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ABSTRACT 

Regulation of T Cell Migration and the Immune Response by Phosphoinositide 3-
Kinase Gamma 

 
Amanda Lorene Martin 

 

Efficient migration of leukocytes is essential to an optimal immune response.  The goal 

of these studies was to determine the role of the PI3K isoform p110γ in T cell migration, 

activation and the immune response as a whole.  Our studies revealed that naïve T cell 

migration in response to the constitutive chemokines CCL19 and CCL21 in vitro is 

minimally affected by the loss of p110γ, which correlates with the absence of trafficking 

defects of p110γ-/- T cells into secondary lymphoid organs in vivo.  In several models of 

in vitro activation, p110γ deficiency does not impair naïve T cell activation and 

proliferation nor does it impact OT-I T cell proliferation and effector cell differentiation 

in vivo in response to vaccinia virus challenge.  In contrast to naïve T cell migration, 

p110γ plays an important role in CD8 effector T cell migration both in response to 

inflammatory chemoattractants in vitro and to the inflamed peritoneum following 

challenge with vaccinia virus. Furthermore, while wild-type mice efficiently cleared 

vaccinia virus at high viral doses, infection of p110γ-/- mice resulted in visible illness and 

death less than a week after infection.  In all, we conclude that p110γ is dispensable for 

constitutive migration of naïve T cells and subsequent activation and differentiation into 

effector CD8 T cells, but plays a central role in the migration of effector CD8 T cells into 

inflammatory sites and in the antiviral immune response. 
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CHAPTER 1 

T CELL MIGRATION AND THE IMMUNE RESPONSE: AN OVERVIEW 

 

From infection to immunity  

 The protection of an organism from the myriad of pathogens that exist in any 

given environment depends on the induction of a finely regulated cascade of molecular 

and cellular events that work in concert to comprise the immune response1. The critical 

cellular mediators of the immune response are leukocytes. These cells originate from 

hematopoietic stem cells from the bone marrow and upon maturation, migrate to various 

locations in the body in order to provide a multi-tiered surveillance system that can detect 

the invasion of potentially harmful microorganisms. The maintenance of an organism’s 

health depends on the appropriate induction of two sequential branches of the immune 

system: innate and adaptive immunity. Innate immunity is aptly named in that those 

leukocytes that participate in this part of the response, such as natural killer (NK) cells, 

have the inherent ability to quickly recognize pathogens within hours of infection and 

respond accordingly without the requirement for prior or additional stimulation2. This is 

because innate cells express pattern recognition receptors, such as Toll-like receptors, 

that detect proteins or structures common to non-self entities, allowing for the recognition 

of a wide variety of pathogens by any given innate cell3. Thus, innate cells are critical to 

the body’s anti-pathogen defense as they serve as the first responders to a site of 

infection. 

 If the initial immune response by innate cells cannot control the presence or 

spread of pathogen, usually several days following the initial infection, adaptive 
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immunity will be generated. Dendritic cells are a subset of leukocytes that are critical in 

providing a link between the innate and adaptive phases of the immune response4. 

Immature dendritic cells seed peripheral tissues and upon recognizing pathogen in the 

environment, they engulf and degrade the pathogen into small peptide fragments that are 

then transported to the cell surface where they are presented in conjunction with major 

histocompatibility complex (MHC) molecules. Following antigen uptake, dendritic cells 

undergo a maturation process that results in the ability of these cells to leave peripheral 

sites and migrate to draining lymph nodes via the lymphatics. Within the lymph nodes, 

dendritic cells traffic to regions containing naïve T cells, a hallmark cell subset of the 

adaptive immune response5. Unlike innate cells, T cell receptors express specificity for 

only one antigen peptide. Thus, there is only a small population of T cells that are capable 

of being activated in response to any given pathogen. Naïve T cells in the lymph node 

scan antigen peptides presented by dendritic cells; if a T cell recognizes a given 

peptide/MHC complex, they undergo an activation program that results in the generation 

of effector T cells that can destroy infected cells through both direct and indirect 

mechanisms. Following the clearance of pathogen as a result of the combined actions of 

the innate and adaptive immune responses, a long-lived population of memory T cells 

persists, enabling a quick induction of the adaptive immune response should the organism 

become infected by the same pathogen in the future. 

 While it is important that leukocytes have the inherent ability to carry out their 

individual cellular functions in the immune response, it is equally important that 

leukocytes be able to migrate to the appropriate regions of the body so that they can carry 

out those functions. This is illustrated in the following general model: once innate cells 
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develop, they need to localize to peripheral sites of the body, such as the skin and mucous 

membranes, to ensure that the first line of defense is not compromised. Upon processing 

antigen, dendritic cells must be able to transit to lymphoid tissues in order to allow 

antigen-specific T cells to recognize their surface-bound peptide/MHC complexes. 

Finally, T cells need to be able to traffic to the correct regions of the lymphoid tissues 

such that they can be accessed by APCs and subsequently travel to distant sites of 

infection if necessary. 

 

Leukocytes undergo tightly regulated trafficking patterns 

Chemokines are cytokines that possess chemoattractive qualities and can be 

expressed constitutively by endothelial cells or can become expressed by injured tissue or 

innate cells following the induction of inflammation. The leukocyte chemokine system 

consists of at least 50 different ligands for 18 unique receptors6 and primarily exists to 

promote cell trafficking in a situation-appropriate manner. The well-characterized model 

of T cell migration powerfully demonstrates the importance of specific chemokines to the 

migration process. In the absence of antigen, naive T cells constitutively circulate from 

the blood into lymphoid tissues such as the lymph nodes and spleen7. Naive T cells must 

access these organs because it is there that they encounter antigen and are subsequently 

activated if necessary. Lymph node trafficking is dependent on T cell expression of the 

chemokine receptor CCR78, 9. This receptor binds the chemokines CCL19 and CCL21, 

which are constitutively expressed by cells of the high endothelial venules (HEVs) 

leading into the lymph node and on stromal cells within the lymph nodes10-12.  

 Once T cells are activated by antigen, they exhibit a different trafficking pattern 
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from naive T cells. There are two main types of activated T cells: 1) effector T cells, 

which have been recently activated by antigen and 2) memory T cells, which are long 

lasting, antigen-specific T cells generated by a previous infection. Memory T cells can 

further be divided into central (Tcm) and effector (Tem) memory cells, which differ by 

CCR7 expression as well as functional properties13. Effector T cells and Tem lose CCR7 

expression and thus, are restricted in their ability to traffic to lymphoid tissues13-15. Tcm 

are unique in that they maintain CCR7 expression and therefore, retain the ability to 

traffic to lymphoid tissues16. In contrast to naive T cells, effector T cells and both 

subtypes of memory T cells migrate to non-lymphoid sites, such as the liver and lung15. 

There is a defined group of inflammation-associated chemokines that differentially attract 

activated T cells; increasing evidence suggests that responsiveness of effector T cells to 

specific inflammatory chemokines can determine whether those effector T cells will be 

able to access a particular non-lymphoid site17.  CCL2, CCL3, and CCL5 are examples of 

such classical inflammatory chemokines18. Besides chemokines, proinflammatory lipids 

can be chemoattractants for activated T cells as well. Leukotriene B4 (LTB4) has been 

shown to be a potent and specific chemoattractant for CD8 effector T cells19-21. The 

ability of effector and memory T cells to access non-lymphoid sites allows them to 

migrate to potential infection sites throughout the body where they can carry out their 

role in resolving infection.  

 Similar to T cells, dendritic cells respond to different sets of chemokines that 

correlate with their maturation state and the locations to which they need to traffic. 

Immature dendritic cells respond to the inflammatory chemokines CCL3, CLL5, and 

CCL2022, 23. Intuitively, this makes sense as immature dendritic cells are attracted to sites 
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of inflammation, where they efficiently take up and process antigen. Inflammatory 

signals also provide a maturation signal to immature dendritic cells, which results in 

decreased responsiveness to inflammatory chemokines and increased responsiveness to 

the lymphoid chemokines CCL19 and CCL2122-24. As a result, mature dendritic cells 

migrate to the lymphoid organs, where they can present antigen to the circulating naive T 

cell pool5.  

 

Cellular and molecular mechanisms of leukocyte chemotaxis 

 The process of leukocyte chemotaxis has been described as a “multistep adhesion 

cascade”7. On a cellular level, the process of leukocyte chemotaxis can be divided into 

three stages: leukocyte tethering to endothelium/rolling, chemokine receptor activation, 

firm adhesion and transendothelial migration. Specific cell surface-expressed adhesion 

molecules have been implicated in each step of this process. Members of the selectin 

family, L-, P- and E-selectin, mediate initial tethering of the leukocyte to the endothelial 

wall25, 26; these transient, highly tensile bonds slow the movement of leukocytes in the 

blood flow and facilitate rolling along the endothelium. As leukocytes roll, chemokine 

receptors are exposed to endothelial-expressed proteins and should their chemokine 

ligands be present, a receptor-ligand interaction may commence. One result of chemokine 

receptor activation is the activation of members of the integrin family of cell surface 

adhesion molecules. The activation of αLβ2 integrin, LFA-1, occurs downstream of 

CCR7 and other T cell-expressed chemokine receptors and thus is an important event in 

T cell migration27. Changes to integrin conformation that result in enhanced adhesiveness 

can involve increased affinity of the receptor for its ligand, ICAM-1 or global changes of 
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LFA-1 molecules from a dispersed to clustered localization on the cell surface28. 

Activated integrins create strong, stable bonds with their ligands, which can halt 

leukocyte movement and facilitate transendothelial migration into lymphoid organs or 

infected tissues. Chemokine-induced signaling also results in actin cytoskeletal changes 

in the cell morphology such that the chemotaxing cell takes on a polarized shape. The 

leading edge of the cell harbors lamellipodia, which are cytoplasmic extensions that 

“pull” the cell in the direction of an increasing chemokine gradient while the posterior 

end of the cell is responsible for detaching from the adhesive substrate to facilitate the 

forward motion of the cell. Thus, efficient directional movement of leukocytes is 

critically dependent on the ability of these cells to 1) be able to detect minute gradients of 

chemokines and 2) respond to those chemokines with a finely coordinated series of 

adhesion and de-adhesion events.  

 

Phosphoinositide 3-kinases and chemotaxis 

 The phosphoinositide 3-kinase (PI3-K) family of enzymatic proteins plays a wide 

variety of roles in the immune system by way of catalyzing the conversion of the plasma 

membrane-bound phospholipid phosphatidylinositol-(4,5)-biphosphate (PIP2) to 

phosphatidylinositol-(3,4,5)-triphosphate (PIP3) following cell stimulation. This is an 

important molecular event in that many intracellular proteins contain a pleckstrin 

homology (PH) domain that selectively binds PIP3; in the presence of PIP3, these PH 

domain-containing proteins localize to the plasma membrane where they are activated 

and induce their associated downstream pathways. One of the best characterized 

downstream effector proteins of the PI3-Ks is the serine/threonine kinase Akt29, which is 
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phosphorylated at threonine 308 and serine 473 via PI3-K activated PIP3-dependent 

kinase 1 (PDK1) and integrin linked kinase (ILK), respectively30, 31. Given the prevalence 

of different PH domain-containing proteins within leukocytes, it is intuitive that PI3-K 

would be important in a variety of cellular activities. Accordingly, PI3-K activity has 

been shown to be involved in the function of many different leukocyte subsets32 and 

dysregulated PI3-K signaling has been linked to the disease progression in multiple 

systems33, 34. 

 The four mammalian Class I PI3-K isoforms, which can be further divided into 

Class IA and IB, are activated as a result of stimulation of cell surface receptors. Both 

Class IA (α, β, and δ) and IB (γ) isoforms consist of a p110 catalytic subunit, but the two 

groups differ in the identity of their regulatory subunit. Class I isoforms bind to the p85, 

p55 or p50 subunits, while the class IB isoform binds the p101 or p84 regulatory 

subunits35-37. The functional significance of the difference in regulatory subunits is 

unknown, but work to elucidate the domain structure of p101 reveals that this subunit is 

substantially different from the others38. Until recently, it was generally believed that 

Class IA and IB isoforms differed in the manner in which they become activated. Class 

IA isoforms have been traditionally associated with tyrosine kinase receptor signaling, 

such as that which occurs as a result of stimulation of cytokine receptors or the T cell 

receptor (TCR). In some systems, class IA isoforms have been shown to be activated 

downstream of G protein coupled receptors (GPCRs), such as chemokine receptors39-41, 

as well. Since its discovery, the class IB isoform p110γ has been thought to be activated 

exclusively downstream of GPCRs42, 43, however, one group recently presented evidence 
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that p110γ activity does occur downstream of the TCR44. It was the initial belief that 

p110γ is activated solely downstream of GPCRs and its largely leukocyte-specific 

expression that led multiple investigators to hypothesize that the p110γ isoform plays a 

unique regulatory role in leukocyte chemotaxis. 

 

p110γ  mediates the migration of multiple leukocyte subsets 

 To investigate the idea that p110γ regulates specific cellular processes, three 

independent research groups created genetically-engineered mice lacking functional 

p110γ (p110γ-/-)45-47. On a genetic level, these models differ in the location and size of 

the targeted deletion in the sequence of p110γ, which could account for some of the slight 

phenotypic differences between the models. Nevertheless, studies using each of the three 

mouse models demonstrated a dramatic defect in the ability of p110γ-/- neutrophils and 

macrophages to respond to chemotactic stimuli such as fMLP, C5a, and CCL545-47. In 

vivo, these defects were significant in that p110γ-/- neutrophils and macrophages were 

largely unable to traffic to sites of inflammation caused by various means such as casein, 

Escherichia coli, Listeria monocytogenes (LM), and IL-8. Depending on the model 

system, p110γ-/- neutrophils and macrophages show varying degrees of defective 

migration, but there is certainly a p110γ-/- independent component to this process as none 

of the systems indicate complete abrogation of migration in the absence of p110γ. More 

recent analyses of p110γ function has revealed a critical role for this isoform in the 

migration of other innate cell subsets, NK cells, which respond chemotactically to 

inflammation-associated chemokines, and dendritic cells, which can respond to both 
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constitutively expressed and inflammatory chemokines depending on the maturation state 

of the DC population48, 49.  

 One of the initial studies of p110γ-/- T cells suggested that this isoform might be 

important in the process of T cell migration in vivo; this group demonstrated that p110γ-/- 

mice exhibit reduced cellular influx in response to intraperitoneal administration of 

lymphocytic choriomeningitis virus (LCMV)47. Though this study did not specifically 

quantitate the cell subsets that migrated to the site of LCMV-induced inflammation, it is 

known that CD8 and CD4 T cells mediate the early and late phases, respectively, of the 

immune response to LCMV50. Since then, two groups have reported a minimal effect of 

p110γ inhibition on naïve T cell migration in response to constitutively expressed 

chemokines and in the process of recirculation to secondary lymphoid organs51, 52. 

 

p110γ  and T cell activation  

 A final piece of important data from the initial studies of p110γ-/- mice revealed 

that p110γ may be an important contributor to the T cell activation process. In one 

system, p110γ-/- T cells exhibited defective proliferation responses and a reduced ability 

to produce cytokines following stimulation of the TCR47. As p110γ is thought to 

primarily operate downstream of GPCRs and not tyrosine kinase receptors such as the 

TCR, this data suggests the involvement of a separate, GPCR-mediated pathway that 

contributes to optimal T cell activation and proliferation. However, the role of general 

PI3-K function in T cell activation and its relative importance in this process has been the 

subject of much debate. A more detailed history of this subject as well as how this topic 
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relates to our research on T cell migration will be discussed in further detail in chapter 

three.  

 

Experimental questions and significance 

The experiments outlined in the subsequent chapters were designed with the goal 

of eludicating a more thorough understanding of the role that p110γ plays in mediating 

critical T cell functions, namely migration, but also T cell activation, proliferation and 

effector differentiation. The initial evidence provided by studies of mice lacking 

functional p110γ did not present compelling evidence that a naive T cell migration defect 

would be present in the absence of p110γ. p110γ-/- SLOs contain similar numbers of 

naïve T cells compared to WT SLOs, suggesting that p110γ-/- T cells can respond 

chemotactically to constitutively expressed chemokines and traffic efficiently in vivo47. 

Based on preliminary findings using a LCMV infection model and the fact that most 

p110γ-/- cells that exhibit defective migration are those cell subsets that respond to 

inflammation-associated chemokines, we hypothesized that any role that p110γ might 

play in mediating T cell migration might be most prominent when considering the 

migration capacity of activated, effector T cells. Furthermore, in order to the address the 

issue of whether p110γ regulates chemokine signaling specifically downstream of 

constitutively expressed chemokine receptors, inflammatory chemokine receptors or 

both, we speculated that studying the migration capacity of p110γ-/- central memory T 

cells, which respond chemotactically to both groups of chemokines, could be informative. 

We explore these questions in detail on chapter two. 
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Earlier studies have suggested that p110γ functions in the activation of T cells, 

which if true, could complicate the interpretation of our migration studies with effector 

and memory T cell subsets. Theoretically, if p110γ-/- T cells were suboptimally activated, 

they could exhibit defects ranging from deficient upregulation of inflammation-

associated chemokine receptors to a reduced ability to proliferate in response to TCR 

stimulation. Both of these scenarios could confound our conclusions of a p110γ-/- T cell 

migration defect, in that they could both explain why we might observe less migration of 

p110γ-/- T cells without there being actual impairment in the inherent process of T cell 

migration. In order to address this important concern, we employed a variety of in vitro 

and in vivo methods of T cell activation to definitively determine whether the T cells in 

our p110γ-/- mouse model exhibited any signs of activation, proliferation or 

differentiation defects. In doing so, we came to the hypothesis that defects in the function 

or quantity of p110γ-/- antigen presenting cell populations could ultimately influence the 

magnitude of the T cell response in a p110γ-deficient environment. The results of these 

studies are discussed in chapter three.  

Finally, given the importance of the coordinated actions of the innate and adaptive 

immune responses in the global response to pathogen, we hypothesized that the p110γ-/- 

mouse would be unable to mount an effective immune response based on the defective 

migration observed in a variety of p110γ-/- leukocyte subsets. In chapter four, we 

investigate the ability of p110γ-/- T cells to respond to a physiologic pathogen by means 

of assessing activation phenotype, proliferation, migration and differentiation in effector 

T cells with cytotoxic potential. Furthermore, we assess the effect of the p110γ-/- 
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leukocyte migration defect in a tumor model, a system in which we hypothesized that the 

p110γ-/- migration deficiencies might lead to the inhibition of tumor growth and 

metastasis due to impaired leukocyte infiltration into the tumor site. 

The ability of the immune system to mount an inflammatory response against 

pathogens is critical to maintaining the health of an organism. However, when this 

response endures inappropriately, there is significant risk of irreparable bodily damage. 

As it has been shown that the absence of p110γ leads to reduced accumulation of 

leukocytes toward sites of inflammation, much interest has been generated in 

pharmaceutically targeting specific molecular regulators of this specific isoform in order 

to treat diseases involving uncontrolled inflammation53. Our attempt to characterize the 

role of p110γ in T cell migration, activation and the immune response can further this 

goal in that it provides specific mechanisms by which p110γ inhibition could control a 

persistent inflammatory response. We believe that the information generated from our 

studies lend support to the idea that p110γ inhibition has great promise as an effective 

treatment for T cell-mediated inflammatory diseases, but the global effects that p110γ has 

on the immune system as a whole is a concept that must be taken into careful 

consideration. 
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CHAPTER 2: THE REQUIREMENT FOR PI3Kγ  IN T CELL MIGRATION 

DEPENDS ON T CELL SUBSET AND DIFFERENTIATION STATE 
 

Introduction 

The directed migration of T cells both in a constitutive environment as well as in 

the presence of inflammation is critical to the induction of an appropriate immune 

response54. Chemoattractants, such as chemokines, play an important role in the process 

of T cell localization to specific tissues in a situation-appropriate manner; differences in 

temporal and spatial expression of chemokines correlate with the various stages of the T 

cell immune response. In the absence of inflammation, naive T cells constitutively 

circulate from the blood into secondary lymphoid organs (SLOs) such as the lymph nodes 

and spleen. Naïve T cells must access the lymphoid organs because it is there that they 

encounter antigen and subsequently become activated. Lymph node trafficking depends 

on T cell expression of L-selectin (CD62L)25 and the chemokine receptor CCR7, which 

binds the constitutively expressed chemokines CCL19 and CCL218, 9. Signaling through 

CCR7 results in the activation of the β2 integrin LFA-1, which mediates the adhesion of 

T cells to the endothelium through which they must traverse to enter the lymph nodes27. 

Upon activation, naïve T cells differentiate into effector T cells, which display 

distinctly different patterns of trafficking than naïve T cells. Effector T cells lose CD62L 

and CCR7 expression and thus, are restricted in their ability to undertake further 

migration to lymphoid organs14. There is a distinct group of chemokines that 

differentially attract effector T cells, as the receptors for these “inflammatory” 

chemokines are expressed only following T cell activation55. As a result, effector T cells 
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are capable of migrating to non-lymphoid sites, such as the liver and lung15. Long-lived 

memory T cells that are generated as a result of a primary immune response can also be 

subdivided according to their trafficking patterns. Central (Tcm) memory T cells express 

CCR7 and CD62L, thus allowing them to respond chemotactically to both constitutive 

and inflammatory chemokines and access lymphoid organs as well as peripheral tissues. 

In contrast, effector (Tem) memory T cells are more similar to effector T cells in that 

they lose surface expression of both CCR7 and CD62L and migrate to peripheral sites. 

The ability of effector and memory T cells to access non-lymphoid sites allows them to 

migrate to inflamed sites throughout the body where they can carry out their role in 

resolving infection and disease.  

In recent years, much effort has gone into attempting to elucidate the molecular 

signaling pathways that regulate the intricately coordinated patterns of T cell trafficking. 

One particular protein that is of particular interest in this area of research is the Class IB 

PI3-K isoform p110γ. p110γ is unique from the class IA PI3-K isoforms, p110α, p110β 

and p110δ in that it is mainly activated as a result of G protein coupled receptor (GPCR) 

signals, such as those delivered by chemokines42, 43. When this is considered together 

with the fact that its expression is largely restricted to leukocytes, the idea that this 

particular isoform may play a unique role in regulating the chemotactic response of T 

cells is intriguing. The goal of our research was to determine what specific role p110γ 

might play in mediating the migration of naïve, effector and memory T cells. 

Recent studies have assigned a minimal role to p110γ in the constitutive 

trafficking of naïve T cells, demonstrating a larger role for the protein DOCK251, 52. 
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However, effector T cells selectively respond to inflammatory chemoattractants and it has 

been previously observed that other p110γ deficient leukocytes, such as macrophages and 

neutrophils, display defective migration in response to inflammatory stimuli both in vitro 

and in vivo. In addition, the development of a p110γ specific inhibitor (AS605240) has 

further demonstrated the importance of this protein in vivo, specifically, in mouse disease 

models of systemic lupus erythematosis (SLE) and rheumatoid arthritis. These studies 

revealed that p110γ inhibition resulted in reduction in the increased number of leukocytes 

present in SLE-afflicted MRL-lpr mice that contributed to sustained inflammation and 

tissue damage; as a result, these mice could recover from disease even if AS605240 

treatment was started after the onset of symptoms56. In the mouse model of collagen-

induced arthritis, treatment with AS605240 resulted in the reduction of swelling and less 

severe cartilage erosion, as a result of reduced infiltration of autoreactive leukocytes57. 

With the support of these studies, we speculated that the effect of p110γ deficiency on 

effector and memory T cell migration might be more dramatic than the relatively minor 

effect that it has on constitutive T cell migration.  

Using mice that lack functional p110γ46, we performed studies that support 

previous reports that p110γ plays a minor role in constitutive CD4 and CD8 T cell 

migration. Instead, we find that p110δ is the major PI3K isoform involved in constitutive 

T cell migration at least, in vitro.  These studies also revealed that CD4, but not CD8 T 

cells, require the combined activity of p110γ and p110δ to achieve maximal migration in 

response to CCL21.   Furthermore, as previous reports had suggested, we do not see any 

difference in the ability of p110γ to mediate migration to the two different CCR7 ligands 
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in vitro. In contrast to the minimal effect p110γ has on constitutive T cell migration, we 

demonstrate here that p110γ is an important mediator of the efficient migration of CD8 

effector T cells to a site of inflammation and present evidence that p110γ may be 

involved in memory T cell migration as well. 

 

Materials and Methods 

Mice 

p110γ-/- mice were provided by Dr. C. Abrams (University of Pennsylvania, 

Philadelphia, PA)46. These mice were then highly backcrossed (=10 generations) to the 

C57BL/6 background. C57BL/6 and CD45.1 (B6.SJL) mice were purchased from 

Taconic (Germantown, NY). p110γ-/- mice were bred with CD45.1 mice to generate 

CD45.1 p110γ-/- mice. Thy1.1 mice (B6.PL-Thy1a/CyJ) were purchased from The 

Jackson Laboratory (Bar Harbor, ME). p110γ-/- mice were bred with Thy1.1 mice to 

generate Thy1.1 p110γ-/- mice. p110γ-/- mice were bred with OT-I mice provided by Dr. 

K. Hogquist (University of Minnesota, Minneapolis, MN) to generate p110γ-/- OT-I 

mice, which have a Class I-restricted transgenic TCR specific for the OVA peptide 

SIINFEKL58. Mice were used between 8 and 12 weeks of age. All experimental protocols 

involving the use of mice were approved by the Institutional Animal Care and Use 

Committee at the University of Minnesota. 

 

Reagents 

CCR7 expression was assessed using CCL19-Fc, biotinylated anti-human IgG Fc gamma 
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fragment-specific antibody and APC-conjugated streptavidin (eBioscience, San Diego, 

CA). General PI3-K activity was inhibited with wortmannin (Sigma-Aldrich, St. Louis, 

MO). p110δ was inhibited with IC87114 (ICOS Corp., Bothell, WA). GPCR signaling 

was inhibited with pertussis toxin (Calbiochem, San Diego, CA). All additional directly 

conjugated antibodies were purchased from eBioscience or BD Pharmingen (San Jose, 

CA). 

 

Viruses and viral infection 

The Western Reserve strain of vaccinia virus (VV-WR) was provided by Dr. M. Bevan 

(University of Washington, Seattle, WA). Recombinant VV-GFP-JAW-OVA (VV-OVA) 

was provided by Dr. J. Yewdell (National Institutes for Health, Bethesda, MD). This 

virus expresses the OVA257-264 epitope fused C-terminally to GFP and the transmembrane 

region of JAW-1. Mice were infected intraperitoneally with viral doses of 2 x 106 or 5 x 

106 plaque forming units (PFU) as indicated. Viral titers were determined by plaque assay 

with 143B cells.   

 

In vitro chemotaxis assays 

Chemotaxis assays were performed in transwell chambers with 5 µm polycarbonate 

membranes (Costar, Cambridge, MA). Recombinant mouse CCL19 or CCL21 (R&D 

Systems, Minneapolis, MN) was diluted to the appropriate concentrations in migration 

medium (RPMI1640 supplemented with 1% BSA, 10 mM HEPES, 

penicillin/streptomycin, and L-glutamine) and added to the lower chamber of the 
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transwells. The membranes were placed on top, and 1-2 x 106 wild type or p110γ-/- lymph 

node cells were loaded into the upper chamber in migration medium. The cells were 

allowed to migrate for 2 hrs at 37°C in 5% CO2, and migrated cells were collected, 

pelleted and resuspended in 200 µl of ice-cold FACS buffer (HBSS supplemented with 

0.1% bovine calf serum and 0.2% sodium azide). Cells were stained with anti-CD3 and 

anti-CD8 antibodies and a fixed number of PKH26 reference beads (Sigma-Aldrich, St. 

Louis, MO) was added to samples, which were then analyzed by flow cytometry. p110δ 

was inhibited by adding 0.5 mM IC87114 to migration media for the duration of the 

assay. PI3-K activity was inhibited with the addition of 100 nM wortmannin to migration 

media for the duration for the assay. 

 

In vivo migration of naïve T cells 

Naïve T cell migration in vivo was assessed as previously described59. Briefly, peripheral 

lymph node cells from WT and p110γ-/- mice were stained with 0.4 uM CellTracker 

Green CMFDA (Invitrogen, Carlsbad, CA), combined at a ratio of 1:1 (3 x 106 cells of 

each genotype) and injected intravenously into B6 recipients. Recipient peripheral lymph 

nodes and spleen were harvested one hour post-cell injection. Donor cells were identified 

by CellTracker staining, while WT and p110γ-/- T cells were distinguished within an 

individual recipient by Thy1.1/1.2 expression. GPCR signaling was blocked by 

pretreating cells with 1 µg/mL pertussis toxin for 30 minutes at 37C. PI3-K activity was 

inhibited by pretreating cells with 100 nM wortmannin for 30 minutes at room 

temperature.  
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In vivo migration of effector T cells 

CD8+ CD45.1+ effector cells were generated by intravenously injecting C57BL/6 

recipients with 5 x 105 WT or p110γ-/- OT-I cells and infecting the recipients with 5 x 106 

PFU VV-OVA one day later. On day 6 post-infection, effectors were harvested from the 

spleen, rested for 5 hours, labeled with CellTracker Green CMFDA and injected into 

secondary recipients that had been injected with 5 x 106 PFU VV-WR two days prior. 18 

hours after the cell transfer, secondary recipients were sacrificed and peritoneal cells and 

spleens were harvested. Flow cytometry was used to assess the ratio of p110γ-/- to WT 

cells in each location; donor effector cells were identified by staining with directly 

conjugated anti-CD8 and anti-CD45.1 antibodies and WT and p110γ-/- effector cells 

were distinguished from one another in the same mouse through differential CellTracker 

staining. 

 

In vitro generation of CD8 effector cells 

CD8 effector cells were generated in vitro as previously described60. Briefly, splenocytes 

from WT and p110γ-/- mice were stimulated with 1 µg/mL anti-CD3 for 48 hours, then 

washed and resuspended in media containing 20 ng/mL recombinant mouse IL-2 (R&D 

Systems, Minneapolis, MN). Cells were fed with fresh media containing IL-2 every 48 

hours. Cells were used at days 8-10 of culture.  

 

Akt/ERK phosphorylation by western blotting 
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1 X 106 WT or p110γ-/- effector T cells were incubated for various time points with 10 

nM RANTES or LTB4 at 37oC. Cells were then placed on ice and lysed with an equal 

volume of NP-40 buffer in the presence of the protease inhibitors aprotinin and leupeptin. 

Cells were incubated on ice for 10 minutes, then centrifuged at top speed for 15 minutes. 

Lysates were loaded on a 4-12% NuPage Bis-Tris gel and run and transferred as 

previously described61. Anti-Akt and anti-phospho Akt (Cell Signaling, Danvers, MA) 

were used at 1:2000, anti-ERK and anti-phospho-ERK (Cell Signaling, Danvers, MA) 

were used at 1:5000.   

 

Endogenous T cell response to CFA 

Wild type and p110γ-/- mice were intraperitoneally injected with a 1:1 Complete 

Freund’s adjuvant (CFA)/PBS solution. At various time points post-injection, mice were 

sacrificed and migrated cells were collected via peritoneal lavage with PBS. 

 

Bone marrow harvest and analysis of memory T cell subsets 

Wild type and p110γ-/- mice were sacrificed and bone marrow was collected from the 

tibias and femurs of both hindlimbs. Red blood cells were lysed with ACK buffer and 

remaining cells were run through 70 µm nylon cell strainers (BD Pharmingen). Bone 

marrow cells were counted and analyzed by flow cytometry for the presence of specific 

memory T cell subsets; cells were stained with anti-CD8β, anti-CD44, anti-CD122 mAb 

and the CCL19-Fc fusion protein (followed by anti-Fc mAb). 
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Statistical analysis 

Data was analyzed using the unpaired two-tailed Student’s t test as calculated by Prism 

(Graphpad). Graphs show mean values and error bars represent the standard deviation. 

The p values obtained are indicated in the figures.  

 

Results 

p110γ is dispensable for naïve CD4 and CD8 T cell migration 

Given the established role for p110γ in mediating leukocyte migration45-47, we 

were interested to determine whether p110γ would have a non-redundant role in 

mediating naïve T cell migration. We assessed the T cell populations present in the 

secondary lymphoid organs of unchallenged WT and p110γ-/- mice. Total cell numbers 

of the p110γ-/- lymph nodes were reduced compared to WT, but not significantly (Fig. 

2.1A, upper left panel). This translated into a reduction in both CD4 and CD8 T cells in 

the p110γ-/- lymph nodes, but only the difference in CD4 T cells was significant (Fig. 

2.1A, upper left panel). In the p110γ-/- spleen, both total cell numbers as well as the 

number of CD4 and CD8 T cells was reduced significantly compared to WT (Fig. 2.1B). 

It has been shown that there is a partial defect in p110γ-/- T cell development62, which 

could result in reduced T cell populations in the p110γ-/- lymph nodes and spleen. 

Another explanation for this observation could be that p110γ-/- T cells are impaired in 

their ability to migrate in response to constitutively expressed chemokines, so we 

explored this possibility. The chemokine receptor CCR7 binds the constitutively 

expressed chemokines CCL19 and CCL21 and is known to be critical in naïve T cell 
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migration8, 9. Both WT and p110γ-/- naïve (CD44lo) CD4 and CD8 T cells expressed 

similar levels of CCR7 (Fig. 2.2A). We then assessed the ability of p110γ-/- T cells to 

migrate in response to constitutive chemokines in vitro. Both CD4 and CD8 T cells show 

dose-dependent migration over increasing concentrations of CCL19, with CD8 T cells 

appearing to exhibit a slightly higher peak percentage of migrating cells (30.7% for 

CD8% vs. 23.4 % for CD4) (Fig. 2.2C and D). p110γ deficiency does not impair the 

ability of T cells to migrate in response to CCL19, as p110γ-/- CD4 T cells migrate as 

well as WT CD4 T cells and p110γ-/- CD8 T cells actually migrate better than WT CD8 

T cells in response to this chemokine (Fig 2.2C and D).  

We next tested the ability of p110γ-/- T cells to respond chemotactically to 

CCL21. In general, both CD4 and CD8 T cells are more responsive to CCL21 than 

CCL19, in that the percent of T cells that migrate in response to CCL19 ranges from 10-

40% while the percent of T cells that migrate in response to CCL21 ranges from around 

20-60% (Fig 2.2 vs. Fig. 2.3). We observed no significant differences in the percent of 

p110γ-/- CD8 T cells that were capable of migrating in response to various concentrations 

of CCL21 compared to wild type CD8 T cells (Fig. 2.3A). However, p110γ-/- CD4 T 

cells exhibit a reduced percent of migration in response to all three CCL21 

concentrations, although the difference is only significant at the higher two 

concentrations (100 nM: p<0.001, 200 nM: p<0.05) (Fig 2.3B).  

As a test of the functional relevance of the in vitro migration defect observed in 

the p110γ-/- CD4 T cell subset, we assessed the effect of p110γ inactivation on T cell 

migration in vivo. Lymph node T cells from WT (Thy1.2) and p110γ-/- (Thy1.1) mice 
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were isolated, stained with CellTracker Green, then injected into C57BL/6 (Thy1.2) 

recipients. After one hour, recipients were sacrificed and cell suspensions of the spleen, 

peripheral (PLN) and mesenteric (MLN) lymph nodes were analyzed for the presence of 

donor WT and p110γ-/- CD4 and CD8 T cells. As we would expect given our in vitro 

results, there was a minimal effect on naïve CD8 T cell homing to the lymph nodes in the 

absence of p110γ-/- (Fig. 2.4A).  Despite the p110γ-/- CD4 T cell migration defect that 

we observed in vitro, there was no indication of defective migration of p110γ-/- CD4 T 

cells to the SLOs in vivo (Fig 2.4A). As a positive control for migration inhibition in our 

experimental system, we assessed T cell trafficking to the SLOs when GPCR signaling 

and general PI3-K activity were inhibited separately. As we would predict from the 

literature63-65, T cells that cannot transmit signals through chemokine receptors cannot 

access the lymph nodes (Fig 2.4B, shaded bars). In addition, T cells in which all class I 

PI3-K isoforms are inhibited exhibit a 75% reduction in migration to the lymph nodes 

(Fig 2.4B, white bars). Taken together, this data indicates that while we can observe the 

necessity of GPCR signaling and PI3-K activity for efficient naive T cell migration, 

p110γ is not absolutely required for naïve CD4 or CD8 T cell migration in vitro or in 

vivo. However, naïve CD4 T cells do have a greater dependence on p110γ for migration 

in response to the chemokine CCL21 in vitro, as we observed significant reductions in T 

cell migration in the absence of p110γ. 

 

p110γ and p110δ work synergistically to facilitate naïve T cell migration  

Since p110γ inhibition did not significantly impair the process of naive T cell 
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migration, but we know that class I PI3-K signaling is important, we wanted to 

investigate the role of other class I PI3-K isoforms to determine which isoform is 

responsible for the majority of PI3-K activity downstream of chemokine receptors. Our 

primary research interest was p110δ, as this isoform has been shown to play an important 

role in mediating migration of leukocytes66, 67. We explored the role of p110δ in naïve 

CD4 and CD8 T cell migration in vitro by inhibiting the isoform with IC87114, a small 

molecule inhibitor specific to the p110δ catalytic subunit67. The effect of p110δ 

inhibition on CD8 T cell migration was dramatic; the average percent migration 

decreased by 15.3% at 100 nM CCL21 and 20% at 200 nM CCL21 (Fig. 2.5A). Although 

p110γ inhibition alone did not result in a decrease in CD8 T cell migration, when p110γ 

and p110δ were both inhibited, CD8 T cell migration decreased significantly from that 

observed when p110δ is inhibited alone (7% decrease from p110δ inhibition alone at 100 

nM and 10% decrease from p110δ inhibition alone at 200 nM). Furthermore, the percent 

migration resulting from inhibition of both p110γ and p110δ is comparable to the percent 

migration observed when p110γ-/- cells are treated with wortmannin (Fig. 2.5B), which 

argues that the combined action of p110δ and p110γ comprises the major PI3-K activity 

necessary for naïve CD8 T cell migration. These results suggest that p110δ is the major 

isoform of PI3-K that is required for migration in vitro in response to the CCR7 ligand, 

CCL21 and that p110γ, though not required, plays an additive role in this process. 

The trend that we observed with CD4 T cells was slightly different. As the 

previous figure showed, p110γ deficiency did significantly impair naïve CD4 T cell mig-

ration. p110δ inhibition alone did not reduce migration lower than what was observed 
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with p110γ inhibition alone (Fig. 2.6A, striped bars vs. gray bars). However, when p110γ 

and p110δ were inhibited in combination, there was an additive effect that resulted in a 

significant decrease in migration (Fig 2.6A, black bar). The inhibition in both isoforms 

resulted in a decrease in the percent migration of CD4 T cells that was comparable with 

that observed when all PI3-K isoforms were inhibited (Fig. 2.6B, gray bar vs. striped 

bar), thus it can be concluded that p110γ and p110δ are responsible for mediating the 

majority of PI3-K related signaling as a result of CCL21-mediated migration. In 

summary, only naïve CD4 T cell migration is significantly impacted in the absence of 

p110γ alone. p110γ and p110δ appear to play an equal role in mediating optimal CD4 T 

cell migration to constitutive signals. In contrast, p110γ plays a minimal role in CD8 T 

cell migration, but p110δ is the major PI3-K isoform that mediates that process. 

 

p110γ-/- CD8 effector T cells exhibit defective migration in two peritonitis models 

Despite the minor role that p110γ plays in naïve T cell migration, we wanted to 

examine the effect of p110γ inhibition on CD8 effector T cell migration. p110γ was 

previously characterized as a major mediator of the migration of  a number of innate cell 

subsets45-47 in response to chemokines that are associated with the inflammatory response 

and to which effector, but not naïve,  T cells can respond chemotactically. Therefore, we 

hypothesized that p110γ might be preferentially involved with signaling downstream of 

inflammatory chemokine receptors, explaining why we would not observe a major effect 

on naïve T cell migration but could still see dramatic results of p110γ inhibition on CD8 

effector T cell migration. To examine this idea, we employed two different models of 
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peritonitis to directly assess the effector T cell migration response to inflammation in 

vivo. In our first in vivo peritonitis model, inflammation was induced by the 

intraperitoneal injection of a 1:1 CFA/PBS mixture into WT or p110γ-/- recipients after 

which, the cellular influx into the peritoneum was tracked for 3 days. In this model, 

injection of CFA in this manner resulted in an increase in peritoneal T cells starting at 

day 1 and continuing through day 3 (Fig. 2.7A and 2.7B). By day 3, there were more 

CD4 T cells in the peritoneum than CD8 T cells, but the constitutive population of 

peritoneal CD4 T cells was higher than CD8 T cells, so the CD8 T cell fold expansion 

was actually larger. The impact on the p110γ-/- T cell response was dramatic, particularly 

in the CD8 subset; significantly fewer CD4 and CD8 T cells accumulated in the p110γ-/- 

peritoneum beginning at day 1 for CD8 T cells and day 2 for CD4 T cells. As controls, 

we also tracked the intraperitoneal influx of NK cells and neutrophils (Gr1+ cells), two of 

the leukocyte subsets that have been shown to depend on p110γ for optimal migration48. 

As with T cells, CFA-induced inflammation results in an increase in numbers of both cell 

types. The difference between WT and p110γ-/- NK cells is significant at all time points, 

but there is only a significant difference in WT and p110γ-/- neutrophils at day 3 (Fig. 

2.7C and 2.7D). This model suggests that the influx of p110γ-/- T cells, as well as NK 

cells and neutrophils, in response to inflammation is impaired. Though this data does not 

address any potential difference between WT and p110γ-/- T cell proliferation, this is a 

subject that will be addressed in subsequent chapters. 

The second in vivo peritonitis model was designed to directly compare the 

migratory ability of WT and p110γ-/- CD8 effector T cells within the same inflammatory 
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environment. To do this, we generated WT and p110γ-/- OT-I effector cells in C57BL/6 

recipients by infection with 2 X 106 PFU VV-OVA. On day 6 post-infection, WT and 

p110γ-/- CD8 CD45.1 effector cells were harvested from the spleens of donor mice (Fig. 

2.8A, upper left panel), stained with CellTracker Green (Fig 2.8A, upper right panel) and 

injected into secondary recipients that had been infected with 5 x 106 PFU VV-WR 

intraperitoneally 48 hours prior to the transfer.  Peritoneal and splenic cells were 

collected and analyzed for the presence of labeled cells (Fig 2.8A, bottom panels). 

Compared side by side in the same animal, only about half as many p110γ-/- OT-I 

effector cells traffic to the peritoneum compared with WT OT-I effector cells, whereas 

there is a larger population of p110γ-/- OT-I effector T cells in the spleen than WT, 

suggesting that those effectors that cannot make it to the peritoneum are accumulating in 

the circulation (Fig. 2.8B). Together, the results from these two peritonitis models 

indicate that endogenous p110γ-/- CD8 effector T cells migrate poorly in response to 

inflammation, which is due to an inherent CD8 effector T cell migration defect in the 

absence of p110γ.  

 

p110γ-/- CD8 T cells exhibit defective migration in response to inflammatory 

chemoattractants in vitro 

Given our observation that p110γ-/- CD8 effector T cells migrate poorly in 

response to inflammation, we wanted to try to define whether these cells showed 

migration defects to specific inflammatory signals or to any chemoattractant generally 

associated with the inflammatory response. We generated WT and p110γ-/- CD8 effector 
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T cells in vitro from bulk splenocytes through anti-CD3 stimulation followed by 

sustained exposure to IL-2 as previously reported60. The resulting WT and p110γ-/- cells 

are uniformly CD8+ and CD44hi, however, CD62L expression varied on WT and p110γ-

/- effector cells from culture to culture (Fig. 2.9A). In general, there was a larger CD62Llo 

population in the WT cultures compared to the p110γ-/- cultures. In order to be certain 

that we were comparing similar cell populations, we specifically gated on CD62Lhi and 

CD62Llo cell populations using flow cytometry and considered each population 

separately in the following assays. We tested the migratory ability of p110γ-/- CD8, 

CD62Llo effector T cells both to a classic inflammatory chemokine, CCL5, as well as the 

proinflammatory lipid leukotriene B4 (LTB4), which has been shown to selectively attract 

CD8 effector T cells19. Particularly interesting for our study, previous research has also 

demonstrated the importance of p110γ activity downstream of the LTB4 receptor68. In 

general, CD8 effector T cells were most responsive to LTB4 as compared to CCL5 (11.5 

MI to LTB4 vs. 8.4 MI to CCL5). The migration response for both WT and p110γ-/- CD8 

effector T cells peaked at 10 nM of both LTB4 and CCL5 and declined by 100 nM (Fig 

2.9 and data not shown). Although the defect is more dramatic when considering the 

response to LTB4, p110γ-/- CD8 effector T cells exhibit significantly less migration in 

response to both inflammatory chemoattractants (Fig. 2.9) 

 

p110γ-/- CD8 effector T cells exhibit defects in Akt phosphorylation in response to CCL5 

and LTB4 stimulation 

 Given that phosphorylation of Akt is a biochemical event that occurs as a result of 
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PI3-K activation, we wanted to see whether we could correlate the p110γ-/- CD8 effector 

T cell migration defect with a reduction in Akt phosphorylation following stimulation 

with inflammatory chemoattractants. WT and p110γ-/- CD8 T cells were stimulated with 

10 nM CCL5 or LTB4 for various periods of time up to 10 minutes. Akt phosphorylation 

in WT T cells peaked quickly following the addition of CCL5 or LTB4, with maximum 

phosphorylation occurring generally by 1 minute post-stimulation (Fig 2.10). p110γ-/- 

CD8 effector T cells were capable of undergoing Akt phosphorylation which also peaked 

at 1 minute, however, the degree of phosphorylation was reduced compared to WT. 

Furthermore, while WT CD8 effector T cell Akt phosphorylation remained above basal 

levels at 5 and 10 minutes post-stimulation, p110γ-/- CD8 effector T cells did not exhibit 

any Akt phosphorylation above basal levels at the same time points. Thus, it appears as 

though there is p110γ-independent PI3-K activity downstream of CCR5 and BLT1 that 

allows for some Akt phosphorylation to occur in p110γ-/- CD8 effector T cells, but that 

p110γ is necessary for optimal induction and sustenance of Akt phosphorylation 

downstream of these receptors. Conversely, ERK phosphorylation was not significantly 

affected in the absence of p110γ (Fig. 2.10B). 

 

p110γ-/- central memory T cell population is reduced in bone marrow 

It has been reported previously that the bone marrow is a reservoir for CD8 Tcm 

cells and that following antigen challenge, Tcm actively migrate to this site as well69. We 

wanted to compare the WT and p110γ-/- Tcm populations in the bone marrow as a 

preliminary investigation into whether p110γ-/- Tcm display migration defects. Bone 
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marrow was harvested from WT and p110γ-/- recipients and CD8β+ cells were analyzed 

for CD122, CD44 and CCR7 expression (Fig. 2.11A) by flow cytometry. Both WT and 

p110γ-/- bone marrow contained populations of cells that expressed all three markers 

highly, which is the hallmark staining of Tcm. However, there were fewer memory T 

cells in general in the p110γ-/- bone marrow both by percent and by absolute number (Fig 

2.11B) and the absolute number of p110γ-/- Tcm was significantly reduced as well. Thus, 

this data suggests that there may be differences in the ability of WT and p110γ-/- T cells 

to migrate to or be retained in the bone marrow in a non-inflamed environment. 

 

Discussion 

Our studies on the role of p110γ on T cell migration have indicated that even in 

the absence of functional p110γ, naïve CD4 and CD8 T cells can respond chemotactically 

to the CCR7 ligands CCL19 and CCL21 and home to secondary lymphoid organs in vivo 

with minimal impairment. This is in agreement with results published by Nombela-

Arrieta and colleagues in which they find that DOCK2 is a critical mediator of T cell 

migration under non-inflammatory conditions, while p110γ only plays a minor role52. 

Similarly, Reif and colleagues reported that there is no significant effect of p110γ 

inhibition on CD4 and CD8 T cell migration to CCL21 in vitro51. This group, however, 

did see significantly lower migration in response to CCL19 with p110γ-/- T cells. Our 

studies do not reveal a similar migration defect and in fact, suggest that p110γ-/- CD8 T 

cells can actually migrate better than WT T cells in response to CCL19. The major 

difference between our in vitro migration studies and those done by Reif et al. is that they 
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test the migration of splenic p110γ-/- T cells while we use peripheral lymph node T cells 

for our assays. Thus, we cannot completely rule out the possibility that the CD8 T cell 

populations in the two studies are not exactly the same; given that the spleen does not 

have the same strict chemokine-dependent requirement for entry, the p110γ-/- splenic 

CD8 population may contain more T cells that are not capable of accessing the lymph 

node due to poor responsiveness to CCR7 ligands. Still, the general consensus between 

our two studies stands that naïve T cell migration is largely p110γ independent. 

As there are numerous reports that argue that PI3-K activity is important in the T 

cell migration process70 and we and others have found that p110γ is not required, it 

became of interest to examine what other PI3-K isoform could be involved in T cell 

migration. We chose to examine the role of the p110δ isoform in particular because 

similar to p110γ, the expression pattern of p110δ is thought to be largely leukocyte-

specific71, 72 and previous data has demonstrated the role of p110δ in mediating the 

migration of neutrophils66, 67. Our results from studies using the p110δ specific inhibitor 

IC87114 in vitro suggest that in CD8 T cells, p110δ is the major mediator of migration. 

In contrast, in CD4 T cells, p110δ and p110γ play a combinatorial role in regulating naïve 

T cell migration. Inhibition of both isoforms separately results in only a partial reduction 

of migration, suggesting that each of the two isoforms can compensate for the other’s 

absence. However, when p110γ and p110δ are inhibited together, there is a significant 

reduction in migration that is similar to that observed when all PI3-K isoforms are 

inhibited. Thus, although the relative contribution of p110γ and p110δ is different 

depending on which naïve T cell subset is being studied, our data suggests that these two 
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isoforms comprise the whole of the PI3-K activity downstream of CCR7. These results 

add to the increasing body of evidence that the coordinated actions of p110δ and p110γ 

are critical to optimal leukocyte migration and other chemokine-mediated cellular 

events66, 73-76.  

  Despite our initial results that indicated a non-essential role for p110γ in naïve 

CD8 T cell trafficking, we theorized that as the p110γ-/- innate cells that have been 

shown to exhibit migration defects respond primarily to chemokines that are associated 

with the T cell inflammatory response, it would be worthwhile to investigate if p110γ 

plays a more important role in mediating the CD8 effector T cell response to 

inflammation. Furthermore, as memory T cell subsets are capable of migrating in 

response to inflammatory signals as well, we were interested in studying this population 

also. We first assessed the ability of p110γ-/- T cells to accumulate in response to CFA-

induced inflammation. Both CD4 and CD8 T cell numbers in the p110γ-/- peritoneum 

were significantly reduced. This data, on its own, could be indicative of a few other 

possibilities besides an inherent T cell migration defect. First, p110γ-/- T cells could have 

a proliferation defect; with a smaller pool of effector T cells available to migrate to the 

peritoneum, this could manifest itself in a smaller T cell population in the peritoneum 

responding to inflammation. We explore this possibility in more detail in chapters two 

and three. The second possibility is that the p110γ-/- environment could be insufficient 

for promoting optimal T cell proliferation, given the numerous defects in innate cells. To 

eliminate the host environment as a potential variable, we tested the migration capacity of 

p110γ-/- CD8 effector cells side by side with WT CD8 effector T cells both in vitro and 
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in vivo in WT hosts. In this series of experiments, it is clear that p110γ-/- CD8 effector T 

cells cannot access the inflamed WT peritoneum as well as WT CD8 effectors can, which 

can be at least partially accounted for by the fact that in vitro-generated, p110γ-/- CD8 T 

cells exhibit significantly impaired migration in response to two different 

chemoattractants, CCL5 and LTB4. Not surprisingly, p110γ-/- CD8 effector T cells also 

exhibited less Akt phosphorylation in response to both chemoattractants.  As the in vitro 

generated cells did not appear to have an activation defect in the absence of p110γ, the 

likely implication of this is that in vivo, p110γ-/- CD8 effector T cells have an impaired 

ability to respond chemotactically to the variety of chemoattractants that are produced in 

response to vaccinia virus infection due to impaired signaling downstream of p110γ. 

Taken together, our data suggests the importance of p110γ to CD8 T cell 

migration varies depending on what T cell subset is being examined, be it naïve or 

activated effector T cells. This presents two possibilities to describe the role of p110γ in 

this process. First, it is possible that p110γ preferentially couples with inflammatory 

chemokine receptors; since CD8 effector T cells respond to inflammatory chemokines 

and naïve T cells do not, only CD8 effector T cell migration will exhibit impairment in 

the absence of p110γ. The idea that PI3K isoforms can be preferentially involved with 

specific receptors of a certain class, but not others, is supported by evidence that the class 

IA PI3K isoforms α and β exhibit differential patterns of coupling to specific tyrosine 

kinase receptors77, but the mechanism by which PI3K isoforms may do this has not been 

elucidated. One possibility for how p110γ could selectively couple to inflammatory 

chemokine receptor might be revealed in the fact that p110γ, long thought to only bind to 
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the p101 regulatory subunit, also binds a novel regulatory subunit, p8436. Protein 

sequencing has revealed that there is only about 30% homology between the two 

regulatory subunits. As p101 binding to the Gβγ subunit of G protein38 is known to be 

critical for p110γ activity, this raises the intriguing possibility that the two regulatory 

subunits could differentially interact with G protein and thus maintain selectivity for 

certain chemokine receptors.  

We attempted to address this question directly by studying the migratory 

capabilities of p110γ-/- Tcm cells. This subset of memory T cells maintains the ability to 

respond chemotactically to constitutively expressed chemokines and gains the ability to 

respond to inflammatory signals as well13. If our hypothesis that p110γ controls the 

chemotactic response to inflammatory chemokines but not constitutive chemokines were 

true, we would expect that there would be no difference in the ability of p110γ-/- T cells 

to migrate in response to CCL21, but that the migration of p110γ-/- Tcm in response to 

CCL5 would be significantly impaired. We generated Tcm using anti-CD3 stimulation 

and sustained culture with IL-15, culture conditions that have been reported to generate 

Tcm-like cells60. We chose this approach largely for the advantage that it would provide 

in generating a large number of cells that were phenotypically similar. These Tcm 

migrated in response to CCL5 at similar levels to WT cells, however, in our experiments 

we could not detect appreciable migration to CCL21 (A.M., unpublished observations). 

As migration in response to CCR7 ligands is characteristic of Tcms and we could not 

observe this, we cannot conclusively report that our CCL5 results are truly representative 

of the endogenous Tcm response. Still, it remained of interest to study this T cell 
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population, so we investigated the effect of p110γ deficiency on the Tcm population in 

the bone marrow, one of the peripheral sites to which Tcm localize. We observed a 

significantly reduced population of Tcm in the p110γ-/- bone marrow, which may be 

suggestive of a role for p110γ to this site. However, it is not entirely clear what 

chemotactic signals drive Tcm to the bone marrow, although evidence suggests that the 

signals involved are Gi independent78. Regardless, as the bone marrow yields an 

appreciable number of endogenous Tcm, it seems technically feasible to harvest WT and 

p110γ-/- Tcm from bone marrow and test their ability to respond to various 

chemoattractants in vitro.     

The second possible model to explain the role of p110γ in T cell migration is that 

rather than being specific to inflammatory chemokine receptors, p110γ mediates 

migration on a cellular basis, in that in certain cell subsets, p110γ controls all migration 

regardless of the identity of the pertinent chemokine receptor. One piece of data to argue 

for this model is the role that p110γ plays in mediating dendritic cell migration. In these 

cells, p110γ is important to both the migration of immature dendritic cells in response to 

inflammatory signals and the influx of mature dendritic cells into the lymph nodes79, 

which is directed by constitutively expressed chemokines22. Interestingly, recent data has 

shown that LTB4 mediated-signaling functions to upregulate CCR7 expression in 

dendritic cells, leading to enhanced migration to constitutive chemokines49, which 

suggests that the distinction between inflammatory chemokines and those that are 

constitutively expressed is not mutually exclusive.  

The one possibility that we can rule out is that the specific role of p110γ in CD8 
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effector T cell migration does not seem to be a simple matter of more p110γ being 

produced upon T cell activation and thus, more readily available to interact with 

inflammatory chemokine receptors. If we measure p110γ expression based on GFP, 

which is under the control of the endogenous p110γ promoter in p110γ-/- mice, in vitro 

generated p110γ-/- CD8 effector T cells do not express more p110γ than naïve p110γ-/- 

CD8 T cells (A.M., unpublished observations). 

In conclusion, we believe that our work supports the validity of the field’s increasing 

interest in using p110γ inhibition as a clinical strategy for treating disease that results 

from an unwanted, persistent inflammation response57, 80. Through elucidating a specific 

role for p110γ in the CD8 effector T cell response, our data argues that this therapeutic 

approach could be used for a more broad range of conditions, specifically including those 

that have been shown to result from CD8 T cell-induced damage, such as graft rejection, 

multiple sclerosis, and type I diabetes81-83. Future work will ultimately be needed in order 

to determine whether a safe and effective therapeutic course of p110γ inhibition can be 

used to successfully ameliorate disease symptoms without inducing a detrimental degree 

of global immunosuppression. 
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Figure 2.1. p110γ-/- mice have reduced populations of lymph node and splenic CD4 
and CD8 T cells. (A) Lymph nodes and (B) spleens were harvested from WT and p110γ-
/- mice. Cells were counted and stained with anti-CD3, anti-CD4 and anti-CD8 mAbs and 
analyzed by flow cytometry. * p<0.05; *** p<0.001. 
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Figure 2.2. p110γ  does not mediate naïve CD4 or CD8 T cell migration in response 
to CCL19. (A) CCR7 expression on naïve CD4 and CD8 T cells was assessed by 
CCL19-Fc binding by flow cytometry.  Histograms represent CCR7 expression on CD3+, 
CD8+, CD44lo cells. Gray shaded = isotype control, black = WT, gray = p110γ-/-. (B) 
WT and p110γ-/- CD8 and (C) CD4 lymph node T cells were analyzed for in vitro 
migration in response to the indicated doses of CCL19 as described in Materials and 
Methods.  Data is compiled from three independent experiments. * p< 0.05; ** p<0.01.  

B C 
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Figure 2.3. p110γ  deficiency does not affect CD8 T cell migration in response to 
CCL21, but does significantly reduce CD4 T cell migration. (A) WT and p110γ-/- 
CD8 and (B) CD4 lymph node T cells were analyzed for in vitro migration in response to 
the indicated doses of CCL21 as described in Materials and Methods.  Data is compiled 
from three independent experiments. * p<0.05; *** p<0.001. 
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Figure 2.4. Naive T cell migration to secondary lymphoid organs requires G protein 
coupled receptor signaling and PI3K activity but does not require p110γ .(A) Lymph 
node cells from WT and p110γ-/- mice were stained with CellTracker Green and 
cotransferred into WT C57BL/6 recipients. The peripheral and mesenteric lymph nodes 
and spleen were harvested one hour after transfer and analyzed by flow cytometry for the 
presence of transferred cells as described in Materials and Methods.  Data is 
representative of four independent experiments. (B) Lymph node T cells from WT and 
p110γ-/- mice were incubated with 1 µg/mL pertussis toxin (PTX) or 100 nM 
wortmannin (WM). The cells were differentially stained with CellTracker Green and 
CellTracker Orange and analyzed as in panel (A). Data is representative of 2-3 
independent experiments. 
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Figure 2.5. p110δ  is the major PI3K isoform that mediates naïve CD8 T cell 
migration in vitro. (A) and (B) CD8 T cell in vitro migration assays were performed as 
in Figures 2.1 and 2.2. p110δ was inhibited by pretreating cells with 5 µM IC87114 for 
30 minutes prior to adding chemokine. IC87114 was added to migration media for the 
duration of the assay also. PI3K activity was inhibited by pretreating cells with 100 nM 
wortmannin prior to adding chemokine. ** p<0.01; *** p<0.001.
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Figure 2.6. p110δ  and p110γ  cooperatively mediate naïve T cell migration in vitro. 
(A) and (B) CD4 T cell in vitro migration assays were performed as in Figures 2.1 and 
2.2. p110δ was inhibited by pretreating cells with 5 µM IC87114 for 30 minutes prior to 
adding chemokine. IC87114 was added to migration media for the duration of the assay 
also. PI3K activity was inhibited by pretreating cells with 100 nM wortmannin prior to 
adding chemokine. *** p<0.001. 
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Figure 2.7. Reduced influx of p110γ-/- T cells in response to CFA-induced 
peritonitis. WT and p110γ-/- mice were injected intraperitoneally with a 1:1 CFA/PBS 
mixture. Peritoneal cells were harvested by lavage at the indicated time points and were 
stained with anti-CD3, anti-CD8, anti-CD4, anti-NK1.1, and anti-Gr1 mAbs for analysis 
by flow cytometry. Data is representative of three independent experiments.  
 
 
 

 

D 
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Figure 2.8. p110γ-/- CD8 effector T cells exhibit defective migration to inflammation 
in vivo. (A) Cellularity of WT and p110γ-/- OT-I transgenic mice. (B) 5 X 105 CD8+ 
CD45.1+ WT and p110γ-/- OT-I cells were adoptively transferred into WT recipients.  
On day 6, WT and p110γ-/- OT-I effectors were harvested from the spleen (upper left), 
differentially labeled with CellTracker (CT) green, mixed 1:1 (upper right), then 
cotransferred into secondary recipients that had been infected with 5 X 106 PFU VV-WR 
48 hours earlier.  Secondary recipients were sacrificed 18 hours after the transfer of OT-I 
T cells and CD8+ CD45.1+ OT-I effector T cells were identified in the spleen and 
peritoneum by flow cytometry (lower panels). (C) Ratio of p110γ-/- to WT OT-I effector 
T cells in the peritoneum (PER) and spleen (SPL).  Results are compiled from three 
independent experiments, n=11.  
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Figure 2.9. p110γ-/- CD8 effector T cells exhibit migration defects in response to 
inflammatory chemoattractants in vitro. (A) Phenotyping of WT and p110γ-/- day 10 
effector T cells from culture. Gray shaded = isotype control, black = WT, light gray 
dashed = p110γ-/-. (B) In vitro migration of CD8 WT and p110γ-/- effector T cells in 
response to10 nM leukotriene B4 (LTB4), CCL5 or CCL21. Migration index equals the 
number of cells migrated to media alone divided by the number of cells migrated to 
chemoattractant.  Results are compiled from five (LTB4) or three (CCL5, CCL21) 
independent experiments.* p<0.05; *** p<0.001. 
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Figure 2.10. Akt phosphorylation is decreased following CCL5 and LTB4 
stimulation of p110γ-/- CD8 effector T cells.  (A) 1 X 106 WT or p110γ-/- CD8 effector 
T cells were stimulated with 10 nM CCL5 for the indicated time. Cell lysates were run on 
4-12% Bis-Tris gels, transferred to membranes and blotted for total Akt and phospho-Akt 
and (B) total ERK and phospho-ERK. Results are representative of 2-3 independent 
experiments.
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Figure 2.11. p110γ-/- mice have smaller CD8 central memory T cell populations in 
the bone marrow. Bone marrow was harvested from WT and p110γ-/- hindlimbs. Cells 
were stained with anti-CD8β, anti-CD44, anti-CD122 mAbs and CCL19-Fc fusion 
protein (for CCR7 expression), then analyzed by flow cytometry. (A) Representative 
FACS plots showing phenotyping of WT and p110γ-/- central memory T cells from the 
bone marrow. (B) Percent (left panel) and total number (right panel) of memory T cell 
population in the WT and p110γ-/- bone marrow. (C) Percent (left panel) and total 
number (right panel) of central memory T cell subset in the WT and p110γ-/- bone 
marrow.  * p<0.05; ** p<0.01. 
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CHAPTER 3: PI3-Kγ  IS NOT REQUIRED FOR INTRINSIC T CELL 
ACTIVATION, BUT MAY INFLUENCE THE T CELL RESPONSE BY 

MEDIATING ANTIGEN PRESENTING CELL TRAFFICKING 
 

Introduction 

  An important first step in the functionality of any given T cell subset is that 

following development, those T cells are able to localize to the appropriate anatomical 

location in which they are needed to carry out their assigned role. In the preceding 

chapter, we presented evidence to suggest that naïve T cell trafficking in response to 

constitutive chemokine signals does not require p110γ. We show that p110γ-/- T cells can 

access the secondary lymphoid organs (SLOs) with minor impairment compared to WT T 

cells and recent data suggests that p110γ does not significantly affect the ability of T cells 

to traffic within the SLOs either84. From these results, we can conclude that p110γ-/- T 

cells can undergo sufficient migration such that they are in the appropriate location to 

interact with antigen-loaded DCs and become activated if necessary. To continue our 

study of p110γ involvement in the T cell response, we next wanted to ask the question of 

whether, when T cells are called upon to respond to antigen, p110γ plays any role in 

mediating the T cell activation response. 

 The generation of an antigen-specific T cell response upon exposure to pathogen 

is an important step of the immune response if resolution of the primary infection and the 

development of long-lived immunity is to occur. Naïve T cells cannot independently 

recognize the presence of pathogen, so they must rely upon antigen presenting cells to 1) 

detect, engulf, and degrade pathogens into short peptides that can be displayed on the cell 

surface in the context of MHC molecules and 2) provide adequate costimulatory signals, 
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the major signal being transmitted as a result of APC-expressed B7 proteins binding T 

cell-expressed CD2885. 

 Phosphoinositide 3-kinases (PI3-Ks) are known to be activated downstream both 

of the T cell receptor (TCR)86 and the costimulatory receptor, CD2887. However, there 

has been some controversy in the field regarding whether PI3-K activity is actually 

necessary for either TCR or CD28 signaling. Studies using the general PI3-K inhibitors, 

wortmannin and LY294002, have suggested a significant role for PI3-K in CD4 T cell 

activation, the generation of functional CD8 cytotoxic T cells, and CD28-mediated 

costimulation88-90. The caveat to these experiments, however, is that these inhibitors have 

been shown to inhibit other important signaling proteins, such as mammalian target of 

rapamycin (mTOR), so it is difficult to conclusively label these processes PI3-K-

dependent. 

  The development of mouse models that lack functional PI3-K class I isoforms 

has proven somewhat more informative on this subject. Several studies have indicated 

that p110δ is an important contributor to the T cell activation response, as p110δ kinase-

inactive T cells exhibit proliferation defects in response to both polyclonal and 

monoclonal TCR stimulation in vitro and displayed reduced clonal expansion and 

effector T cell differentiation in vivo91,92. Somewhat unexpectedly, initial studies of 

p110γ-/- T cells indicated that the p110γ isoform is important in T cell activation as 

well47. Purified T cells lacking p110γ exhibited less proliferation in response to TCR 

stimulation, a defect that could be rescued by activating the CD28 pathway. Furthermore, 
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p110γ-/- T cells produced less IL-2 and IFNγ upon TCR stimulation even when CD28 

costimulation was also provided. 

 p110γ is not directly activated by the TCR or by CD2893, so if the activity of this 

isoform was impacting T cell activation, it would suggest that p110γ was involved in a 

GPCR-mediated signaling pathway that was providing an alternate costimulatory signal. 

Several studies provided initial evidence94-96 that GPCR-mediated signals could provide 

T cell costimulation, but this idea did not gain widespread acceptance until the past 

several years, when three independent groups demonstrated in several different systems 

that chemokine-mediated signals are conducive to optimal T cell activation97-99. In studies 

that used microscopy to analyze the effect of chemokines in interactions between T cells 

and APCs, it was demonstrated that chemokines contribute to a two-step process of T cell 

activation91. First, initial interaction of T cells and APC-bound chemokines results in the 

formation of a transient tethering between the two cells and the transition of the T cell 

into a highly polarized state. Second, subsequent T cell-APC interactions result in the 

release of the tether and the formation of an immunological synapse. These data suggest 

that chemokines not only increase the interaction time between T cells and APCs in order 

to allow for efficient scanning of presented antigens, but also that they promote the 

increased sensitivity of T cells for antigen. Interestingly, recent studies have also 

indicated that higher concentrations of chemokines can actually suppress T cell 

activity100, suggesting that there may be a threshold that determines whether chemokines 

provide a “stop” or “go” signal to proliferating T cells. 
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 In this chapter, we present evidence to suggest that there is no defect in the 

inherent ability of p110γ-/- T cells to proliferate or undergo Akt phopshorylation in 

response to TCR stimulation. Our results suggest that when p110γ-/- T cells must rely 

upon endogenous antigen presenting cells for TCR stimulation and costimulatory signals, 

there is a defect either in quantity or quality of p110γ-/- antigen presenting cells that 

prevents them from optimally stimulating T cells. Closer examination of p110γ-/- 

dendritic cells reveals that these cells are functionally sound, but are present in reduced 

numbers in the secondary lymphoid organs, which does not appear to be the result of a 

developmental defect. In all, we propose that any observed reduction in p110γ-/- T cell 

activation or proliferation is likely due to the role that p110γ plays in mediating antigen 

presenting cell function, specifically, cell migration.    

 

Materials and Methods 

Mice 

p110γ-/- mice were provided by Dr. C. Abrams (University of Pennsylvania, 

Philadelphia, PA)46. These mice were then highly backcrossed (=10 generations) to the 

C57BL/6 background. C57BL/6 and CD45.1 (B6.SJL) mice were purchased from 

Taconic (Germantown, NY). p110γ-/- mice were bred with CD45.1 mice to generate 

CD45.1 p110γ-/- mice. Thy1.1 mice (B6.PL-Thy1a/CyJ) were purchased from The 

Jackson Laboratory (Bar Harbor, ME). p110γ-/- mice were bred with Thy1.1 mice to 

generate Thy1.1 p110γ-/- mice. p110γ-/- mice were bred with OT-I mice provided by Dr. 

K. Hogquist (University of Minnesota, Minneapolis, MN) to generate p110γ-/- OT-I 
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mice, which have a Class I-restricted transgenic TCR specific for the OVA peptide 

SIINFEKL58. Mice were used between 8 and 12 weeks of age. All experimental protocols 

involving the use of mice were approved by the Institutional Animal Care and Use 

Committee at the University of Minnesota. 

 

In vitro activation of naïve T cells 

In stimulation protocol 1, CD8 effector cells were generated in vitro as previously 

described (30). Briefly, splenocytes from WT and p110γ-/- mice were stimulated with 1 

µg/ml anti-CD3 for 48 hours, then washed and resuspended in media containing 20 

ng/mL recombinant mouse IL-2 (R&D Systems, Minneapolis, MN). Cells were fed with 

fresh media containing IL-2 every 48 hours. Cells were used at days 8-10 of culture. In 

stimulation protocol 2, a 96 well plate was coated with 0.1 µg anti-TCR mAbs and 0.02 

µg B7-1 to which purified T cells were added along with 2 U/mL IL-12 and 20 ng/mL 

IL-2. T cells were incubated for 96 hours, then were harvested and counted.    

 

Akt/ERK phosphorylation by western blotting 

4 x 106 WT or p110γ-/- lymph node T cells were incubated for various time points with 

anti-CD3 mAbs at 37oC. Cells were then placed on ice and lysed with an equal volume of 

NP-40 buffer in the presence of the protease inhibitors aprotinin and leupeptin. Cells 

were incubated on ice for 10 minutes, then centrifuged at top speed for 15 minutes. 

Lysates were loaded on a 4-12% NuPage Bis-Tris gel and run and transferred as 

previously described61. Anti-Akt and anti-phospho Akt (Cell Signaling, Danvers, MA) 
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were used at 1:2000, anti-ERK and anti-phospho-ERK (Cell Signaling, Danvers, MA) 

were used at 1:5000.   

 

Thymidine incorporation proliferation assays 

For purified cell proliferation assays, 90 well plates (Costar, Cambridge, MA) were 

precoated with various concentrations of anti-CD3 mAb and B7-1 as indicated. 2 X 105 

WT or p110γ-/- lymph node T cells were added to wells and incubated for 60 hours. For 

bulk splenocyte proliferation assays, 2 X 105 WT or p110γ-/- bulk splenocytes were 

plated in 90 well plates to which various concentrations of anti-CD3 mAb were added. 

Cells were incubated for 60 hours, then were pulsed for 8 hours with [3H]thymidine and 

counted on a beta plate reader. 

 

In vitro OT-I T cell proliferation 

WT OT-I T cells from lymph nodes were purified as previously described101 and were 

labeled with 1.67 µM CFSE. WT and p110γ-/- splenocytes were treated with 400U/mL 

Collagenase D (Roche, Nutley, NJ) for 25 minutes at 37oC, then CD11chi dendritic cells 

were positively selected using the MACS purification system. Dendritic cells were then 

pulsed with 100 nM OVA peptide (SIINFEKL) for one hour. CFSE-labeled OT-I T cells 

and SIINFEKL-pulsed dendritic cells were then combined at the indicated ratios and 

incubated together for 48 hours. T cell proliferation was assessed by flow cytometric 

analysis of CFSE dilution on CD8+Vα2+ OT-I cells. 
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Dendritic cell harvest and phenotyping 

Lymph node cells were harvested from WT and p110γ-/- mice and were incubated with 

400U/mL Collagenase D (Roche, Nutley, NJ) for 25 minutes at 37oC. After incubation, 

cells were washed once in 0.1M EDTA/PBS, then several times with PBS. Cells were 

then stained with anti-CD8α, anti-CD11c, and anti-CD40 mAbs to determine DC subset 

by flow cytometry. 

 

Generation of dendritic cells from bone marrow 

Wild type and p110γ-/- mice were sacrificed and bone marrow was collected from the 

tibias and femurs of both hindlimbs. Red blood cells were lysed with ACK buffer and 

remaining cells were run through 70 µm nylon cell strainers (BD Pharmingen). Bone 

marrow cells were resuspended at 1 X 106 cells/mL in DC media (RPMI, 5% FCS, 20 

µg/ml gentamycin, + 20 µg/ml GM-CSF) and 1 ml of cells was plated in 6 wells of 24 

well plates (Costar, Cambridge, MA). Plates were then incubated at 37oC. Media was 

changed every other day and at day 5-8 post-plating, cells were pooled and plated in 100 

mm Petri dishes for 24-48 hours after which cells were phenotyped with anti-CD11c and 

anti-CD40 mAbs and CCL19-Fc fusion protein for CCR7 expression analysis.  

 

Statistical analysis 

Data was analyzed using the unpaired two-tailed Student’s t test as calculated by Prism 

(Graphpad). Graphs show mean values and error bars represent the standard deviation. 

The p values obtained are indicated in the figures.  



 55 

Results 

Naïve p110γ-/- T cells can be activated normally by TCR stimulation  

 In order to directly assess the ability of naïve p110γ-/- T cells to become activated 

and proliferate in response TCR-mediated stimulation, we employed several different in 

vitro systems. First, we tracked the growth of WT and p110γ-/- T cells in response to 

stimulation with anti-CD3 and IL-2 as described in chapter two.  These cultures were 

split every two days and supplemented with fresh media; therefore, we calculated the 

expansion of cell numbers over time based on the size of the initial cell population 

multiplied by the fold expansion that we observed from one time point to the next. Based 

on these calculations, WT and p110γ-/- T cells undergo a similar degree of proliferation 

(Fig. 3.1A) As noted in figure 2.7, WT and p110γ-/- T cells stimulated in this manner are 

phenotypically similar as well, in that by day 10 of the culture system, both WT and 

p110γ-/- T cells are largely CD44hi and there exists a defined population of CD62Llo 

cells, although in certain experiments, there were fewer p110γ-/- CD62Llo T cells. The 

second system that we employed to test the in vitro expansion of WT and p110γ-/- T cells 

was to incubate purified T cells with plate bound anti-CD3 and anti-CD28 mAbs for 48 

hours, then assess the resulting populations for size and phenotype. In these experiments, 

our results corroborated what we had observed in Fig. 3.1A; both WT and p110γ-/- T 

cells underwent approximately a 2-3 fold expansion in response to this stimuli (Fig 3.1B). 

In addition, WT and p110γ-/- T cells gained similar effector phenotypes, exhibiting 

uniform CD62Llo and CD44hi expression. To demonstrate the presence of intact PI3K 

signaling even in the absence of p110γ-/-, we stimulated lymph node cells with anti-CD3 
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mAbs and then performed Western blotting with the cell lysates to assess Akt 

phosphorylation, an important signaling event that measures the efficiency of PI3K 

activity. In WT cells, Akt phosphorylation is undetectable in unstimulated cells, increases 

by one minute post-TCR stimulation, peaks between 2-5 minutes post-stimulation and is 

declining by 10 minutes post-stimulation. We observe the same pattern in p110γ-/- T 

cells (Fig. 3.2). Taken together, these results indicate that p110γ-/- T cells can be 

activated as well as WT T cells in vitro, and that Akt phosphorylation in response to TCR 

stimulation appears normal. 

 

p110γ-/- T cells do not have an inherent activation defect, however, p110γ-/- T cells 

stimulated with endogenous p110γ-/-  antigen presenting cells display reduced 

proliferation 

 We demonstrated in the previous section that there was no evidence that p110γ-/- 

T cells could not be activated as well as WT T cells in response to both soluble and 

immobilized sources of TCR stimulation. In the next series of experiments, we 

investigate the question of whether the delivery method of TCR stimulation, whether by 

means of endogenous p110γ-/- antigen presenting cells or by immobilized stimulators, 

affects the ability of p110γ-/- T cells to be optimally activated. In the first experimental 

setup, we harvested splenocytes from WT and p110γ-/- mice, incubated them with anti-

CD3 mAbs for 60 hours, then analyzed cell proliferation by thymidine incorporation. In 

this series of experiments, we observed a reduced ability of p110γ-/- T cells to proliferate 

in response to TCR stimulation and costimulation provided by p110γ-/- antigen 
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presenting cells (Fig. 3.3A) This is in contrast to what is observed when p110γ-/- T cells 

are purified and stimulated with plate bound anti-CD3 and recombinant B7-1 protein; 

over a range of doses of stimulation doses, there is no difference between WT and p110γ-

/- T cell proliferation (Fig. 3.3B). All together, this data suggests that p110γ is not critical 

for T cell activation, but may play a role in mediating the function of certain antigen 

presenting cell subsets.  

 

p110γ-/- dendritic cells are functionally sound, but are present in reduced numbers in the 

secondary lymphoid organs  

 Our observation that p110γ-/- T cells only display defects in TCR-mediated 

proliferation when they are stimulated by endogenous antigen presenting cells led us to 

hypothesize that p110γ-/- antigen presenting cells may have a defect in quantity or quality 

such that they cannot effectively activate T cells. As dendritic cells are the major antigen 

presenting cell subset in vivo, we focused our attention on these cells. To test the function 

of p110γ-/- dendritic cells, we purified WT and p110γ-/- splenic CD11chi cells, pulsed 

them with OVA peptide (SIINFEKL) and compared their ability to induce the 

proliferation of CFSE-labeled WT OT-I T cells. After 48 hours of incubation, WT 

dendritic cells induced marked proliferation of OT-I T cells as assessed by CFSE dilution 

profiles (Fig. 3.4, top panel); the number of rounds of T cell proliferation increased as the 

ratio of dendritic cells to T cells was increased. p110γ-/- dendritic cells did not show any 

impairment in their ability to stimulate OT-I T cell proliferation, as they were capable of 
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stimulating OT-I T cells to undergo similar rounds of proliferation as the WT dendritic 

cells (Fig. 3.4, bottom panel).  

 The evidence that p110γ-/- dendritic cells are functionally sound led us to explore 

the possibility that in vivo, p110γ-/- dendritic cell populations resident in the secondary 

lymphoid organs may be limited in number, thus leading to a reduced ability to activate T 

cells. We initially identified dendritic cells on the basis of high CD11c expression (Fig. 

3.5A). In both the peripheral and mesenteric lymph nodes as well as the spleens of p110γ-

/- mice, there was a significant reduction in CD11chi cells compared to WT (Fig 3.5B). It 

has been previously reported that at least three distinct dendritic cell populations can be 

delineated in the secondary lymphoid tissue by means of CD11c, CD40 and CD8α 

expression102, 103. We identified the following dendritic cell populations in our analysis 

(Fig. 3.5C): skin-derived (CD8αint, CD40hi), myeloid (CD8α-, CD40int), and lymphoid 

(CD8α+, CD40int). In the peripheral lymph nodes of p110γ-/- mice, there is a reduction in 

all three subsets of dendritic cells, but the CD8α+ lymphoid subset is most dramatically 

reduced (Fig. 3.5D). In the p110γ-/- mesenteric lymph nodes, skin-derived and myeloid 

dendritic cell populations are similar in size to WT, but again, the CD8α lymphoid subset 

is reduced (Fig. 3.5E). Finally, in the p110γ-/- spleen, of the two dendritic cell subsets 

that are found in this location, only the CD8α- myeloid subset is significantly reduced in 

size (Fig. 3.5F). Together, this data suggests that the dendritic cell populations present in 

the p110γ-/- lymph nodes are generally smaller in size than the corresponding WT 

population. 
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Normal differentiation of p110γ-/- bone marrow cells  

 To explore the possibility that p110γ-/- dendritic cell development is impaired, we 

harvested bone marrow cells from WT and p110γ-/- mice and cultured them in vitro 

under dendritic cell differentiation conditions. Both WT and p110γ-/- bone marrow cells 

expanded and differentiated into CD11chi, CD40+, CCR7- cells (Fig. 3.6, top panel and 

data not shown). The total number of dendritic cells recovered from WT and p110γ-/- 

was similar (data not shown). Upon overnight stimulation with LPS, a maturation signal 

for dendritic cells, both WT and p110γ-/- cells increased their expression of CD11c, 

CD40 and CCR7 (Fig. 3.6, bottom panel and data not shown). By this examination, it 

does not appear that p110γ-/- dendritic cells have a developmental defect, as they can be 

generated as well as WT dendritic cells through in vitro culture and respond normally to 

maturation signals.   

 

Discussion 

 Previous work performed during the initial characterization of the p110γ-/- mouse 

indicated that p110γ-/- T cells have an inherent defect that prevents them from optimally 

proliferating in response to TCR stimulation47. This was a surprising result in that p110γ 

is not activated downstream of the TCR and other class I PI3-K isoforms are activated 

downstream of CD28, the major T cell costimulatory receptor. To explain these results, 

one would have to hypothesize that p110γ was mediating a GPCR-dependent signal that 

was acting to costimulate T cell activation. In an attempt to explore this issue further, we 

employed several different in vitro systems to try and recapitulate this initial phenotype. 
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Contrary to the published data42, we were unable to observe a proliferation defect of 

p110γ-/- T cells stimulated with anti-CD3 or anti-TCR mAbs in vitro. p110γ-/- T cells 

showed similar expansion and activated phenotypes compared to WT T cells stimulated 

in the same manner. Furthermore, Akt signaling downstream of the TCR appeared to 

occur normally in p110γ-/- T cells, confirming the role of other PI3K isoforms in this 

signaling pathway. It is difficult to ascertain the exact reason the results of our study 

differs that by Sasaki et al., but the difference may lie in the two different mouse models 

that our two groups used. Our p110γ-/- mouse is essentially a GFP knock-in model, as 

GFP replaces part of the first exon and the entire second and third exons of the p110γ 

gene46 and renders a dysfunctional protein, whereas Sasaki et al. use a “true” p110γ 

knockout that lacks protein expression altogether. As it is believed that modifying the 

expression of one class I p110 subunit affects the protein expression of the other class I 

isoforms104, it may be impossible to fairly compare our studies without knowing the 

expression levels of the other class I PI3K isoforms.     

 Despite these negative results, we did observe a reduced ability of p110γ-/- T cells 

to proliferate in response to anti-CD3 stimulation when endogenous p110γ-/- antigen 

presenting cells were required for both the TCR and costimulatory signal. This led us to 

believe that rather than there being a T cell-intrinsic proliferation defect, a deficiency in 

either number or function of p110γ-/- antigen presenting cells could be to blame for any 

observed suboptimal T cell activation. Although we did not specifically identify which 

cells acted as the main antigen presenting cells in our experimental setup in Figure 3.3, 

we believe that the most likely candidate is the B cell subset. We have previously 
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observed reduced numbers of p110γ-/- B cells in the secondary lymphoid organs (A.M., 

unpublished data). The likely explanation for this observation is revealed in other studies 

which have shown that p110γ is not required for B cell development42, but that this 

isoform is important in mediating the migration of B cells in response to a variety of 

chemokines45, suggesting that p110γ-/- B cells may not traffic to the secondary lymphoid 

organs as well as WT B cells. We chose to examine the p110γ-/- dendritic cell population 

in further detail, as this is the major antigen presenting cell subset in vivo. Functionally, 

p110γ-/- CD11chi dendritic cells appeared normal; when these cells were purified and 

used to stimulate WT OT-I T cells, they did so with similar efficiency as WT dendritic 

cells. However, there were significantly fewer CD11chi cells present in the p110γ-/- 

secondary lymphoid organs. When individual dendritic cell subsets were considered, we 

observed reductions in all three subsets in the lymph node, but the reduction was 

particularly prominent in the CD8α lymphoid subset. Interestingly, it has been shown 

that this dendritic cell subset is particularly important in stimulating the antiviral 

cytotoxic T cell response in vivo105, 106. Furthermore, we did not observe any gross 

difference in the ability of CD11chi cells to be generated from bone marrow precursors, 

which would suggest that the reduction in dendritic cell numbers that we observe is not 

due to a role for p110γ in dendritic cell development. 

 These results led us to hypothesize that p110γ-/- dendritic cells would display 

migration defects in response to a variety of chemokines, which would explain our 

observation that there is a reduced population of dendritic cells in the p110γ-/- lymph 

nodes and spleen. This theory was confirmed by Del Prete et al. in studies that revealed 
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that both p110γ-/- immature and mature dendritic cells exhibit migration defects in 

response to chemokines in vitro and have a reduced ability to traffic properly in vivo79.  

With this evidence, the question still remains whether this defect has in vivo significance.   

In all of the leukocyte subsets that have been shown to involve p110γ, none of them have 

an absolute defect in migration; that is, even in the complete absence of p110γ, there are 

still cells that undergo p110γ-independent migration. Depending on the degree to which a 

dendritic cell defect would be observed, it may be that there is a minimal amount of 

“normal” dendritic cell trafficking, yet still enough so that T cells can be activated. We 

revisit this question of whether p110γ-/- T cells are activated as well as WT T cells in 

vivo in chapter four.
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Figure 3.1. Naïve p110γ-/- T cells become activated and expand normally in vitro. 
(A) Representative growth curve showing number of WT and p110γ-/- CD8 effector T 
cells generated through in vitro culture with anti-CD3 mAb and IL-2. Results are 
representative of at least three independent experiments (B) Fold expansion of WT and 
p110γ-/- T cells stimulated with plate bound anti-TCR and anti-CD28 mAbs. Expression 
of CD62L and CD44 is shown for activated WT (black) and p110γ-/- (gray shaded) cells. 
Results are representative of three independent experiments. 
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Figure 3.2. p110γ-/- lymph node cells exhibit normal Akt phosphorylation following 
stimulation with anti-CD3. WT and p110γ-/- lymph node cells were stimulated with 
anti-CD3 mAbs for the indicated time points. Gel electrophoresis and Western blotting 
for total and phospho-Akt were performed with cell lysates as described in Materials and 
Methods. 
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Figure 3.3. Splenic p110γ-/- T cells do not have an inherent proliferation defect, but 
exhibit a reduced proliferation response when stimulated with endogenous antigen 
presenting cells. (A) WT and p110γ-/- splenocytes were incubated with various 
concentrations of anti-CD3 mAbs for 60 hours, at which point, [3H] thymidine was added 
to the cultures for an additional eight hours. Proliferation was assessed by thymidine 
incorporation and is expressed in counts per minute (CPM) as calculated by a beta plate 
reader. Results are compiled from three independent experiments (B) Same as A, except 
that purified WT and p110γ-/- T cells were incubated with plate bound anti-CD3 (2C11) 
and recombinant B7-1 protein. Results are representative of three independent 
experiments. * p<0.05; ** p<0.01. 
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Figure 3.4. p110γ-/- dendritic cells can activate OT-I T cells. WT OT-I T cells and 
WT and p110γ-/- CD11chi dendritic cells were purified as described in Materials and 
Methods. WT (top panels) and p110γ-/- (bottom panels) dendritic cells were pulsed with 
OVA peptide (SIINFEKL) and incubated with WT OT-I T cells at the indicated ratios for 
48 hours. T cell proliferation was assessed by CFSE dilution as shown along the x-axis. 
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Figure 3.5. Reduced number of p110γ-/- dendritic cell subsets present in the 
secondary lymphoid organs. (A-F) WT and p110γ-/- lymph nodes and spleens were 
harvested and digested with Collagenase B. Cells were counted and stained with anti-
CD11c, CD40, and CD8α. Panels A and B are representative of at least three independent 
experiments and panels C-F are compiled from three independent experiments. FSC = 
forward scatter * p<0.05; ** p<0.01; *** p<0.001.  
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Figure 3.6. Normal development of CD11chi dendritic cells following in vitro culture 
of p110γ-/- bone marrow cells. Bone marrow was harvested from WT and p110γ-/- 
mouse hindlimbs. Cells were cultured with 20 µg/mL GM-CSF for 5-8 days. Histograms 
show CD11c and CD40 expression on cultured cells before maturation (top panels) and 
after maturation (bottom panels) with LPS. Dashed line = isotype control, gray = p110-/-, 
black = WT.  
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CHAPTER 4: CHARACTERIZATION OF THE ROLE OF PI3Kγ  IN 
ANTIVIRAL AND ANTITUMOR IMMUNITY 

 

Introduction 

The previous two data chapters of this thesis have defined specific mechanisms by 

which p110γ may influence the T cell immune response. First, p110γ mediates effector T 

cell migration in response to inflammation, though it is not required for naïve T cell 

trafficking. Second, while p110γ is not critical for the inherent activation of T cells, the 

absence of p110γ influences the optimal seeding of secondary lymphoid organs with 

dendritic cells, particularly those of the CD8α subset. These defects alone suggest that 

p110γ is critical to both the innate and adaptive phases of the immune response. 

Combined with the fact that p110γ has been shown to control some function of almost all 

of the remaining leukocyte subsets, we would predict that p110γ-/- mice would not be 

able to mount an efficient immune response to most pathogens. Consistent with this idea, 

it has recently been shown that p110γ’s role in innate cells is critically important to the 

antibacterial immune response107. 

The relevance of this hypothesis is two-sided; on one hand, a demonstration that 

p110γ is necessary for an optimal immune response would be helpful in that it would 

provide further proof that this protein is an important immunomodulatory target. As the 

connection between p110γ, inflammation, and the initiation and progression of disease 

continues to mount, the idea of pharmaceutically inhibiting p110γ as a disease-fighting 

strategy is gaining more popularity. Recent reports have detailed the development and 

initial characterization of a small molecule inhibitor, AS605240, that is the most specific 
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for p110γ than any other previously developed.56, 57, 80. Studies using AS605240 have 

shown the effectiveness of p110γ inhibition in ameliorating or eliminating symptoms of 

disease in models of systemic lupus erythematosus (SLE) and rheumatoid arthritis. The 

mechanism by which p110γ inhibition seems to work is by reducing the migration 

capacity of leukocytes capable of autoimmune effects. More specifically, AS605240 

treatment resulted in reduction in the increased number of leukocytes present in SLE-

afflicted MRL-lpr mice that contributed to sustained inflammation and tissue damage. As 

a result, these mice could recover from disease even if AS605240 treatment was started 

after the onset of symptoms56. In the mouse model of collagen-induced arthritis, 

treatment with AS605240 resulted in the reduction of swelling and less severe cartilage 

erosion, as a result of reduced infiltration of autoreactive leukocytes57.   

However, the other side to this story brings about the question of whether p110γ 

inhibition may be too immunosuppressive, particularly if p110γ plays more non-

redundant roles in leukocyte function of which we are not currently aware. The desired 

advantage of specifically targeting one isoform of the PI3-K family would be that a 

certain part of the immune response could be dampened, while leaving the general 

functionality of an organism’s immune system intact. This would make p110γ inhibition 

more attractive than more global means of immunosuppression that currently exist. 

Without having a more complete picture of how immunosuppressive p110γ inhibition can 

be, it is hard to predict how feasible the therapeutic use of this strategy would actually be. 

For these reasons, we thought it important to examine the ability of p110γ-/- mice to 1) 

mount an immune response to a physiological pathogen and 2) gain protection from 
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disease initiation and/or progression from p110γ’s anti-inflammatory effects.  

The majority of the experiments in this chapter deal with the first aim. We 

employed the use of vaccinia virus, a DNA virus belonging to the Poxvirus family, to 

study the ability of the p110γ-/- mouse to respond to immune challenge. The vaccinia 

virus model is an interesting model to use because the clearance of this infection requires 

the function of numerous leukocyte subsets that have been shown to be impaired in the 

absence of p110γ. CD4 T cells and B cell-mediated antibody clearance are most 

important immune factors in viral clearance, although it has been shown that in the 

absence of those cells, CD8 T cells can offer some protection as well108. Vaccinia virus 

can infect multiple leukocyte subsets, such as macrophages, dendritic cells and NK 

cells109, 110. Upon cell infection, vaccinia virus can evade the immune system by a variety 

of mechanisms. One example of this is the virus’s ability to interfere with the DC 

maturation program such that APCs cannot migrate into SLOs, which impacts the 

magnitude of T cell priming111. Vaccinia virus infection can also impair the ability of 

dendritic cells to present antigen112. Furthermore, the major subset of dendritic cells that 

present vaccinia virus antigens to T cells are the CD8α+ “lymphoid” subset105, 106, which 

our studies have shown are significantly reduced in p110γ-/- SLOs (chapter three).  

Using the vaccinia system, we determined that p110γ-/- T cells are activated and 

proliferate as well as WT T cells in response to virus infection. In addition, p110γ 

deficiency does not affect the ability of these T cells to differentiate into effector cells 

with cytotoxic potential. However, p110γ-/- T cells exhibit defective migration to a site of 

inflammation, confirming our observations of p110γ-/- effector T cell behavior in chapter 
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one. We addressed the second aim using a thymoma tumor model to determine whether 

p110γ deficiency results in reduced leukocyte influx and thus, a less conducive 

environment for tumor growth. Surprisingly, we did not observe evidence of the reported 

p110γ-/- macrophage defect and there was no difference in tumor growth in the WT and 

p110γ-/- recipients. Together, the data presented in this chapter suggests an important 

role for p110γ in the mediation of the global antiviral response. Additionally, our 

thymoma model system argues that p110γ deficiency does not protect an organism from 

the establishment, growth or spread of tumor.  

 

MATERIALS AND METHODS 

Mice 

p110γ-/- mice were provided by Dr. C. Abrams (University of Pennsylvania, 

Philadelphia, PA)46. These mice were then highly backcrossed (=10 generations) to the 

C57BL/6 background. C57BL/6 and CD45.1 (B6.SJL) mice were purchased from 

Taconic (Germantown, NY). p110γ-/- mice were bred with CD45.1 mice to generate 

CD45.1 p110γ-/- mice. Thy1.1 mice (B6.PL-Thy1a/CyJ) were purchased from The 

Jackson Laboratory (Bar Harbor, ME). p110γ-/- mice were bred with Thy1.1 mice to 

generate Thy1.1 p110γ-/- mice. p110γ-/- mice were bred with OT-I mice provided by Dr. 

K. Hogquist (University of Minnesota, Minneapolis, MN) to generate p110γ-/- OT-I 

mice, which have a Class I-restricted transgenic TCR specific for the OVA peptide 

SIINFEKL58. Mice were used between 8 and 12 weeks of age. All experimental protocols 

involving the use of mice were approved by the Institutional Animal Care and Use 
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Committee at the University of Minnesota. 

 

Reagents 

Granzyme B expression was assessed by flow cytometry with PE-conjugated anti-human 

granzyme B (Caltag Laboratories, Burlingame, CA). 

 

Viruses and viral infection 

The Western Reserve strain of vaccinia virus (VV-WR) was provided by Dr. M. Bevan 

(University of Washington, Seattle, WA). Recombinant VV-GFP-JAW-OVA (VV-OVA) 

was provided by Dr. J. Yewdell (National Institutes for Health, Bethesda, MD). This 

virus expresses the OVA257-264 epitope fused C-terminally to GFP and the transmembrane 

region of JAW-1. Mice were infected intraperitoneally with viral doses of 2 x 106 or 5 x 

106 plaque forming units (PFU) as indicated. Viral titers were determined by plaque assay 

with 143B cells.   

 

Endogenous p110γ-/- response to vaccinia virus infection 

WT and p110γ-/- mice were infected with VV-WR at the indicated doses. On days one, 

three and four post-infection, mice were sacrificed and peritoneal cells were removed by 

washing with 5 mLs of PBS. Peritoneal cell suspensions were stained with directly 

conjugated anti-CD3, anti-CD8 and anti-NK1.1 antibodies to identify CD8+ T cells and 

NK cells by flow cytometry. For survival experiments, mice were infected with the 

indicated dose of virus and were monitored for a period of up to 14 days. Animals were 
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weighed every other day and were euthanized upon loss of 25% of original body weight 

as per IACUC guidelines. 

 

In vivo OT-I proliferation assays 

5 x 105 CD8+ CD45.1+ OT-I cells from either WT or p110γ-/- mice were labeled with 

1.66 mM CFSE and injected intravenously into C57BL/6 recipients; 24 hours later, 

recipients were infected with 2 x 106 PFU VV-OVA. On days four, eight, and 12 post-

infection, recipient spleens, peritoneal cells, and pancreatic lymph nodes were collected 

and stained with directly conjugated anti-CD45.1, anti-CD8, anti-CD62L and anti-CD49d 

antibodies for analysis by flow cytometry. 

 

E.G7 tumor model 

4 X 106 E.G7 cells were injected intraperitoneally into WT and p110γ-/- Thy1.1 

recipients. Peritoneal lavage was collected at the indicated time points. Peritoneal cells 

were stained with anti-CD45.2 and anti-Thy1.2 mAbs to identify tumor cells and anti-

F480 and anti-CD11b to identify peritoneal macrophages. 

 

RESULTS 

p110γ-/- mice exhibit a reduced ability to respond to viral infection  

Given the cellular defects that exist in the absence of p110γ-/-, we were interested 

to determine how well p110γ-/- mice would be able to respond to a physiological 

pathogen that involves elements of both the innate and adaptive arms of immunity in 
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order for complete resolution of infection. We used our vaccinia virus model to test the 

ability of p110γ-/- mice to clear and resolve various degrees of infection. Strikingly, we 

found that although p110γ-/- mice can control low doses of virus (2 x 106 PFU), when the 

viral dose is increased (5 x 106 PFU), p110γ-/- mice lose weight and become visibly ill, 

resulting in an average time to death of day five post-infection (Fig 4.1A and 4.1B). In 

contrast, WT mice do not begin to show evidence of a similar pattern of illness and death 

until the viral dose is doubled to 10 x 106 PFU (data not shown). Even so, at this high 

viral dose, the infection only proves lethal for around half of the WT mice; the other mice 

showed some signs of illness, but they recovered and survived. We wanted to see whether 

the increased illness and death of vaccinia-infected p110γ-/- mice correlated with an 

inability of these mice to clear virus, so we assessed the viral titer of ovaries and spleens 

from virus infected mice. We specifically chose to look in the ovaries as vaccinia virus, 

particularly the VV-WR strain, has been shown to target and replicate within the 

ovaries113. Accordingly, we observed an increase in ovarian viral titer from day one to 

day four, but there were no significant differences between the titers of WT and p110γ-/- 

ovaries (Fig. 4.2A) The viral titer of WT ovaries remained constant from day one to day 

three post-infection and by day four, there was a dramatic increase in the amount of virus 

present (Fig 4.2B). However, in the p110γ-/- spleens, there was more virus present than 

in WT spleens at day 3 and although there was a minor drop in viral titer at day four, 

there was a significantly smaller viral load in the WT spleens at this time point. Given 

that p110γ-/- mice generally die around day five post-vaccinia infection, our results 

suggest that an inability to clear virus contributes to the lethality of the infection in 



 76 

p110γ-/- mice. 

 

p110γ-/- T cells exhibit reduced influx in response to virus-induced peritonitis 

As the endogenous response of p110γ-/- mice is not sufficient to keep these mice 

alive much beyond day five post-vaccinia virus infection, we performed a series of 

experiments over a short time course (day one to day four post-virus infection) to study 

the endogenous p110γ-/- CD8 T cell response to vaccinia virus infection.  In a non-

inflamed WT peritoneum, there are relatively few resident CD8 T cells, but in the p110γ-

/- peritoneum, this population is significantly reduced (Fig 4.3A). As a control, we 

quantitated the number of peritoneal NK cells, as previous studies have suggested that 

p110γ is important in mediating NK cell migration in response to inflammatory 

chemokines in vitro48. There was no significant difference in NK cell numbers in the 

peritoneum under non-inflamed conditions (Fig. 4.3B). When intraperitoneal 

inflammation is induced by infection with 5 x 106 PFU VV-WR, there is a reduced 

number of p110γ-/- CD8 T cells present in the inflamed peritoneum compared to WT at 

all time points (Fig. 4.4A). Similarly, we observed a reduction in the number of NK cells 

that migrate to the inflamed p110γ-/- peritoneum (Fig 4.4B). Regardless of genotype, the 

activation phenotype of CD8 T cells in the spleen and peritoneum of WT and p110γ-/- 

mice was similar; there were clearly populations of cells displaying low CD62L 

expression as well as CD44hi populations by day four post-vaccinia virus infection (Fig. 

4.4C). Together, these data suggests that the immune response to inflammation is 

impaired in the absence of functional p110γ and that though p110γ-/- CD8 effector T 
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cells are activated normally in vivo, there are fewer p110γ-/- CD8 effector cells that are 

recruited to a site of inflammation. 

 

p110γ-/- OT-I T cells are activated, proliferate and differentiate into effector cells 

normally 

We determined in chapter two that p110γ-/- T cells are capable of responding as 

WT T cells to TCR stimulation in vitro. We wanted to test whether this would be true of 

p110γ-/- T cells activated in vivo with a physiological pathogen. Therefore, we chose an 

adoptive transfer approach to study the activation, proliferation and differentiation of 

p110γ-/- OT-I T cells in a WT environment in vivo. Naïve WT and p110γ-/- OT-I cells 

were harvested from the peripheral lymph nodes and stained with CFSE. 5 x 105 CD8 

CD45.1 cells of each genotype were injected into individual groups of C57BL/6 

recipients, which were then infected with 2 x 106 PFU VV-OVA intraperitoneally one 

day later.  The peak of the CD8 effector T cell response occurs by day four in the spleen 

and peritoneum-draining pancreatic lymph node (Fig. 4.5A and 4.5B) and there is no 

significant difference in the numbers of WT and p110γ-/- OT-I T cells that are found in 

either of these locations. Additionally, both WT and p110γ-/- OT-I effector T cells show 

a downregulation of CD62L and dilute CFSE to a comparable degree (data not shown). 

Expression of α4 integrin, which is critical for migration of effector cells into the 

peritoneum114, 115 is equivalent on WT and p110γ-/- OT-I effector cells in the spleen and 

pancreatic lymph node as well (data not shown). To determine whether these activated T 

cells developed cytotoxic potential, we analyzed the ability of activated WT and p110γ-/- 



 78 

OT-I T cells to produce effector molecules. WT and p110γ-/- OT-I T cells produce 

similar amounts of IFN-γ upon restimulation and comparable levels of Granzyme B (Fig. 

4.6), indicating there is no effect of p110γ inhibition on the ability of CD8 T cells to 

differentiate into fully armed effector T cells. All together, this data shows that when 

p110γ-/- OT-I T cells are challenged in a WT environment, they become activated, 

proliferate and differentiate into effector CD8 T cells just as well as WT cells. 

 

p110γ-/- CD8 effector T cells exhibit defective migration in response to inflammation in 

vivo 

While the influx of endogenous p110γ-/- CD8 T cells to the inflamed peritoneum 

is clearly impaired, differences in the p110γ-/- versus WT inflammatory environments 

may affect the migration of multiple leukocyte subsets. In order to address this issue, we 

compared the influx of WT and p110γ-/- OT-I effector T cells into the inflamed WT 

peritoneum. The CD8 effector T cell response in the peritoneum is slightly delayed 

compared to the spleen and pancreatic lymph node in that the peak of the response occurs 

at day eight post-infection (Fig. 4.7A), consistent with the idea that CD8 T cells are first 

primed in the lymph nodes and then migrate into the inflamed peritoneum116 (and A.M., 

unpublished observations). We observed a significant reduction in the number of p110γ-/- 

OT-I effector T cells compared to WT OT-I effector T cells that migrate to the 

peritoneum at day eight. This is not a reflection in delayed kinetics of the p110γ-/- 

effector T cell response because there is no additional accumulation of p110γ-/- OT-I T 

cells in the peritoneum after day eight. Furthermore, both WT and p110γ-/- OT-I T cells 
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in the peritoneum exhibited downregulated expression of CD62L, similar amounts of α4 

integrin, and expressed Granzyme B and IFNγ upon restimulation (data not shown and 

Fig. 4.7B). Together, this data argues that p110γ-/- T cells do not exhibit activation 

defects, but do not migrate in response to vaccinia-virus induced inflammation as well as 

WT T cells. 

 

Titration of T cell precursor frequency does not reveal differences in the ability of WT 

and p110γ-/- T cells to proliferate 

 After completing our adoptive transfer experiments, a report was published that 

suggested that using a higher OT-I T cell precursor frequency in adoptive transfer 

experiments could skew the kinetics and magnitude of a T cell response such that it 

would be fundamentally different from an endogenous response 117. We decided to test 

whether lowering our precursor frequency of WT and p110γ-/- cells would help us to 

detect any differences in proliferation ability that might have been too subtle for us to 

observe with our other system. We titrated the number of WT or p110γ-/- OT-I 

precursors adoptively transferred from 500,000 to 5,000 (Fig. 4.8) and infected the 

recipients with VV-OVA as described in earlier experiments. At various time points over 

28 days, blood was collected from the adoptive transfer recipients and the percent of 

CD8+CD45.1+ WT and p110γ-/- OT-I T cells was assessed by flow cytometry. 

Interestingly, at the highest number of precursors (Fig. 4.8A), p110γ-/- T cells expand as 

well, if not slightly better than WT T cells. When the precursor frequency is lowered to 

50,000 (Fig. 4.8B), it is the WT T cells that appear to be expanding slightly more, which 
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is a trend that holds up at the lowest precursor frequency as well (Fig. 4.8C). However, 

there are no statistically significant differences in WT and p110γ-/- T cell expansion, 

despite the trends. This data would lead us to conclude that, in agreement with our earlier 

adoptive transfer experiments, there is no defect in p110γ-/- T cell activation and 

proliferation. 

  

p110γ-/- mice are not protected from tumor growth in an intraperitoneal tumor model   

It has been shown that the anti-tumor response by macrophages and other innate 

cells can actually work to a tumor’s advantage as these innate cells are a rich source of 

growth factors and cytokines118. Given the well-established role for p110γ in mediating 

macrophage migration, we were interested to determine whether p110γ-/- mice would be 

have any degree of protection from tumor growth as we would expect to see a reduction 

in p110γ-/- macrophages that could respond to inflammatory signals and infiltrate the 

tumor environment. Following intraperitoneal injection of E.G7 thymoma cells into WT 

and p110γ-/- recipients, we tracked tumor cell expansion and macrophage influx into the 

peritoneum over a time course of 18 days (Figure 4.9). We observed a steady increase in 

intraperitoneal tumor cell numbers over time and there was no difference between WT 

and p110γ-/- recipients. Somewhat surprisingly, we did not see a general decrease in the 

ability of p110γ-/- macrophages to migrate to the peritoneum although there was a 

significant decrease in p110γ-/- peritoneal macrophages at day 15. Furthermore, at day 

18, there was a significant presence of solid tumor in both WT and p110γ-/- recipients. 

Taken together, this data suggests that in this particular tumor model, p110γ-/- deficiency 
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does not significantly impair macrophage migration to an inflammatory site nor does it 

result in any protection from tumor establishment and growth. 

 

Discussion 

Our studies revealed that p110γ is important in the inflammatory response as a 

whole, at least in terms of viral infection. When we infected WT and p110γ-/- mice with 

various doses of VV-WR, p110γ-/- mice lost weight, were visibly ill within a few days, 

and generally died by day five following infection with a VV-WR dose that WT mice 

could control and from which they could ultimately recover. The fact that these p110γ-/- 

are so susceptible to viral infection is not altogether surprising, given how many 

leukocyte subsets are influenced by the absence of the p110γ isoform. The more 

complicated question is, what is the mechanism responsible for the lethality of this 

infection for p110γ-/- mice? Unfortunately, this viral system is not optimal for picking 

apart the contributions of individual leukocyte subsets to immunity, as it has been shown 

that while CD4 T cells and the antibody response appear to be most important in viral 

clearance, CD8 T cells have an undefined but non-redundant role in clearing infection108. 

The best clue to the pathogenesis in the p110γ-/- mice is likely the viral titer data. We 

showed that although WT and p110γ-/- spleens contained the same amount of virus over 

the short time course, p110γ-/- ovary titers did not show a decline as in WT mice and 

actually were on the increase by day 4. Given that p110γ-/- mice exhibit signs of illness 

relatively early, we could preliminarily conclude that an insufficient innate response leads 

to uncontrolled viral replication and ultimately, severe damage to vital tissues.  
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Although we could not draw solid conclusions about the role the diminished 

migration response of CD8 T cells played in the rapid progression of illness in p110γ-/- 

mice, it was still a useful in vivo model with which we could investigate the activation, 

proliferation, differentiation and migration of CD8 effector T cells in response to a 

physiological pathogen. When we specifically studied the endogenous CD8 p110γ-/- T 

cell response to VV-WR, we observed that the absolute numbers of CD8 p110γ-/- 

effector T cells that were present in the peritoneum at days one, three, and four post-

infection were consistently lower than the comparable WT CD8 effector T cell 

population. Despite the difference in numbers, p110γ-/- and WT CD8 effector T cells 

were phenotypically similar, suggesting the absence of an obvious activation defect. 

 If p110γ-/- CD8 T cells did show evidence of activation or proliferation defects, 

the pool of effectors that would be capable of migrating to the peritoneum would be 

smaller and thus, we could not definitively conclude that an inherent T cell migration 

could explain our results. To address this issue, we adoptively transferred naïve WT and 

p110γ-/- OT-I T cells into WT recipients, infected them with VV-OVA, then tracked the 

activation, proliferation, and effector differentiation of the donor cells. Our results 

indicated no sign of activation or proliferation defects as a result of p110γ inhibition, yet 

we still observed a reduced number of p110γ-/- CD8 effector T cells in the inflamed 

peritoneum at the peak of T cell influx. 

 Following the completion of these adoptive transfer studies, it came to light that 

in such experiments, a high effector T cell precursor frequency (5 X 105 cells) can effect 

the kinetics and magnitude of the CD8 effector T cell proliferation response117. As this 
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was the number of WT and p110γ-/- precursors that we transferred in our experiments, 

we wanted to titrate that number down to see if we could pick apart any subtle defects in 

proliferation; in theory, if a higher precursor frequency would limit the “space” for 

expanding T cells, we might not be able to observe any existing proliferation differences. 

The trend of these experiments was that although lower precursor numbers tended to 

result in a slightly lower percent of proliferation of p110γ-/- T cells compared to WT T 

cells, there were no significant differences between the two genotypes. One caveat to 

these experiments is that in general the percent of OT-I expansion in our vaccinia virus 

system is quite a bit less than that observed with the published results with the Listeria 

model, so if we wanted to really see any potential differences between WT and p110γ, we 

might want to increase the viral dose in order to generate a more vigorous OT-I response. 

At any rate, we can be fairly confident that, given the lack of a consistent defect in any of 

our experimental systems, there is no effect of p110γ inhibition on T cell activation in 

vitro or in vivo. 

 Finally, we were interested to determine whether the anti-inflammatory effect of 

p110γ inhibition could be useful in protecting mice from tumor growth. It has become 

more clear within recent years that an early innate immune response can actually benefit 

a developing tumor, as the growth factors that innate cells produce with the intention of 

inducing an immune response can be used by the tumor for its own growth and survival. 

Furthermore, the degree to which leukocytes, such as effector T cells and macrophages 

invade the primary tumor site can be used to predict a cancer patient’s outcome119. We 

hypothesized that because p110γ controls the migration of macrophages and other 
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leukocytes in response to inflammatory signals, the p110γ-/- environment would not be as 

conducive for tumor growth compared to WT mice. We employed a peritoneal E.G7 

tumor model to test this theory. At least in this model system, p110γ deficiency did not 

offer any protection against tumor development and growth. Despite these negative 

results, it would be worthwhile to investigate this idea in other tumor models that might 

mimic endogenous tumor development more closely. The E.G7 tumor line seemed to be 

particularly aggressive based on the degree to which it had overtaken both the WT and 

p110γ-/- peritoneal cavities, so this may have not been the best model in which to try 

these initial experiments. 

 In all, our studies reveal an important role for p110γ in the antiviral immune 

response. This is significant for two reasons. First, because it adds further credence to the 

idea that p110γ inhibition can reduce inflammation in an in vivo model. However, it is 

important to consider the results of our p110γ-/- mouse survival experiments. Although it 

is unlikely that a pharmaceutical approach would result in p110γ inhibition to the same 

degree as that which is reached in a p110γ-/- mouse, such a dramatic negative outcome 

for pathogen-challenged p110γ-/- mice suggests that the ability of a patient to mount 

appropriate immune responses while undergoing therapeutic p110γ inhibition could be 

impaired and should be an important factor to take into consideration when designing 

treatment strategies. 
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Figure 4.1. Increased susceptibility of p110γ-/- mice to vaccinia virus infection. (A) 
Representative weight loss of WT and p110γ-/- mice infected with 2 X 106 PFU/mouse 
(upper left) or 5 X 106 PFU/mouse (upper right) of VV-WR.  Mice were infected with 
VV-WR and weighed every other day for a period of 14 days.  Weight on days 2-8 is 
normalized to the initial weight of mice prior to infection.  No p110γ-/- mice survived 
beyond day 5 when infected with 5 X 106 PFU VV-WR, thus no p110γ-/- data points 
were obtained for days 6 and 8.  (B) Survival data for mice over a period of 14 days for 
both doses of virus. 
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Figure 4.2. p110γ-/- mice maintain high levels of vaccinia virus in the spleen 
following infection. Ovaries and spleens from WT and p110γ-/- mice infected with 5 X 
106 PFU VV-WR were collected and viral titer was assessed as described in Materials 
and Methods. ** p<0.01. 
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Figure 4.3. CD8 T cell numbers are reduced in the uninflamed p110γ-/- peritoneum. 
(A) CD8 T cell and (B) NK cell numbers in the uninfected peritonea of WT and p110γ-/- 
mice, n=8 from four independent experiments. *** p<0.001.  

*** 
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Figure 4.4 p110γ-/- T cells are activated in response to vaccinia virus, but fewer are 
present at the site of inflammation (A) Number of CD8 T cells and NK cells (B) in the 
peritonea of WT and p110γ-/- mice 1, 3, and 4 days post-intraperitoneal infection with 5 
X 106 PFU VV-WR.  n=5-11 from four independent experiments. (C) CD62L and CD44 
expression on CD3+ CD8+ splenic (SPL) and peritoneal (PER) effector cells on day 4 
post-intraperitoneal infection with VV-WR.  Data is representative of results from three 
independent experiments. * p<0.05; ** p<0.01.

 
A 
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Figure 4.5. p110γ-/- CD8 effector T cell populations from the draining lymph node 
and spleen are not reduced compared to WT (A) WT and p110γ-/- OT-I cells (both 
CD45.1+) were adoptively transferred into WT C57/BL6 recipients.  Recipients were 
intraperitoneally infected with 2 X 106 PFU VV-OVA one day after transfer.  Numbers of 
CD8+CD45.1+ effector cells were quantitated in the spleen and (B) pancreatic lymph 
node at designated time points post-infection.  n=8-10 from two independent 
experiments.  
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Figure 4.6. p110γ-/- splenic OT-I T cells display normal differentiation into effector 
T cells with cytotoxic potential in vivo. WT and p110γ-/- CD8+CD45.1+ OT-I splenic 
(SPL) effector T cells (day 5) were harvested and Granzyme B expression was assessed 
by flow cytometry.  Effectors were restimulated with OVA peptide (SIINFEKL) for three 
hours, then stained intracellularly for IFNγ and analyzed by flow cytometry.  Endogenous 
CD8 T cell expression of IFNγ or Granzyme B is shown as gray shaded profiles.  Graphs 
are representative of results from three independent experiments. 
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Figure 4.7. Fewer p110γ-/- CD8 effector T cells are present in the inflamed 
peritoneum, but differentiation into effector T cells with cytotoxic potential is 
normal. (A) WT and p110γ-/- OT-I cells (both CD45.1+) were adoptively transferred 
into WT C57/BL6 recipients.  Recipients were intraperitoneally infected with 2 X 106 
PFU VV-OVA one day after transfer.  Numbers of CD8+CD45.1+ effector cells were 
quantitated in the peritoneum at designated time points post-infection. (B) WT and 
p110γ-/- CD8+CD45.1+ OT-I peritoneal (PER) effector T cells (day 5) were harvested 
and Granzyme B expression was assessed by flow cytometry.  Effectors were 
restimulated with OVA peptide (SIINFEKL) for three hours, then stained intracellularly 
for IFNγ and analyzed by flow cytometry.  Endogenous CD8 T cell expression of IFNγ or 
Granzyme B is shown as gray shaded profiles.  Graphs are representative of results from 
three independent experiments. ** p<0.01 

A 

B 

Granzyme B IFNγ  



 92 

 
 
 

 
 
Figure 4.8. Titration of OT-I T cell precursor frequency does not reveal p110γ-/- 
OT-I proliferation defect. (A) 5 X 105 (B) 5 X 103 or (C) 5 X 102 CD8+CD45.1+ WT 
or p110γ-/- cells were adoptively transferred into WT recipients which were infected with 
VV-OVA as described in Figure 4.5. Percent of CD8+CD45.1+ cells in the blood were 
assessed by flow cytometry and averaged for five mice per time point. Results are 
representative of two independent experiments. 
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Figure 4.9. p110γ-/- mice do not exhibit protection from tumor growth or 
macrophage influx in an intraperitoneal tumor model. (A and B) 4 x 105 E.G7 tumor 
cells were injected in WT and p110γ-/- recipients. Peritoneal lavage was collected from 
recipients at the indicated days post-infection and tumor cells and macrophages were 
quantitated (C) Peritoneal tumors in WT (left) and p110γ-/- (right) recipients. Note 
extensive solid tumor development around blood vessels. * p<0.05 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 
 
  The state of the medical field’s approach to treating disease in the new 

millennium can be aptly summarized in one word: specialized. New advances in thinking 

and research are making it possible to develop personalized disease strategies based on 

molecular signatures of any individual’s particular pathology, particularly in the field of 

cancer therapeutics120-122. In addition, there has been a greater push to ameliorate disease 

symptoms by specifically targeting the actions of autoreactive cell subsets, as a 

replacement of therapies that universally suppress the immune system123. With this being 

true, it seems of particular importance that immunology research focus on the goal to 

establish the most detailed models of disease “cause and effect” as possible. The answer 

to the question of how a dysregulated or pathogen-invaded immune system leads to 

disease manifestation and/or progression will surely lead to exciting new avenues in the 

treatment of many diseases. 

  This being true, it is understandable that there is a great interest in elucidating 

whether class I PI3K isoforms play differential roles in specific cellular processes. The 

involvement of these lipid kinases in such a wide variety of leukocyte cellular activities, 

ranging from cytokine production and cytotoxic potential to cell development and 

survival124, makes it intriguing to imagine that specific isoforms control certain processes 

and that unlocking the code can lead to great strides in the practice of 

immunomodulation. However, a full understanding of the intricacies of p110 isoform 

specificity is far from being a present reality. One factor that complicates this process is 

that inconsistencies between data generated from different mouse models deficient for the 

same p110 isoform are difficult to reconcile. For example, a recent study dealing with 
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p110γ inhibition reveals that the results from earlier studies could be potentially 

artifactual or at least not as conclusive as originally believed125. Still, whether or not we 

are able to place current studies in their proper context in the immediate present, 

continued research will help to shed light on how the pieces fit together. 

 The work presented here illustrates the importance of p110γ to the adaptive 

immune response and immunity as a whole. We have shown that although p110γ does not 

critically regulate naïve T cell migration, CD8 effector T cell migration in response to 

inflammation is dramatically impaired in the absence of p110γ. This defect is 

independent of T cell activation, as p110γ-/- T cells can be activated normally, 

proliferate, and differentiate into effector T cells with cytotoxic potential. Given that we 

only see about 50% of p110γ-/- effector T cells reaching a specific site of inflammation, 

it is interesting to ponder the fate of those effector T cells that cannot efficiently migrate. 

Do these cells accumulate in alternate sites that have different requirements for entry 

compared to the peritoneum? Can they disrupt the equilibrium of the immune system if 

they are in a location that they are not meant to be or do they die before they can have 

any adverse effect? What is the effect of this dysfunctional effector T cell population on 

the generation of memory T cells? Further studies to address these questions would 

provide interesting new insights on the behavior of effector T cells and how they 

influence the immune response as a whole. 

 Our observations inherently evoke several mechanistic questions as well. On a 

cellular level, a natural follow-up question to our studies involves how p110 signaling 

leads to changes in cellular activities in effector CD8 T cells such that migratory 
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responses are affected. One possibility is that p110γ regulates changes in adhesion 

molecules following chemokine stimulation that are necessary for optimal effector T cell 

migration. In support of this idea, previous studies have shown that PI3-Ks are important 

in enhanced integrin avidity (clustering) changes following chemokine stimulation, 

although the specific isoform responsible for this process was not investigated126. 

Furthermore, the absence of p110γ has been shown to reduce the activity of Rac, a small 

GTPase that mediates cytoskeletal changes associated with chemotaxing cells44, 127. On a 

more molecular level, the question arises of how p110γ could be specifically coupled to 

certain chemokine signaling events and not others. Some possibilities include differential 

localization of p110 isoforms within the cell such that p110γ might be more preferentially 

localized in certain circumstances or that structural changes in p110γ or the associated 

regulatory subunit may make this isoform interact with G protein differentially compared 

to other isoforms. As discussed earlier, studies examining p110γ-/- central memory T 

cells would be informative in determining whether p110γ is specifically coupled to 

inflammatory chemokine receptors in T cells or if the mode of action of p110γ is more 

complicated.     

 The most surprising of our results would seem to be survival studies of p110γ-/- 

mice challenged with vaccinia virus. Although none of the innate cells to which p110γ 

activity is linked have an absolute defect in function, it seems as though the sum total is a 

thoroughly ineffective response to viral challenge that results in quick illness and death. It 

would be informative to look at the survival of p110γ-/- mice in other virus models to 

determine whether this is a general defect in some component of antiviral immunity or 
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whether what we observe is specific to this system. In all, our data supports the idea that 

p110γ inhibition could be a potent strategy in the fight against CD8 T cell mediated 

inflammatory disease, but also sheds light on the potential for more global 

immunosuppressive effects. Further studies using the recently developed p110γ-specific 

inhibitor AS605240 should help to answer some of the questions that our studies have 

generated and will greatly expand our knowledge about how feasible p110γ inhibition 

could be in a clinical setting.
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