro-Shelef M, Calame K. 2005. Regulation of plasma-cell development. Nat 

Rev Immunol 5: 230-42 
55. Berek C, Berger A, Apel M. 1991. Maturation of the immune response in 

germinal centers. Cell 67: 1121-9 
56. Jacob J, Kelsoe G, Rajewsky K, Weiss U. 1991. Intraclonal generation of 

antibody mutants in germinal centres. Nature 354: 389-92 
57. Liu YJ, Malisan F, de Bouteiller O, Guret C, Lebecque S, Banchereau J, Mills 

FC, Max EE, Martinez-Valdez H. 1996. Within germinal centers, isotype 
switching of immunoglobulin genes occurs after the onset of somatic mutation. 
Immunity 4: 241-50 

58. Maruyama M, Lam KP, Rajewsky K. 2000. Memory B-cell persistence is 
independent of persisting immunizing antigen. Nature 407: 636-42 

59. Kurosaki T, Kometani K, Ise W. 2015. Memory B cells. Nat Rev Immunol 15: 
149-59 

60. Shulman Z, Gitlin AD, Targ S, Jankovic M, Pasqual G, Nussenzweig MC, 
Victora GD. 2013. T follicular helper cell dynamics in germinal centers. Science 
341: 673-7 



61. Miller JF. 2002. The discovery of thymus function and of thymus-derived 
lymphocytes. Immunol Rev 185: 7-14 

62. Hewitt EW. 2003. The MHC class I antigen presentation pathway: strategies for 
viral immune evasion. Immunology 110: 163-9 

63. York IA, Rock KL. 1996. Antigen processing and presentation by the class I 
major histocompatibility complex. Annu Rev Immunol 14: 369-96 

64. Watts C. 1997. Capture and processing of exogenous antigens for presentation on 
MHC molecules. Annu Rev Immunol 15: 821-50 

65. Joffre OP, Segura E, Savina A, Amigorena S. 2012. Cross-presentation by 
dendritic cells. Nat Rev Immunol 12: 557-69 

66. Jones EY. 1997. MHC class I and class II structures. Curr Opin Immunol 9: 75-9 
67. Schubert U, Anton LC, Gibbs J, Norbury CC, Yewdell JW, Bennink JR. 2000. 

Rapid degradation of a large fraction of newly synthesized proteins by 
proteasomes. Nature 404: 770-4 

68. Corthay A. 2006. A three-cell model for activation of naive T helper cells. Scand 
J Immunol 64: 93-6 

69. Saito T, Yokosuka T, Hashimoto-Tane A. 2010. Dynamic regulation of T cell 
activation and co-stimulation through TCR-microclusters. FEBS Lett 584: 4865-
71 

70. Mueller DL, Jenkins MK, Schwartz RH. 1989. Clonal expansion versus 
functional clonal inactivation: a costimulatory signalling pathway determines the 
outcome of T cell antigen receptor occupancy. Annu Rev Immunol 7: 445-80 

71. June CH, Ledbetter JA, Gillespie MM, Lindsten T, Thompson CB. 1987. T-cell 
proliferation involving the CD28 pathway is associated with cyclosporine-
resistant interleukin 2 gene expression. Mol Cell Biol 7: 4472-81 

72. Curtsinger JM, Schmidt CS, Mondino A, Lins DC, Kedl RM, Jenkins MK, 
Mescher MF. 1999. Inflammatory cytokines provide a third signal for activation 
of naive CD4+ and CD8+ T cells. J Immunol 162: 3256-62 

73. Curtsinger JM, Mescher MF. 2010. Inflammatory cytokines as a third signal for T 
cell activation. Curr Opin Immunol 22: 333-40 

74. Kaech SM, Wherry EJ, Ahmed R. 2002. Effector and memory T-cell 
differentiation: implications for vaccine development. Nat Rev Immunol 2: 251-62 

75. Kagi D, Ledermann B, Burki K, Hengartner H, Zinkernagel RM. 1994. CD8+ T 
cell-mediated protection against an intracellular bacterium by perforin-dependent 
cytotoxicity. Eur J Immunol 24: 3068-72 

76. Lowin B, Hahne M, Mattmann C, Tschopp J. 1994. Cytolytic T-cell cytotoxicity 
is mediated through perforin and Fas lytic pathways. Nature 370: 650-2 

77. Kagi D, Vignaux F, Ledermann B, Burki K, Depraetere V, Nagata S, Hengartner 
H, Golstein P. 1994. Fas and perforin pathways as major mechanisms of T cell-
mediated cytotoxicity. Science 265: 528-30 

78. Kojima H, Shinohara N, Hanaoka S, Someya-Shirota Y, Takagaki Y, Ohno H, 
Saito T, Katayama T, Yagita H, Okumura K, et al. 1994. Two distinct pathways 
of specific killing revealed by perforin mutant cytotoxic T lymphocytes. Immunity 
1: 357-64 



79. Curtsinger JM, Lins DC, Mescher MF. 2003. Signal 3 determines tolerance versus 
full activation of naive CD8 T cells: dissociating proliferation and development of 
effector function. J Exp Med 197: 1141-51 

80. Kim HJ, Cantor H. 2011. Regulation of self-tolerance by Qa-1-restricted CD8(+) 
regulatory T cells. Semin Immunol 23: 446-52 

81. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL. 1986. Two 
types of murine helper T cell clone. I. Definition according to profiles of 
lymphokine activities and secreted proteins. J Immunol 136: 2348-57 

82. Lighvani AA, Frucht DM, Jankovic D, Yamane H, Aliberti J, Hissong BD, 
Nguyen BV, Gadina M, Sher A, Paul WE, O'Shea JJ. 2001. T-bet is rapidly 
induced by interferon-gamma in lymphoid and myeloid cells. Proc Natl Acad Sci 
U S A 98: 15137-42 

83. Hsieh CS, Macatonia SE, Tripp CS, Wolf SF, O'Garra A, Murphy KM. 1993. 
Development of TH1 CD4+ T cells through IL-12 produced by Listeria-induced 
macrophages. Science 260: 547-9 

84. Swain SL, Weinberg AD, English M, Huston G. 1990. IL-4 directs the 
development of Th2-like helper effectors. J Immunol 145: 3796-806 

85. Le Gros G, Ben-Sasson SZ, Seder R, Finkelman FD, Paul WE. 1990. Generation 
of interleukin 4 (IL-4)-producing cells in vivo and in vitro: IL-2 and IL-4 are 
required for in vitro generation of IL-4-producing cells. J Exp Med 172: 921-9 

86. Murphy KM, Reiner SL. 2002. The lineage decisions of helper T cells. Nat Rev 
Immunol 2: 933-44 

87. DuPage M, Bluestone JA. 2016. Harnessing the plasticity of CD4(+) T cells to 
treat immune-mediated disease. Nat Rev Immunol 16: 149-63 

88. Veldhoen M, Uyttenhove C, van Snick J, Helmby H, Westendorf A, Buer J, 
Martin B, Wilhelm C, Stockinger B. 2008. Transforming growth factor-beta 
'reprograms' the differentiation of T helper 2 cells and promotes an interleukin 9-
producing subset. Nat Immunol 9: 1341-6 

89. Dardalhon V, Awasthi A, Kwon H, Galileos G, Gao W, Sobel RA, Mitsdoerffer 
M, Strom TB, Elyaman W, Ho IC, Khoury S, Oukka M, Kuchroo VK. 2008. IL-4 
inhibits TGF-beta-induced Foxp3+ T cells and, together with TGF-beta, generates 
IL-9+ IL-10+ Foxp3(-) effector T cells. Nat Immunol 9: 1347-55 

90. Purwar R, Schlapbach C, Xiao S, Kang HS, Elyaman W, Jiang X, Jetten AM, 
Khoury SJ, Fuhlbrigge RC, Kuchroo VK, Clark RA, Kupper TS. 2012. Robust 
tumor immunity to melanoma mediated by interleukin-9-producing T cells. Nat 
Med 18: 1248-53 

91. Yao W, Tepper RS, Kaplan MH. 2011. Predisposition to the development of IL-9-
secreting T cells in atopic infants. J Allergy Clin Immunol 128: 1357-60 e5 

92. Wilhelm C, Hirota K, Stieglitz B, Van Snick J, Tolaini M, Lahl K, Sparwasser T, 
Helmby H, Stockinger B. 2011. An IL-9 fate reporter demonstrates the induction 
of an innate IL-9 response in lung inflammation. Nat Immunol 12: 1071-7 

93. Burkett PR, Meyer zu Horste G, Kuchroo VK. 2015. Pouring fuel on the fire: 
Th17 cells, the environment, and autoimmunity. J Clin Invest 125: 2211-9 



94. Hirota K, Duarte JH, Veldhoen M, Hornsby E, Li Y, Cua DJ, Ahlfors H, Wilhelm 
C, Tolaini M, Menzel U, Garefalaki A, Potocnik AJ, Stockinger B. 2011. Fate 
mapping of IL-17-producing T cells in inflammatory responses. Nat Immunol 12: 
255-63 

95. Kunz M, Ibrahim SM. 2009. Cytokines and cytokine profiles in human 
autoimmune diseases and animal models of autoimmunity. Mediators Inflamm 
2009: 979258 

96. Tian T, Yu S, Ma D. 2013. Th22 and related cytokines in inflammatory and 
autoimmune diseases. Expert Opin Ther Targets 17: 113-25 

97. Bird L. 2012. Mucosal immunology: IL-22 keeps commensals in their place. Nat 
Rev Immunol 12: 550-1 

98. Asano M, Toda M, Sakaguchi N, Sakaguchi S. 1996. Autoimmune disease as a 
consequence of developmental abnormality of a T cell subpopulation. J Exp Med 
184: 387-96 

99. Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. 1995. Immunologic self-
tolerance maintained by activated T cells expressing IL-2 receptor alpha-chains 
(CD25). Breakdown of a single mechanism of self-tolerance causes various 
autoimmune diseases. J Immunol 155: 1151-64 

100. Horwitz DA, Zheng SG, Wang J, Gray JD. 2008. Critical role of IL-2 and TGF-
beta in generation, function and stabilization of Foxp3+CD4+ Treg. Eur J 
Immunol 38: 912-5 

101. Davidson TS, DiPaolo RJ, Andersson J, Shevach EM. 2007. Cutting Edge: IL-2 is 
essential for TGF-beta-mediated induction of Foxp3+ T regulatory cells. J 
Immunol 178: 4022-6 

102. Cohen AC, Nadeau KC, Tu W, Hwa V, Dionis K, Bezrodnik L, Teper A, Gaillard 
M, Heinrich J, Krensky AM, Rosenfeld RG, Lewis DB. 2006. Cutting edge: 
Decreased accumulation and regulatory function of CD4+ CD25(high) T cells in 
human STAT5b deficiency. J Immunol 177: 2770-4 

103. Antov A, Yang L, Vig M, Baltimore D, Van Parijs L. 2003. Essential role for 
STAT5 signaling in CD25+CD4+ regulatory T cell homeostasis and the 
maintenance of self-tolerance. J Immunol 171: 3435-41 

104. Sojka DK, Bruniquel D, Schwartz RH, Singh NJ. 2004. IL-2 secretion by CD4+ T 
cells in vivo is rapid, transient, and influenced by TCR-specific competition. J 
Immunol 172: 6136-43 

105. D'Souza WN, Lefrancois L. 2004. Frontline: An in-depth evaluation of the 
production of IL-2 by antigen-specific CD8 T cells in vivo. Eur J Immunol 34: 
2977-85 

106. Takahama Y, Ohigashi I, Baik S, Anderson G. 2017. Generation of diversity in 
thymic epithelial cells. Nat Rev Immunol 17: 295-305 

107. Klein L, Kyewski B, Allen PM, Hogquist KA. 2014. Positive and negative 
selection of the T cell repertoire: what thymocytes see (and don't see). Nat Rev 
Immunol 14: 377-91 

108. Anderson MS, Venanzi ES, Klein L, Chen Z, Berzins SP, Turley SJ, von 
Boehmer H, Bronson R, Dierich A, Benoist C, Mathis D. 2002. Projection of an 



immunological self shadow within the thymus by the aire protein. Science 298: 
1395-401 

109. Josefowicz SZ, Lu LF, Rudensky AY. 2012. Regulatory T cells: mechanisms of 
differentiation and function. Annu Rev Immunol 30: 531-64 

110. Bouneaud C, Kourilsky P, Bousso P. 2000. Impact of negative selection on the T 
cell repertoire reactive to a self-peptide: a large fraction of T cell clones escapes 
clonal deletion. Immunity 13: 829-40 

111. Godfrey VL, Wilkinson JE, Russell LB. 1991. X-linked lymphoreticular disease 
in the scurfy (sf) mutant mouse. Am J Pathol 138: 1379-87 

112. Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson PJ, Whitesell L, 
Kelly TE, Saulsbury FT, Chance PF, Ochs HD. 2001. The immune dysregulation, 
polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is caused by 
mutations of FOXP3. Nat Genet 27: 20-1 

113. Palmer E. 2003. Negative selection--clearing out the bad apples from the T-cell 
repertoire. Nat Rev Immunol 3: 383-91 

114. Salaun J, Bandeira A, Khazaal I, Calman F, Coltey M, Coutinho A, Le Douarin 
NM. 1990. Thymic epithelium tolerizes for histocompatibility antigens. Science 
247: 1471-4 

115. Engler JB, Undeutsch R, Kloke L, Rosenberger S, Backhaus M, Schneider U, 
Egerer K, Dragun D, Hofmann J, Huscher D, Burmester GR, Humrich JY, 
Enghard P, Riemekasten G. 2011. Unmasking of autoreactive CD4 T cells by 
depletion of CD25 regulatory T cells in systemic lupus erythematosus. Ann 
Rheum Dis 70: 2176-83 

116. Tanchot C, Lemonnier FA, Perarnau B, Freitas AA, Rocha B. 1997. Differential 
requirements for survival and proliferation of CD8 naive or memory T cells. 
Science 276: 2057-62 

117. Takeda S, Rodewald HR, Arakawa H, Bluethmann H, Shimizu T. 1996. MHC 
class II molecules are not required for survival of newly generated CD4+ T cells, 
but affect their long-term life span. Immunity 5: 217-28 

118. Polic B, Kunkel D, Scheffold A, Rajewsky K. 2001. How alpha beta T cells deal 
with induced TCR alpha ablation. Proc Natl Acad Sci U S A 98: 8744-9 

119. Martin B, Becourt C, Bienvenu B, Lucas B. 2006. Self-recognition is crucial for 
maintaining the peripheral CD4+ T-cell pool in a nonlymphopenic environment. 
Blood 108: 270-7 

120. Berard M, Brandt K, Bulfone-Paus S, Tough DF. 2003. IL-15 promotes the 
survival of naive and memory phenotype CD8+ T cells. J Immunol 170: 5018-26 

121. Seddon B, Zamoyska R. 2002. TCR and IL-7 receptor signals can operate 
independently or synergize to promote lymphopenia-induced expansion of naive 
T cells. J Immunol 169: 3752-9 

122. Seddon B, Zamoyska R. 2002. TCR signals mediated by Src family kinases are 
essential for the survival of naive T cells. J Immunol 169: 2997-3005 

123. Yao Z, Cui Y, Watford WT, Bream JH, Yamaoka K, Hissong BD, Li D, Durum 
SK, Jiang Q, Bhandoola A, Hennighausen L, O'Shea JJ. 2006. Stat5a/b are 



essential for normal lymphoid development and differentiation. Proc Natl Acad 
Sci U S A 103: 1000-5 

124. Judge AD, Zhang X, Fujii H, Surh CD, Sprent J. 2002. Interleukin 15 controls 
both proliferation and survival of a subset of memory-phenotype CD8(+) T cells. 
J Exp Med 196: 935-46 

125. Dubois S, Mariner J, Waldmann TA, Tagaya Y. 2002. IL-15Ralpha recycles and 
presents IL-15 In trans to neighboring cells. Immunity 17: 537-47 

126. Mahnke YD, Brodie TM, Sallusto F, Roederer M, Lugli E. 2013. The who's who 
of T-cell differentiation: human memory T-cell subsets. Eur J Immunol 43: 2797-
809 

127. Sallusto F, Geginat J, Lanzavecchia A. 2004. Central memory and effector 
memory T cell subsets: function, generation, and maintenance. Annu Rev 
Immunol 22: 745-63 

128. Ivetic A, Ridley AJ. 2004. The telling tail of L-selectin. Biochem Soc Trans 32: 
1118-21 

129. Jorgensen AS, Rosenkilde MM, Hjorto GM. 2017. Biased signaling of G protein-
coupled receptors - From a chemokine receptor CCR7 perspective. Gen Comp 
Endocrinol  

130. Masopust D, Vezys V, Marzo AL, Lefrancois L. 2001. Preferential localization of 
effector memory cells in nonlymphoid tissue. Science 291: 2413-7 

131. Buchholz VR, Schumacher TN, Busch DH. 2016. T Cell Fate at the Single-Cell 
Level. Annu Rev Immunol 34: 65-92 

132. Zhang N, Bevan MJ. 2011. CD8(+) T cells: foot soldiers of the immune system. 
Immunity 35: 161-8 

133. Hildeman DA, Zhu Y, Mitchell TC, Bouillet P, Strasser A, Kappler J, Marrack P. 
2002. Activated T cell death in vivo mediated by proapoptotic bcl-2 family 
member bim. Immunity 16: 759-67 

134. Pellegrini M, Belz G, Bouillet P, Strasser A. 2003. Shutdown of an acute T cell 
immune response to viral infection is mediated by the proapoptotic Bcl-2 
homology 3-only protein Bim. Proc Natl Acad Sci U S A 100: 14175-80 

135. Hammarlund E, Lewis MW, Hansen SG, Strelow LI, Nelson JA, Sexton GJ, 
Hanifin JM, Slifka MK. 2003. Duration of antiviral immunity after smallpox 
vaccination. Nat Med 9: 1131-7 

136. Stemberger C, Neuenhahn M, Gebhardt FE, Schiemann M, Buchholz VR, Busch 
DH. 2009. Stem cell-like plasticity of naive and distinct memory CD8+ T cell 
subsets. Semin Immunol 21: 62-8 

137. Carbone FR, Mackay LK, Heath WR, Gebhardt T. 2013. Distinct resident and 
recirculating memory T cell subsets in non-lymphoid tissues. Curr Opin Immunol 
25: 329-33 

138. Mueller SN, Gebhardt T, Carbone FR, Heath WR. 2013. Memory T cell subsets, 
migration patterns, and tissue residence. Annu Rev Immunol 31: 137-61 

139. Chao NJ, Schmidt GM, Niland JC, Amylon MD, Dagis AC, Long GD, 
Nademanee AP, Negrin RS, O'Donnell MR, Parker PM, et al. 1993. 
Cyclosporine, methotrexate, and prednisone compared with cyclosporine and 



prednisone for prophylaxis of acute graft-versus-host disease. N Engl J Med 329: 
1225-30 

140. Ferrara JL, Deeg HJ. 1991. Graft-versus-host disease. N Engl J Med 324: 667-74 
141. Billingham RE. 1966. The biology of graft-versus-host reactions. Harvey Lect 62: 

21-78 
142. Ferrara JL, Levine JE. 2006. Graft-versus-host disease in the 21st century: new 

perspectives on an old problem. Semin Hematol 43: 1-2 
143. Griffioen M, van Bergen CA, Falkenburg JH. 2016. Autosomal Minor 

Histocompatibility Antigens: How Genetic Variants Create Diversity in Immune 
Targets. Front Immunol 7: 100 

144. Ball LM, Egeler RM, Party EPW. 2008. Acute GvHD: pathogenesis and 
classification. Bone Marrow Transplant 41 Suppl 2: S58-64 

145. Ferrara JL, Cooke KR, Teshima T. 2003. The pathophysiology of acute graft-
versus-host disease. Int J Hematol 78: 181-7 

146. Ferrara JL, Reddy P. 2006. Pathophysiology of graft-versus-host disease. Semin 
Hematol 43: 3-10 

147. Cooke KR, Luznik L, Sarantopoulos S, Hakim FT, Jagasia M, Fowler DH, van 
den Brink MRM, Hansen JA, Parkman R, Miklos DB, Martin PJ, Paczesny S, 
Vogelsang G, Pavletic S, Ritz J, Schultz KR, Blazar BR. 2017. The Biology of 
Chronic Graft-versus-Host Disease: A Task Force Report from the National 
Institutes of Health Consensus Development Project on Criteria for Clinical Trials 
in Chronic Graft-versus-Host Disease. Biol Blood Marrow Transplant 23: 211-34 

148. Patriarca F, Skert C, Sperotto A, Zaja F, Falleti E, Mestroni R, Kikic F, Calistri E, 
Fili C, Geromin A, Cerno M, Fanin R. 2006. The development of autoantibodies 
after allogeneic stem cell transplantation is related with chronic graft-vs-host 
disease and immune recovery. Exp Hematol 34: 389-96 

149. Akay BN, Sanli H, Topcuoglu P, Arat M, Akyol A. 2010. Nailfold capillary 
abnormalities are prevalent in sclerodermoid graft-versus-host disease and readily 
detected with dermatoscopy. Br J Dermatol 162: 1076-82 

150. Vonholdt BM, Pollinger JP, Lohmueller KE, Han E, Parker HG, Quignon P, 
Degenhardt JD, Boyko AR, Earl DA, Auton A, Reynolds A, Bryc K, Brisbin A, 
Knowles JC, Mosher DS, Spady TC, Elkahloun A, Geffen E, Pilot M, 
Jedrzejewski W, Greco C, Randi E, Bannasch D, Wilton A, Shearman J, Musiani 
M, Cargill M, Jones PG, Qian Z, Huang W, Ding ZL, Zhang YP, Bustamante CD, 
Ostrander EA, Novembre J, Wayne RK. 2010. Genome-wide SNP and haplotype 
analyses reveal a rich history underlying dog domestication. Nature 464: 898-902 

151. Achilli A, Olivieri A, Soares P, Lancioni H, Hooshiar Kashani B, Perego UA, 
Nergadze SG, Carossa V, Santagostino M, Capomaccio S, Felicetti M, Al-Achkar 
W, Penedo MC, Verini-Supplizi A, Houshmand M, Woodward SR, Semino O, 
Silvestrelli M, Giulotto E, Pereira L, Bandelt HJ, Torroni A. 2012. Mitochondrial 
genomes from modern horses reveal the major haplogroups that underwent 
domestication. Proc Natl Acad Sci U S A 109: 2449-54 

152. Kijas JW, Lenstra JA, Hayes B, Boitard S, Porto Neto LR, San Cristobal M, 
Servin B, McCulloch R, Whan V, Gietzen K, Paiva S, Barendse W, Ciani E, 



Raadsma H, McEwan J, Dalrymple B, International Sheep Genomics Consortium 
M. 2012. Genome-wide analysis of the world's sheep breeds reveals high levels of 
historic mixture and strong recent selection. PLoS Biol 10: e1001258 

153. Bovine HapMap C, Gibbs RA, Taylor JF, Van Tassell CP, Barendse W, Eversole 
KA, Gill CA, Green RD, Hamernik DL, Kappes SM, Lien S, Matukumalli LK, 
McEwan JC, Nazareth LV, Schnabel RD, Weinstock GM, Wheeler DA, Ajmone-
Marsan P, Boettcher PJ, Caetano AR, Garcia JF, Hanotte O, Mariani P, Skow LC, 
Sonstegard TS, Williams JL, Diallo B, Hailemariam L, Martinez ML, Morris CA, 
Silva LO, Spelman RJ, Mulatu W, Zhao K, Abbey CA, Agaba M, Araujo FR, 
Bunch RJ, Burton J, Gorni C, Olivier H, Harrison BE, Luff B, Machado MA, 
Mwakaya J, Plastow G, Sim W, Smith T, Thomas MB, Valentini A, Williams P, 
Womack J, Woolliams JA, Liu Y, Qin X, Worley KC, Gao C, Jiang H, Moore SS, 
Ren Y, Song XZ, Bustamante CD, Hernandez RD, Muzny DM, Patil S, San 
Lucas A, Fu Q, Kent MP, Vega R, Matukumalli A, McWilliam S, Sclep G, Bryc 
K, Choi J, Gao H, Grefenstette JJ, Murdoch B, Stella A, Villa-Angulo R, Wright 
M, Aerts J, Jann O, Negrini R, Goddard ME, Hayes BJ, Bradley DG, Barbosa da 
Silva M, Lau LP, Liu GE, Lynn DJ, Panzitta F, Dodds KG. 2009. Genome-wide 
survey of SNP variation uncovers the genetic structure of cattle breeds. Science 
324: 528-32 

154. Decker JE, Pires JC, Conant GC, McKay SD, Heaton MP, Chen K, Cooper A, 
Vilkki J, Seabury CM, Caetano AR, Johnson GS, Brenneman RA, Hanotte O, 
Eggert LS, Wiener P, Kim JJ, Kim KS, Sonstegard TS, Van Tassell CP, Neibergs 
HL, McEwan JC, Brauning R, Coutinho LL, Babar ME, Wilson GA, McClure 
MC, Rolf MM, Kim J, Schnabel RD, Taylor JF. 2009. Resolving the evolution of 
extant and extinct ruminants with high-throughput phylogenomics. Proc Natl 
Acad Sci U S A 106: 18644-9 

155. McTavish EJ, Decker JE, Schnabel RD, Taylor JF, Hillis DM. 2013. New World 
cattle show ancestry from multiple independent domestication events. Proc Natl 
Acad Sci U S A 110: E1398-406 

156. Pacher M, Puchta H. 2017. From classical mutagenesis to nuclease-based 
breeding - directing natural DNA repair for a natural end-product. Plant J 90: 
819-33 

157. Dhaliwal AK, Mohan A, Sidhu G, Maqbool R, Gill KS. 2015. An Ethylmethane 
Sulfonate Mutant Resource in Pre-Green Revolution Hexaploid Wheat. PLoS One 
10: e0145227 

158. Sidhu G, Mohan A, Zheng P, Dhaliwal AK, Main D, Gill KS. 2015. Sequencing-
based high throughput mutation detection in bread wheat. BMC Genomics 16: 962 

159. Klein RM, Wolf ED, Wu R, Sanford JC. 1992. High-velocity microprojectiles for 
delivering nucleic acids into living cells. 1987. Biotechnology 24: 384-6 

160. Lewis PJ, Babiuk LA. 1999. DNA vaccines: a review. Adv Virus Res 54: 129-88 
161. Welch EM, Barton ER, Zhuo J, Tomizawa Y, Friesen WJ, Trifillis P, Paushkin S, 

Patel M, Trotta CR, Hwang S, Wilde RG, Karp G, Takasugi J, Chen G, Jones S, 
Ren H, Moon YC, Corson D, Turpoff AA, Campbell JA, Conn MM, Khan A, 
Almstead NG, Hedrick J, Mollin A, Risher N, Weetall M, Yeh S, Branstrom AA, 



Colacino JM, Babiak J, Ju WD, Hirawat S, Northcutt VJ, Miller LL, Spatrick P, 
He F, Kawana M, Feng H, Jacobson A, Peltz SW, Sweeney HL. 2007. PTC124 
targets genetic disorders caused by nonsense mutations. Nature 447: 87-91 

162. Flotte TR, Afione SA, Conrad C, McGrath SA, Solow R, Oka H, Zeitlin PL, 
Guggino WB, Carter BJ. 1993. Stable in vivo expression of the cystic fibrosis 
transmembrane conductance regulator with an adeno-associated virus vector. 
Proc Natl Acad Sci U S A 90: 10613-7 

163. Schiffmann R, Kopp JB, Austin HA, 3rd, Sabnis S, Moore DF, Weibel T, Balow 
JE, Brady RO. 2001. Enzyme replacement therapy in Fabry disease: a randomized 
controlled trial. JAMA 285: 2743-9 

164. Kohn DB, Nolta JA, Weinthal J, Bahner I, Yu XJ, Lilley J, Crooks GM. 1991. 
Toward gene therapy for Gaucher disease. Hum Gene Ther 2: 101-5 

165. Dean HJ, Fuller D, Osorio JE. 2003. Powder and particle-mediated approaches for 
delivery of DNA and protein vaccines into the epidermis. Comp Immunol 
Microbiol Infect Dis 26: 373-88 

166. Sudowe S, Ludwig-Portugall I, Montermann E, Ross R, Reske-Kunz AB. 2003. 
Transcriptional targeting of dendritic cells in gene gun-mediated DNA 
immunization favors the induction of type 1 immune responses. Mol Ther 8: 567-
75 

167. Ross R, Sudowe S, Beisner J, Ross XL, Ludwig-Portugall I, Steitz J, Tuting T, 
Knop J, Reske-Kunz AB. 2003. Transcriptional targeting of dendritic cells for 
gene therapy using the promoter of the cytoskeletal protein fascin. Gene Ther 10: 
1035-40 

168. Smahel M, Polakova I, Duskova M, Ludvikova V, Kastankova I. 2014. The effect 
of helper epitopes and cellular localization of an antigen on the outcome of gene 
gun DNA immunization. Gene Ther 21: 225-32 

169. Blaese RM, Culver KW, Miller AD, Carter CS, Fleisher T, Clerici M, Shearer G, 
Chang L, Chiang Y, Tolstoshev P, Greenblatt JJ, Rosenberg SA, Klein H, Berger 
M, Mullen CA, Ramsey WJ, Muul L, Morgan RA, Anderson WF. 1995. T 
lymphocyte-directed gene therapy for ADA- SCID: initial trial results after 4 
years. Science 270: 475-80 

170. Wilson JM. 2009. Lessons learned from the gene therapy trial for ornithine 
transcarbamylase deficiency. Mol Genet Metab 96: 151-7 

171. Zincarelli C, Soltys S, Rengo G, Rabinowitz JE. 2008. Analysis of AAV 
serotypes 1-9 mediated gene expression and tropism in mice after systemic 
injection. Mol Ther 16: 1073-80 

172. Bartlett JS, Wilcher R, Samulski RJ. 2000. Infectious entry pathway of adeno-
associated virus and adeno-associated virus vectors. J Virol 74: 2777-85 

173. Rabinowitz JE, Rolling F, Li C, Conrath H, Xiao W, Xiao X, Samulski RJ. 2002. 
Cross-packaging of a single adeno-associated virus (AAV) type 2 vector genome 
into multiple AAV serotypes enables transduction with broad specificity. J Virol 
76: 791-801 

174. Kotterman MA, Chalberg TW, Schaffer DV. 2015. Viral Vectors for Gene 
Therapy: Translational and Clinical Outlook. Annu Rev Biomed Eng 17: 63-89 



175. Cavazzana-Calvo M, Payen E, Negre O, Wang G, Hehir K, Fusil F, Down J, 
Denaro M, Brady T, Westerman K, Cavallesco R, Gillet-Legrand B, Caccavelli L, 
Sgarra R, Maouche-Chretien L, Bernaudin F, Girot R, Dorazio R, Mulder GJ, 
Polack A, Bank A, Soulier J, Larghero J, Kabbara N, Dalle B, Gourmel B, Socie 
G, Chretien S, Cartier N, Aubourg P, Fischer A, Cornetta K, Galacteros F, 
Beuzard Y, Gluckman E, Bushman F, Hacein-Bey-Abina S, Leboulch P. 2010. 
Transfusion independence and HMGA2 activation after gene therapy of human 
beta-thalassaemia. Nature 467: 318-22 

176. Afione SA, Conrad CK, Kearns WG, Chunduru S, Adams R, Reynolds TC, 
Guggino WB, Cutting GR, Carter BJ, Flotte TR. 1996. In vivo model of adeno-
associated virus vector persistence and rescue. J Virol 70: 3235-41 

177. Calcedo R, Morizono H, Wang L, McCarter R, He J, Jones D, Batshaw ML, 
Wilson JM. 2011. Adeno-associated virus antibody profiles in newborns, 
children, and adolescents. Clin Vaccine Immunol 18: 1586-8 

178. Calcedo R, Vandenberghe LH, Gao G, Lin J, Wilson JM. 2009. Worldwide 
epidemiology of neutralizing antibodies to adeno-associated viruses. J Infect Dis 
199: 381-90 

179. Conrad CK, Allen SS, Afione SA, Reynolds TC, Beck SE, Fee-Maki M, 
Barrazza-Ortiz X, Adams R, Askin FB, Carter BJ, Guggino WB, Flotte TR. 1996. 
Safety of single-dose administration of an adeno-associated virus (AAV)-CFTR 
vector in the primate lung. Gene Ther 3: 658-68 

180. Xiao X, Li J, Samulski RJ. 1996. Efficient long-term gene transfer into muscle 
tissue of immunocompetent mice by adeno-associated virus vector. J Virol 70: 
8098-108 

181. Nakai H, Yant SR, Storm TA, Fuess S, Meuse L, Kay MA. 2001. 
Extrachromosomal recombinant adeno-associated virus vector genomes are 
primarily responsible for stable liver transduction in vivo. J Virol 75: 6969-76 

182. Larsen CP, Elwood ET, Alexander DZ, Ritchie SC, Hendrix R, Tucker-Burden C, 
Cho HR, Aruffo A, Hollenbaugh D, Linsley PS, Winn KJ, Pearson TC. 1996. 
Long-term acceptance of skin and cardiac allografts after blocking CD40 and 
CD28 pathways. Nature 381: 434-8 

183. Parker DC, Greiner DL, Phillips NE, Appel MC, Steele AW, Durie FH, Noelle 
RJ, Mordes JP, Rossini AA. 1995. Survival of mouse pancreatic islet allografts in 
recipients treated with allogeneic small lymphocytes and antibody to CD40 
ligand. Proc Natl Acad Sci U S A 92: 9560-4 

184. Kirk AD, Burkly LC, Batty DS, Baumgartner RE, Berning JD, Buchanan K, 
Fechner JH, Jr., Germond RL, Kampen RL, Patterson NB, Swanson SJ, Tadaki 
DK, TenHoor CN, White L, Knechtle SJ, Harlan DM. 1999. Treatment with 
humanized monoclonal antibody against CD154 prevents acute renal allograft 
rejection in nonhuman primates. Nat Med 5: 686-93 

185. Kenyon NS, Fernandez LA, Lehmann R, Masetti M, Ranuncoli A, Chatzipetrou 
M, Iaria G, Han D, Wagner JL, Ruiz P, Berho M, Inverardi L, Alejandro R, Mintz 
DH, Kirk AD, Harlan DM, Burkly LC, Ricordi C. 1999. Long-term survival and 



function of intrahepatic islet allografts in baboons treated with humanized anti-
CD154. Diabetes 48: 1473-81 

186. Buhler L, Alwayn IP, Appel JZ, 3rd, Robson SC, Cooper DK. 2001. Anti-CD154 
monoclonal antibody and thromboembolism. Transplantation 71: 491 

187. Shultz LD, Brehm MA, Garcia-Martinez JV, Greiner DL. 2012. Humanized mice 
for immune system investigation: progress, promise and challenges. Nat Rev 
Immunol 12: 786-98 

188. Flanagan SP. 1966. 'Nude', a new hairless gene with pleiotropic effects in the 
mouse. Genet Res 8: 295-309 

189. Mosier DE, Gulizia RJ, Baird SM, Wilson DB. 1988. Transfer of a functional 
human immune system to mice with severe combined immunodeficiency. Nature 
335: 256-9 

190. Bosma GC, Custer RP, Bosma MJ. 1983. A severe combined immunodeficiency 
mutation in the mouse. Nature 301: 527-30 

191. McCune JM, Namikawa R, Kaneshima H, Shultz LD, Lieberman M, Weissman 
IL. 1988. The SCID-hu mouse: murine model for the analysis of human 
hematolymphoid differentiation and function. Science 241: 1632-9 

192. Mombaerts P, Iacomini J, Johnson RS, Herrup K, Tonegawa S, Papaioannou VE. 
1992. RAG-1-deficient mice have no mature B and T lymphocytes. Cell 68: 869-
77 

193. Shinkai Y, Rathbun G, Lam KP, Oltz EM, Stewart V, Mendelsohn M, Charron J, 
Datta M, Young F, Stall AM, et al. 1992. RAG-2-deficient mice lack mature 
lymphocytes owing to inability to initiate V(D)J rearrangement. Cell 68: 855-67 

194. Shultz LD, Lang PA, Christianson SW, Gott B, Lyons B, Umeda S, Leiter E, 
Hesselton R, Wagar EJ, Leif JH, Kollet O, Lapidot T, Greiner DL. 2000. 
NOD/LtSz-Rag1null mice: an immunodeficient and radioresistant model for 
engraftment of human hematolymphoid cells, HIV infection, and adoptive 
transfer of NOD mouse diabetogenic T cells. J Immunol 164: 2496-507 

195. Cao X, Shores EW, Hu-Li J, Anver MR, Kelsall BL, Russell SM, Drago J, 
Noguchi M, Grinberg A, Bloom ET, et al. 1995. Defective lymphoid development 
in mice lacking expression of the common cytokine receptor gamma chain. 
Immunity 2: 223-38 

196. DiSanto JP, Muller W, Guy-Grand D, Fischer A, Rajewsky K. 1995. Lymphoid 
development in mice with a targeted deletion of the interleukin 2 receptor gamma 
chain. Proc Natl Acad Sci U S A 92: 377-81 

197. Ohbo K, Suda T, Hashiyama M, Mantani A, Ikebe M, Miyakawa K, Moriyama 
M, Nakamura M, Katsuki M, Takahashi K, Yamamura K, Sugamura K. 1996. 
Modulation of hematopoiesis in mice with a truncated mutant of the interleukin-2 
receptor gamma chain. Blood 87: 956-67 

198. Takenaka K, Prasolava TK, Wang JC, Mortin-Toth SM, Khalouei S, Gan OI, 
Dick JE, Danska JS. 2007. Polymorphism in Sirpa modulates engraftment of 
human hematopoietic stem cells. Nat Immunol 8: 1313-23 

199. Shultz LD, Schweitzer PA, Christianson SW, Gott B, Schweitzer IB, Tennent B, 
McKenna S, Mobraaten L, Rajan TV, Greiner DL, et al. 1995. Multiple defects in 



innate and adaptive immunologic function in NOD/LtSz-scid mice. J Immunol 
154: 180-91 

200. Rongvaux A, Takizawa H, Strowig T, Willinger T, Eynon EE, Flavell RA, Manz 
MG. 2013. Human hemato-lymphoid system mice: current use and future 
potential for medicine. Annu Rev Immunol 31: 635-74 

201. Ito R, Takahashi T, Katano I, Ito M. 2012. Current advances in humanized mouse 
models. Cell Mol Immunol 9: 208-14 

202. Shultz LD, Ishikawa F, Greiner DL. 2007. Humanized mice in translational 
biomedical research. Nat Rev Immunol 7: 118-30 

203. Lapidot T, Pflumio F, Doedens M, Murdoch B, Williams DE, Dick JE. 1992. 
Cytokine stimulation of multilineage hematopoiesis from immature human cells 
engrafted in SCID mice. Science 255: 1137-41 

204. Melkus MW, Estes JD, Padgett-Thomas A, Gatlin J, Denton PW, Othieno FA, 
Wege AK, Haase AT, Garcia JV. 2006. Humanized mice mount specific adaptive 
and innate immune responses to EBV and TSST-1. Nat Med 12: 1316-22 

205. Sun Z, Denton PW, Estes JD, Othieno FA, Wei BL, Wege AK, Melkus MW, 
Padgett-Thomas A, Zupancic M, Haase AT, Garcia JV. 2007. Intrarectal 
transmission, systemic infection, and CD4+ T cell depletion in humanized mice 
infected with HIV-1. J Exp Med 204: 705-14 

206. Brainard DM, Seung E, Frahm N, Cariappa A, Bailey CC, Hart WK, Shin HS, 
Brooks SF, Knight HL, Eichbaum Q, Yang YG, Sykes M, Walker BD, Freeman 
GJ, Pillai S, Westmoreland SV, Brander C, Luster AD, Tager AM. 2009. 
Induction of robust cellular and humoral virus-specific adaptive immune 
responses in human immunodeficiency virus-infected humanized BLT mice. J 
Virol 83: 7305-21 

207. Frias-Staheli N, Dorner M, Marukian S, Billerbeck E, Labitt RN, Rice CM, Ploss 
A. 2014. Utility of humanized BLT mice for analysis of dengue virus infection 
and antiviral drug testing. J Virol 88: 2205-18 

208. Jaiswal S, Pazoles P, Woda M, Shultz LD, Greiner DL, Brehm MA, Mathew A. 
2012. Enhanced humoral and HLA-A2-restricted dengue virus-specific T-cell 
responses in humanized BLT NSG mice. Immunology 136: 334-43 

209. Liu KD, Greene WC, Goldsmith MA. 1996. The alpha chain of the IL-2 receptor 
determines the species specificity of high-affinity IL-2 binding. Cytokine 8: 613-
21 

210. Seung E, Tager AM. 2013. Humoral immunity in humanized mice: a work in 
progress. J Infect Dis 208 Suppl 2: S155-9 

211. Chappaz S, Finke D. 2010. The IL-7 signaling pathway regulates lymph node 
development independent of peripheral lymphocytes. J Immunol 184: 3562-9 

212. Covassin L, Laning J, Abdi R, Langevin DL, Phillips NE, Shultz LD, Brehm MA. 
2011. Human peripheral blood CD4 T cell-engrafted non-obese diabetic-scid 
IL2rgamma(null) H2-Ab1 (tm1Gru) Tg (human leucocyte antigen D-related 4) 
mice: a mouse model of human allogeneic graft-versus-host disease. Clin Exp 
Immunol 166: 269-80 



213. Kievits F, Wijffels J, Lokhorst W, Ivanyi P. 1989. Recognition of xeno-(HLA, 
SLA) major histocompatibility complex antigens by mouse cytotoxic T cells is 
not H-2 restricted: a study with transgenic mice. Proc Natl Acad Sci U S A 86: 
617-20 

214. King MA, Covassin L, Brehm MA, Racki W, Pearson T, Leif J, Laning J, Fodor 
W, Foreman O, Burzenski L, Chase TH, Gott B, Rossini AA, Bortell R, Shultz 
LD, Greiner DL. 2009. Human peripheral blood leucocyte non-obese diabetic-
severe combined immunodeficiency interleukin-2 receptor gamma chain gene 
mouse model of xenogeneic graft-versus-host-like disease and the role of host 
major histocompatibility complex. Clin Exp Immunol 157: 104-18 

215. McDonald GB, Shulman HM, Wolford JL, Spencer GD. 1987. Liver disease after 
human marrow transplantation. Semin Liver Dis 7: 210-29 

216. Pascolo S, Bervas N, Ure JM, Smith AG, Lemonnier FA, Perarnau B. 1997. 
HLA-A2.1-restricted education and cytolytic activity of CD8(+) T lymphocytes 
from beta2 microglobulin (beta2m) HLA-A2.1 monochain transgenic H-2Db 
beta2m double knockout mice. J Exp Med 185: 2043-51 

217. Michie CA, McLean A, Alcock C, Beverley PC. 1992. Lifespan of human 
lymphocyte subsets defined by CD45 isoforms. Nature 360: 264-5 

218. Salgado FJ, Lojo J, Fernandez-Alonso CM, Vinuela J, Cordero OJ, Nogueira M. 
2002. Interleukin-dependent modulation of HLA-DR expression on CD4and CD8 
activated T cells. Immunol Cell Biol 80: 138-47 

219. Unsinger J, McDonough JS, Shultz LD, Ferguson TA, Hotchkiss RS. 2009. 
Sepsis-induced human lymphocyte apoptosis and cytokine production in 
"humanized" mice. J Leukoc Biol 86: 219-27 

220. Bachmann MF, Wolint P, Walton S, Schwarz K, Oxenius A. 2007. Differential 
role of IL-2R signaling for CD8+ T cell responses in acute and chronic viral 
infections. Eur J Immunol 37: 1502-12 

221. Mueller C, Flotte TR. 2008. Clinical gene therapy using recombinant adeno-
associated virus vectors. Gene Ther 15: 858-63 

222. Samulski RJ, Muzyczka N. 2014. AAV-Mediated Gene Therapy for Research and 
Therapeutic Purposes. Annu Rev Virol 1: 427-51 

223. Kotterman MA, Schaffer DV. 2014. Engineering adeno-associated viruses for 
clinical gene therapy. Nat Rev Genet 15: 445-51 

224. Duan D. 2016. Systemic delivery of adeno-associated viral vectors. Curr Opin 
Virol 21: 16-25 

225. Kattenhorn LM, Tipper CH, Stoica L, Geraghty DS, Wright TL, Clark KR, 
Wadsworth SC. 2016. Adeno-Associated Virus Gene Therapy for Liver Disease. 
Hum Gene Ther 27: 947-61 

226. Munch RC, Muth A, Muik A, Friedel T, Schmatz J, Dreier B, Trkola A, 
Pluckthun A, Buning H, Buchholz CJ. 2015. Off-target-free gene delivery by 
affinity-purified receptor-targeted viral vectors. Nat Commun 6: 6246 

227. Pepin D, Sosulski A, Zhang L, Wang D, Vathipadiekal V, Hendren K, Coletti 
CM, Yu A, Castro CM, Birrer MJ, Gao G, Donahoe PK. 2015. AAV9 delivering 



a modified human Mullerian inhibiting substance as a gene therapy in patient-
derived xenografts of ovarian cancer. Proc Natl Acad Sci U S A 112: E4418-27 

228. Hashimoto H, Mizushima T, Ogura T, Kagawa T, Tomiyama K, Takahashi R, 
Yagoto M, Kawai K, Chijiwa T, Nakamura M, Suemizu H. 2016. Study on AAV-
mediated gene therapy for diabetes in humanized liver mouse to predict efficacy 
in humans. Biochem Biophys Res Commun 478: 1254-60 

229. Sharma A, Wu W, Sung B, Huang J, Tsao T, Li X, Gomi R, Tsuji M, Worgall S. 
2016. Respiratory Syncytial Virus (RSV) Pulmonary Infection in Humanized 
Mice Induces Human Anti-RSV Immune Responses and Pathology. J Virol 90: 
5068-74 

230. Li X, Huang J, Zhang M, Funakoshi R, Sheetij D, Spaccapelo R, Crisanti A, 
Nussenzweig V, Nussenzweig RS, Tsuji M. 2016. Human CD8+ T cells mediate 
protective immunity induced by a human malaria vaccine in human immune 
system mice. Vaccine 34: 4501-6 

231. Huang J, Li X, Coelho-dos-Reis JG, Zhang M, Mitchell R, Nogueira RT, Tsao T, 
Noe AR, Ayala R, Sahi V, Gutierrez GM, Nussenzweig V, Wilson JM, Nardin 
EH, Nussenzweig RS, Tsuji M. 2015. Human immune system mice immunized 
with Plasmodium falciparum circumsporozoite protein induce protective human 
humoral immunity against malaria. J Immunol Methods 427: 42-50 

232. Huang J, Li X, Coelho-dos-Reis JG, Wilson JM, Tsuji M. 2014. An AAV vector-
mediated gene delivery approach facilitates reconstitution of functional human 
CD8+ T cells in mice. PLoS One 9: e88205 

233. Brunkow ME, Jeffery EW, Hjerrild KA, Paeper B, Clark LB, Yasayko SA, 
Wilkinson JE, Galas D, Ziegler SF, Ramsdell F. 2001. Disruption of a new 
forkhead/winged-helix protein, scurfin, results in the fatal lymphoproliferative 
disorder of the scurfy mouse. Nat Genet 27: 68-73 

234. Caudy AA, Reddy ST, Chatila T, Atkinson JP, Verbsky JW. 2007. CD25 
deficiency causes an immune dysregulation, polyendocrinopathy, enteropathy, X-
linked-like syndrome, and defective IL-10 expression from CD4 lymphocytes. J 
Allergy Clin Immunol 119: 482-7 

235. Wildin RS, Ramsdell F, Peake J, Faravelli F, Casanova JL, Buist N, Levy-Lahad 
E, Mazzella M, Goulet O, Perroni L, Bricarelli FD, Byrne G, McEuen M, Proll S, 
Appleby M, Brunkow ME. 2001. X-linked neonatal diabetes mellitus, enteropathy 
and endocrinopathy syndrome is the human equivalent of mouse scurfy. Nat 
Genet 27: 18-20 

236. Hulme MA, Wasserfall CH, Atkinson MA, Brusko TM. 2012. Central role for 
interleukin-2 in type 1 diabetes. Diabetes 61: 14-22 

237. Goudy KS, Johnson MC, Garland A, Li C, Samulski RJ, Wang B, Tisch R. 2011. 
Inducible adeno-associated virus-mediated IL-2 gene therapy prevents 
autoimmune diabetes. J Immunol 186: 3779-86 

238. Johnson MC, Garland AL, Nicolson SC, Li C, Samulski RJ, Wang B, Tisch R. 
2013. beta-cell-specific IL-2 therapy increases islet Foxp3+Treg and suppresses 
type 1 diabetes in NOD mice. Diabetes 62: 3775-84 



239. Todd JA, Evangelou M, Cutler AJ, Pekalski ML, Walker NM, Stevens HE, Porter 
L, Smyth DJ, Rainbow DB, Ferreira RC, Esposito L, Hunter KM, Loudon K, 
Irons K, Yang JH, Bell CJ, Schuilenburg H, Heywood J, Challis B, Neupane S, 
Clarke P, Coleman G, Dawson S, Goymer D, Anselmiova K, Kennet J, Brown J, 
Caddy SL, Lu J, Greatorex J, Goodfellow I, Wallace C, Tree TI, Evans M, 
Mander AP, Bond S, Wicker LS, Waldron-Lynch F. 2016. Regulatory T Cell 
Responses in Participants with Type 1 Diabetes after a Single Dose of Interleukin-
2: A Non-Randomised, Open Label, Adaptive Dose-Finding Trial. PLoS Med 13: 
e1002139 

240. Pham MN, von Herrath MG, Vela JL. 2015. Antigen-Specific Regulatory T Cells 
and Low Dose of IL-2 in Treatment of Type 1 Diabetes. Front Immunol 6: 651 

241. Furtado GC, Curotto de Lafaille MA, Kutchukhidze N, Lafaille JJ. 2002. 
Interleukin 2 signaling is required for CD4(+) regulatory T cell function. J Exp 
Med 196: 851-7 

242. Flores RR, Zhou L, Robbins PD. 2014. Expression of IL-2 in beta cells by AAV8 
gene transfer in pre-diabetic NOD mice prevents diabetes through activation of 
FoxP3-positive regulatory T cells. Gene Ther 21: 715-22 

243. Churlaud G, Jimenez V, Ruberte J, Amadoudji Zin M, Fourcade G, Gottrand G, 
Casana E, Lambrecht B, Bellier B, Piaggio E, Bosch F, Klatzmann D. 2014. 
Sustained stimulation and expansion of Tregs by IL2 control autoimmunity 
without impairing immune responses to infection, vaccination and cancer. Clin 
Immunol 151: 114-26 

244. Grinberg-Bleyer Y, Baeyens A, You S, Elhage R, Fourcade G, Gregoire S, 
Cagnard N, Carpentier W, Tang Q, Bluestone J, Chatenoud L, Klatzmann D, 
Salomon BL, Piaggio E. 2010. IL-2 reverses established type 1 diabetes in NOD 
mice by a local effect on pancreatic regulatory T cells. J Exp Med 207: 1871-8 

245. Koreth J, Matsuoka K, Kim HT, McDonough SM, Bindra B, Alyea EP, 3rd, 
Armand P, Cutler C, Ho VT, Treister NS, Bienfang DC, Prasad S, Tzachanis D, 
Joyce RM, Avigan DE, Antin JH, Ritz J, Soiffer RJ. 2011. Interleukin-2 and 
regulatory T cells in graft-versus-host disease. N Engl J Med 365: 2055-66 

246. Saadoun D, Rosenzwajg M, Joly F, Six A, Carrat F, Thibault V, Sene D, Cacoub 
P, Klatzmann D. 2011. Regulatory T-cell responses to low-dose interleukin-2 in 
HCV-induced vasculitis. N Engl J Med 365: 2067-77 

247. Castela E, Le Duff F, Butori C, Ticchioni M, Hofman P, Bahadoran P, Lacour JP, 
Passeron T. 2014. Effects of low-dose recombinant interleukin 2 to promote T-
regulatory cells in alopecia areata. JAMA Dermatol 150: 748-51 

248. He J, Zhang X, Wei Y, Sun X, Chen Y, Deng J, Jin Y, Gan Y, Hu X, Jia R, Xu C, 
Hou Z, Leong YA, Zhu L, Feng J, An Y, Jia Y, Li C, Liu X, Ye H, Ren L, Li R, 
Yao H, Li Y, Chen S, Zhang X, Su Y, Guo J, Shen N, Morand EF, Yu D, Li Z. 
2016. Low-dose interleukin-2 treatment selectively modulates CD4(+) T cell 
subsets in patients with systemic lupus erythematosus. Nat Med 22: 991-3 

249. Humrich JY, von Spee-Mayer C, Siegert E, Alexander T, Hiepe F, Radbruch A, 
Burmester GR, Riemekasten G. 2015. Rapid induction of clinical remission by 
low-dose interleukin-2 in a patient with refractory SLE. Ann Rheum Dis 74: 791-2 



250. Long SA, Rieck M, Sanda S, Bollyky JB, Samuels PL, Goland R, Ahmann A, 
Rabinovitch A, Aggarwal S, Phippard D, Turka LA, Ehlers MR, Bianchine PJ, 
Boyle KD, Adah SA, Bluestone JA, Buckner JH, Greenbaum CJ, Diabetes T, the 
Immune Tolerance N. 2012. Rapamycin/IL-2 combination therapy in patients 
with type 1 diabetes augments Tregs yet transiently impairs beta-cell function. 
Diabetes 61: 2340-8 

251. Hartemann A, Bensimon G, Payan CA, Jacqueminet S, Bourron O, Nicolas N, 
Fonfrede M, Rosenzwajg M, Bernard C, Klatzmann D. 2013. Low-dose 
interleukin 2 in patients with type 1 diabetes: a phase 1/2 randomised, double-
blind, placebo-controlled trial. Lancet Diabetes Endocrinol 1: 295-305 

252. Yu A, Snowhite I, Vendrame F, Rosenzwajg M, Klatzmann D, Pugliese A, Malek 
TR. 2015. Selective IL-2 responsiveness of regulatory T cells through multiple 
intrinsic mechanisms supports the use of low-dose IL-2 therapy in type 1 diabetes. 
Diabetes 64: 2172-83 

253. Rosenzwajg M, Churlaud G, Mallone R, Six A, Derian N, Chaara W, Lorenzon R, 
Long SA, Buckner JH, Afonso G, Pham HP, Hartemann A, Yu A, Pugliese A, 
Malek TR, Klatzmann D. 2015. Low-dose interleukin-2 fosters a dose-dependent 
regulatory T cell tuned milieu in T1D patients. J Autoimmun 58: 48-58 

254. Wege AK, Melkus MW, Denton PW, Estes JD, Garcia JV. 2008. Functional and 
phenotypic characterization of the humanized BLT mouse model. Curr Top 
Microbiol Immunol 324: 149-65 

255. Aryee KE, Shultz LD, Brehm MA. 2014. Immunodeficient mouse model for 
human hematopoietic stem cell engraftment and immune system development. 
Methods Mol Biol 1185: 267-78 

256. Covassin L, Jangalwe S, Jouvet N, Laning J, Burzenski L, Shultz LD, Brehm MA. 
2013. Human immune system development and survival of non-obese diabetic 
(NOD)-scid IL2rγ(null) (NSG) mice engrafted with human thymus and 
autologous haematopoietic stem cells. Clinical and experimental immunology 
174: 372-88 

257. He Y, Weinberg MS, Hirsch M, Johnson MC, Tisch R, Samulski RJ, Li C. 2013. 
Kinetics of adeno-associated virus serotype 2 (AAV2) and AAV8 capsid antigen 
presentation in vivo are identical. Hum Gene Ther 24: 545-53 

258. McCarty DM, Monahan PE, Samulski RJ. 2001. Self-complementary 
recombinant adeno-associated virus (scAAV) vectors promote efficient 
transduction independently of DNA synthesis. Gene Ther 8: 1248-54 

259. Grieger JC, Choi VW, Samulski RJ. 2006. Production and characterization of 
adeno-associated viral vectors. Nat Protoc 1: 1412-28 

260. Schneider A, Buckner JH. 2011. Assessment of suppressive capacity by human 
regulatory T cells using a reproducible, bi-directional CFSE-based in vitro assay. 
Methods Mol Biol 707: 233-41 

261. Hoffmann P, Eder R, Boeld TJ, Doser K, Piseshka B, Andreesen R, Edinger M. 
2006. Only the CD45RA+ subpopulation of CD4+CD25high T cells gives rise to 
homogeneous regulatory T-cell lines upon in vitro expansion. Blood 108: 4260-7 



262. Kmieciak M, Gowda M, Graham L, Godder K, Bear HD, Marincola FM, Manjili 
MH. 2009. Human T cells express CD25 and Foxp3 upon activation and exhibit 
effector/memory phenotypes without any regulatory/suppressor function. J Transl 
Med 7: 89 

263. Weber T. 2017. Do we need marker gene studies in humans to improve clinical 
AAV gene therapy? Gene Ther  

264. Theocharides AP, Rongvaux A, Fritsch K, Flavell RA, Manz MG. 2016. 
Humanized hemato-lymphoid system mice. Haematologica 101: 5-19 

265. Walsh NC, Kenney LL, Jangalwe S, Aryee KE, Greiner DL, Brehm MA, Shultz 
LD. 2016. Humanized Mouse Models of Clinical Disease. Annu Rev Pathol  

266. Long SA, Buckner JH, Greenbaum CJ. 2013. IL-2 therapy in type 1 diabetes: 
"Trials" and tribulations. Clin Immunol 149: 324-31 

267. Covassin L, Jangalwe S, Jouvet N, Laning J, Burzenski L, Shultz LD, Brehm MA. 
2013. Human immune system development and survival of non-obese diabetic 
(NOD)-scid IL2rgamma(null) (NSG) mice engrafted with human thymus and 
autologous haematopoietic stem cells. Clin Exp Immunol 174: 372-88 

268. Lan P, Wang L, Diouf B, Eguchi H, Su H, Bronson R, Sachs DH, Sykes M, Yang 
YG. 2004. Induction of human T-cell tolerance to porcine xenoantigens through 
mixed hematopoietic chimerism. Blood 103: 3964-9 

269. Ito M, Hiramatsu H, Kobayashi K, Suzue K, Kawahata M, Hioki K, Ueyama Y, 
Koyanagi Y, Sugamura K, Tsuji K, Heike T, Nakahata T. 2002. 
NOD/SCID/gamma(c)(null) mouse: an excellent recipient mouse model for 
engraftment of human cells. Blood 100: 3175-82 

270. Shultz LD, Lyons BL, Burzenski LM, Gott B, Chen X, Chaleff S, Kotb M, Gillies 
SD, King M, Mangada J, Greiner DL, Handgretinger R. 2005. Human lymphoid 
and myeloid cell development in NOD/LtSz-scid IL2R gamma null mice 
engrafted with mobilized human hemopoietic stem cells. J Immunol 174: 6477-89 

271. Rochman Y, Spolski R, Leonard WJ. 2009. New insights into the regulation of T 
cells by gamma(c) family cytokines. Nat Rev Immunol 9: 480-90 

272. Traggiai E, Chicha L, Mazzucchelli L, Bronz L, Piffaretti J-C, Lanzavecchia A, 
Manz MG. 2004. Development of a human adaptive immune system in cord 
blood cell-transplanted mice. Science 304: 104-7 

273. Goyama S, Wunderlich M, Mulloy JC. 2015. Xenograft models for normal and 
malignant stem cells. Blood 125: 2630-40 

274. Brehm MA, Cuthbert A, Yang C, Miller DM, Diiorio P, Laning J, Burzenski L, 
Gott B, Foreman O, Kavirayani A. 2010. Parameters for establishing humanized 
mouse models to study human immunity: Analysis of human hematopoietic stem 
cell engraftment in three immunodeficient strains of mice bearing the IL2rγnull 
mutation. Clinical Immunology 135: 84-98 

275. Lepus CM, Gibson TF, Gerber SA, Kawikova I, Szczepanik M, Ablamunits V, 
Kirkiles-Smith N, Herold KC, Bothwell AL, Pober JS, Harding MJ. 2009. 
Comparison of Human Fetal Liver, Umbilical Cord Blood, and Adult Blood 
Hematopoietic Stem Cell Engraftment in NOD-scid/γc-/-, Balb/c-Rag2-/-γc-/-, 
and C.B-17-scid/bg Immunodeficient Mice. Hum Immunol: 1-43 



276. McDermott SP, Eppert K, Lechman ER, Doedens M, Dick JE. 2010. Comparison 
of human cord blood engraftment between immunocompromised mouse strains. 
Blood 116: 193-200 

277. Takenaka K, Prasolava TK, Wang JCY, Mortin-Toth SM, Khalouei S, Gan OI, 
Dick JE, Danska JS. 2007. Polymorphism in Sirpa modulates engraftment of 
human hematopoietic stem cells. Nat Immunol 8: 1313-23 

278. Stoddart CA, Maidji E, Galkina SA, Kosikova G, Rivera JM, Moreno ME, Sloan 
B, Joshi P, Long BR. 2011. Superior human leukocyte reconstitution and 
susceptibility to vaginal HIV transmission in humanized NOD-scid IL-
2Rgamma(-/-) (NSG) BLT mice. Virology 417: 154-60 

279. Berges BK, Rowan MR. 2011. The utility of the new generation of humanized 
mice to study HIV-1 infection: transmission, prevention, pathogenesis, and 
treatment. Retrovirology 8: 65 

280. Biswas S, Chang H, Sarkis PT, Fikrig E, Zhu Q, Marasco WA. 2011. Humoral 
immune responses in humanized BLT mice immunized with West Nile virus and 
HIV-1 envelope proteins are largely mediated via human CD5+ B cells. 
Immunology 134: 419-33 

281. Akkina R. 2013. Human immune responses and potential for vaccine assessment 
in humanized mice. Curr Opin Immunol 25: 403-9 

282. Brehm MA, Wiles MV, Greiner DL, Shultz LD. 2014. Generation of improved 
humanized mouse models for human infectious diseases. J Immunol Methods 410: 
3-17 

283. Ernst W. 2016. Humanized mice in infectious diseases. Comp Immunol Microbiol 
Infect Dis 49: 29-38 

284. Kalscheuer H, Danzl N, Onoe T, Faust T, Winchester R, Goland R, Greenberg E, 
Spitzer TR, Savage DG, Tahara H, Choi G, Yang YG, Sykes M. 2012. A model 
for personalized in vivo analysis of human immune responsiveness. Sci Transl 
Med 4: 125ra30 

285. Bird BH, Spengler JR, Chakrabarti AK, Khristova ML, Sealy TK, Coleman-
McCray JD, Martin BE, Dodd KA, Goldsmith CS, Sanders J, Zaki SR, Nichol ST, 
Spiropoulou CF. 2016. Humanized Mouse Model of Ebola Virus Disease Mimics 
the Immune Responses in Human Disease. J Infect Dis 213: 703-11 

286. Onoe T, Kalscheuer H, Danzl N, Chittenden M, Zhao G, Yang YG, Sykes M. 
2011. Human natural regulatory T cell development, suppressive function, and 
postthymic maturation in a humanized mouse model. J Immunol 187: 3895-903 

287. Hahn SA, Bellinghausen I, Trinschek B, Becker C. 2015. Translating Treg 
Therapy in Humanized Mice. Front Immunol 6: 623 

288. Long SA, Rieck M, Sanda S, Bollyky JB, Samuels PL, Goland R, Ahmann A, 
Rabinovitch A, Aggarwal S, Phippard D, Turka LA, Ehlers MR, Bianchine PJ, 
Boyle KD, Adah SA, Bluestone JA, Buckner JH, Greenbaum CJ. 2012. 
Rapamycin/IL-2 combination therapy in patients with type 1 diabetes augments 
Tregs yet transiently impairs beta-cell function. Diabetes 61: 2340-8 

289. Katano I, Takahashi T, Ito R, Kamisako T, Mizusawa T, Ka Y, Ogura T, Suemizu 
H, Kawakami Y, Ito M. 2015. Predominant development of mature and functional 



human NK cells in a novel human IL-2-producing transgenic NOG mouse. J 
Immunol 194: 3513-25 

290. Ito R, Katano I, Kawai K, Yagoto M, Takahashi T, Ka Y, Ogura T, Takahashi R, 
Ito M. 2016. A Novel Xenogeneic Graft-Versus-Host Disease Model for 
Investigating the Pathological Role of Human CD4+ or CD8+ T Cells Using 
Immunodeficient NOG Mice. Am J Transplant  

291. Abraham S, Pahwa R, Ye C, Choi JG, Pahwa S, Jaggaiahgari S, Raut A, Chen S, 
Manjunath N, Shankar P. 2012. Long-term engraftment of human natural T 
regulatory cells in NOD/SCID IL2rgammac(null) mice by expression of human 
IL-2. PLoS One 7: e51832 

292. Klevorn LE, Berrien-Elliott MM, Yuan J, Kuehm LM, Felock GD, Crowe SA, 
Teague RM. 2016. Rescue of Tolerant CD8+ T Cells during Cancer 
Immunotherapy with IL2:Antibody Complexes. Cancer Immunol Res 4: 1016-26 

293. Minami Y, Kono T, Miyazaki T, Taniguchi T. 1993. The IL-2 receptor complex: 
its structure, function, and target genes. Annu Rev Immunol 11: 245-68 

294. Boyman O, Sprent J. 2012. The role of interleukin-2 during homeostasis and 
activation of the immune system. Nat Rev Immunol 12: 180-90 

295. Liao W, Lin JX, Leonard WJ. 2013. Interleukin-2 at the crossroads of effector 
responses, tolerance, and immunotherapy. Immunity 38: 13-25 

296. Hirakawa M, Matos T, Liu H, Koreth J, Kim HT, Paul NE, Murase K, Whangbo 
J, Alho AC, Nikiforow S, Cutler C, Ho VT, Armand P, Alyea EP, Antin JH, 
Blazar BR, Lacerda JF, Soiffer RJ, Ritz J. 2016. Low-dose IL-2 selectively 
activates subsets of CD4+ Tregs and NK cells. JCI Insight 1: e89278 

297. Kim M, Kim TJ, Kim HM, Doh J, Lee KM. 2017. Multi-cellular natural killer 
(NK) cell clusters enhance NK cell activation through localizing IL-2 within the 
cluster. Sci Rep 7: 40623 

298. Boyman O, Kovar M, Rubinstein MP, Surh CD, Sprent J. 2006. Selective 
stimulation of T cell subsets with antibody-cytokine immune complexes. Science 
311: 1924-7 

299. Levin AM, Bates DL, Ring AM, Krieg C, Lin JT, Su L, Moraga I, Raeber ME, 
Bowman GR, Novick P, Pande VS, Fathman CG, Boyman O, Garcia KC. 2012. 
Exploiting a natural conformational switch to engineer an interleukin-2 
'superkine'. Nature 484: 529-33 

300. Seok J, Warren HS, Cuenca AG, Mindrinos MN, Baker HV, Xu W, Richards DR, 
McDonald-Smith GP, Gao H, Hennessy L, Finnerty CC, Lopez CM, Honari S, 
Moore EE, Minei JP, Cuschieri J, Bankey PE, Johnson JL, Sperry J, Nathens AB, 
Billiar TR, West MA, Jeschke MG, Klein MB, Gamelli RL, Gibran NS, 
Brownstein BH, Miller-Graziano C, Calvano SE, Mason PH, Cobb JP, Rahme 
LG, Lowry SF, Maier RV, Moldawer LL, Herndon DN, Davis RW, Xiao W, 
Tompkins RG. 2013. Genomic responses in mouse models poorly mimic human 
inflammatory diseases. Proc Natl Acad Sci U S A  

301. Mestas J, Hughes CC. 2004. Of mice and not men: differences between mouse 
and human immunology. J Immunol 172: 2731-8 



302. Shoukry NH, Grakoui A, Houghton M, Chien DY, Ghrayeb J, Reimann KA, 
Walker CM. 2003. Memory CD8+ T cells are required for protection from 
persistent hepatitis C virus infection. J Exp Med 197: 1645-55 

303. Lechner F, Gruener NH, Urbani S, Uggeri J, Santantonio T, Kammer AR, Cerny 
A, Phillips R, Ferrari C, Pape GR, Klenerman P. 2000. CD8+ T lymphocyte 
responses are induced during acute hepatitis C virus infection but are not 
sustained. Eur J Immunol 30: 2479-87 

304. Ribeiro-dos-Santos P, Turnbull EL, Monteiro M, Legrand A, Conrod K, Baalwa 
J, Pellegrino P, Shaw GM, Williams I, Borrow P, Rocha B. 2012. Chronic HIV 
infection affects the expression of the 2 transcription factors required for CD8 T-
cell differentiation into cytolytic effectors. Blood 119: 4928-38 

305. Zajac AJ, Blattman JN, Murali-Krishna K, Sourdive DJ, Suresh M, Altman JD, 
Ahmed R. 1998. Viral immune evasion due to persistence of activated T cells 
without effector function. J Exp Med 188: 2205-13 

306. Tietze JK, Wilkins DE, Sckisel GD, Bouchlaka MN, Alderson KL, Weiss JM, 
Ames E, Bruhn KW, Craft N, Wiltrout RH, Longo DL, Lanier LL, Blazar BR, 
Redelman D, Murphy WJ. 2012. Delineation of antigen-specific and antigen-
nonspecific CD8(+) memory T-cell responses after cytokine-based cancer 
immunotherapy. Blood 119: 3073-83 

307. Racki WJ, Covassin L, Brehm M, Pino S, Ignotz R, Dunn R, Laning J, Graves 
SK, Rossini AA, Shultz LD, Greiner DL. 2010. NOD-scid IL2rgamma(null) 
mouse model of human skin transplantation and allograft rejection. 
Transplantation 89: 527-36 

308. Zaritskaya L, Shurin MR, Sayers TJ, Malyguine AM. 2010. New flow cytometric 
assays for monitoring cell-mediated cytotoxicity. Expert Rev Vaccines 9: 601-16 


