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ABSTRACT

In diseases such as lupus or graft-versus-host disease (GVHD),
lymphocytes react against self- or allo-antigen and mediate tissue damage.
Current treatments for such diseases rely on non-specific immunosuppression
and lead to opportunistic infections. Disease-causing lymphocytes perform
numerous energetically demanding processes including proliferation and
cytokine synthesis. While activated lymphocytes primarily utilize glycolysis in
vitro, little is known regarding the bioenergetics of disease-causing lymphocytes
in vivo. Understanding the metabolic pathways used by disease-causing
lymphocytes could provide novel therapeutic targets that allow for selective
immunomodulation. As such, the goal of this research is to characterize the
pathways of cellular metabolism used by pathogenic lymphocytes and to exploit
these pathways to treat disease.

Splenocytes from NZB/W mice with lupus up-regulate the oxidation of
glucose rather than its conversion to lactate. This oxidative phenotype is distinct
from acutely-activated T cells, which produce lactate at high rates. However,
chronically-stimulated T cells have low rates of lactate production, suggesting
that a reliance on oxidative metabolism could be a consequence of chronic

stimulation.

XXVi



In the setting of unirradiated GVHD, alloreactive donor T cells up-regulate
OXPHOS but have low rates of glycolysis. This bioenergetic phenotype
contrasts with control-stimulated T cells and proliferating bone marrow cells,
which primarily up-regulate glycolysis. The oxidative phenotype of alloreactive
donor T cells is associated with an increased mitochondrial membrane potential
(Aym), increased levels of superoxide (O2) and depleted antioxidants. These
bioenergetic abnormalities suggest that GVHD-causing T cells could be sensitive
to therapeutic agents that modulate the OXPHOS pathway or induce ROS-
dependent apoptosis.

Bz-423 is a novel therapeutic that modulates the mitochondrial F1F,-
ATPase, hyperpolarizes Aym, and induces O, -dependent apoptosis. We show
that Bz-423 induces Ay, hyperpolarization, O, production and apoptosis in
alloreactive donor T cells in vivo. However, Bz-423 does not affect unstimulated
T cells or proliferating cells in the bone marrow, which have low rates of
OXPHOS and intact antioxidants. Bz-423 treatment reduces tissue damage and
mortality in a model of nonirradiated GVHD, but does not inhibit immune
reconstitution in fully irradiated syngeneic transplants. Hence, differences in
cellular bioenergetics allow Bz-423 to selectively kill GVHD-causing lymphocytes

without inducing non-specific immunosuppression.
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CHAPTER 1

INTRODUCTION

Overview of the immune system. The immune system is a collection of
specialized cells and molecules that protects an organism from foreign
pathogens. In jawed vertebrates, the immune system has two components,
termed the adaptive and innate immune systems (1, 2).

The adaptive immune system involves the recognition of specific
molecules, which are known as antigens (1). In the context of an infection,
antigens are often pathogen-derived peptides or polysaccharides. Specialized
white blood cells, called B and T lymphocytes, recognize antigens using antigen
receptors called the B cell receptor (BCR) and T cell receptor (TCR) (1). Each
lymphocyte expresses an antigen receptor specific for a single antigen. When a
lymphocyte encounters its cognate antigen, it becomes activated, meaning that it
divides and differentiates into numerous progeny called clones, all of which
recognize the same antigen and, if it is foreign, can aid in its clearance (Figure
1.1) (3). Differentiated lymphocytes that have acquired functions to aid in the
immune response are termed effector cells.

In order for the adaptive immune response to be effective, the repertoire of
lymphocyte antigen receptors must be sufficiently large so as to recognize the

wide variety of pathogen-associated antigens. Indeed, on the order of 10*°



different T cell receptors can be theoretically generated (4, 5), while
approximately 2 x 10° and 2.5 x 107 distinct T cell clones are estimated to exist in
mice and humans, respectively (5-7). Following the expansion of lymphocyte
clones and elimination of antigen, the immune response ceases and most
effector cells die (8-12). However, some antigen-specific lymphocytes persist as
memory cells, which can quickly mount an immune response upon reintroduction

of antigen (13).

1. Diverse pool of mature naive lymphocytes

Lymphocyte Q
Antigen Receptor

Foreign Antigen

2. Recognition of foreign antigen causes proliferation
and differentiation of antigen-specific clones

122844

3. Activated effector cells lead to the clearance of foreign antigen

1822041

Figure 1.1. Antigen recognition and the adaptive immune response. (1)
Mice and humans are populated by a diverse array of naive lymphocytes that
have not been stimulated by antigen. (2) Naive lymphocytes that recognize
foreign antigen begin to divide and give rise to a clonal population effector
lymphocytes, all of which recognize the same antigen. (3) Effector lymphocytes
eliminate the foreign antigen, and the immune response ceases. However, some
effector lymphocytes differentiate into long-lived memory cells, which can
respond quickly upon reintroduction of specific antigen. Adapted from (1).



Effector B cells are called plasma cells, and their primary function is
antibody production (Figure 1.2) (14). Antibodies are a secreted form of the B
cell receptor, which can bind to antigen (1). The binding of an antibody to
antigen can have several consequences, depending on the nature of the antigen.
Antibodies can neutralize soluble toxins and can coat the cell surface of bacteria
that express antigen (1). This coating process is termed opsinization, and it can
induce phagocytic cells to engulf bacteria or the complement system to lyse
bacteria (1). Phagocytosis and the complement system are discussed further

under innate immunity.

Foreign antigen
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Figure 1.2. The production of antibodies by B cells. B cells recognize
foreign antigen through their B cell receptors. Antigen-stimulation through the
BCR, coupled with help from T cells causes B cells to differentiate into plasma
cells, which produce large amount of secreted antibodies that recognize the
stimulatory antigen. Antibodies coat the infectious pathogens leading to their
clearance by phagocytosis or complement-mediated lysis. Alternatively,
antibodies can bind to and neutralize foreign toxins. From (1).




The stimulation of T cells requires that antigen be bound to an accessory
cell, termed an antigen presenting cell (APC, discussed below). There are two
major classes of T cells, termed CD4" and CD8" based on the cell surface
expression of the CD4 and CD8 glycoproteins (1). Effector CD8" cells express
cytotoxic molecules that can kill infected target cells (Figure 1.3) (15). These
cytotoxic molecules include FASL, which binds to cellular death receptors and
induce apoptosis in target cells (15). CD8" T cells can also express perforin,
which creates pores in target cells, and granzyme B, which passes through those
pores and kills target cells by cleaving intracellular proteins and inducing
apoptosis (16).

The effector functions of CD4™ T cells primarily involve the synthesis of
pro-inflammatory signaling molecules, termed cytokines (Figure 1.3) (17).
Effector CD4" cells are termed helper T (Th) cells, because they help augment
the activity of other immune cells. CD4" T cells can differentiate into several
different types of helper T cells, each of which synthesizes different cytokines.
Th type 1 (Thy) CD4" T cells produce the cytokine IFN-y, which promotes the
killing of infected cells by phagocytes and CD8" T cells (18). The production of
IL-4 by Th, CD4" T cells promotes antibody production by B cells (17). Activated
CD4" T cells also express the cell surface protein CD40L, which stimulates B cell
antibody production by signaling through CD40 on the B cell surface (19).
Several other types of effector CD4" cells exist. Regulatory T cells (Tregs)
dampen immune responses and are characterized by the expression of the

transcription factor FoxP3. Finally, Thy; cells produce the cytokine IL-17 and



have recently been implicated in the clearance of pathogens such as tuberculosis
(20), as well as the development of autoimmune diseases such as rheumatoid

arthritis (21) and multiple sclerosis (22).

CDh4T
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Figure 1.3. Effector functions of T cells. CD4" T cells (yellow) are stimulated
by antigen (red) in the context of antigen presenting cells (blue). Depending on
the environment at the time of stimulation, CD4" T cells can develop into Thy,
Th,, Treg, or Ty 17 cells, which aid in various types of immune responses. CD8"
T cells (orange) are stimulated by antigen (red) in the context of antigen
presenting cells (blue). CD8" T cells differentiate into cytotoxic T cells, which
express FASL, perforin and granzyme B. They can migrate to infected tissues
and kill infected cells. Adapted from (1).



T cells can only recognize antigen when it is presented by cell surface
proteins called the major histocompatability complex (MHC) (1). There are two
classes of MHC, termed class | and class Il (Figure 1.4). Class Il MHC
molecules are primarily expressed by professional APCs (dendritic cells,
macrophages and B cells), which sample the extracellular environment and
present these peptides to CD4" T cells (23). Class | MHC molecules are
expressed on all nucleated cells and present intracellular antigen to CD8" T cells,
although extracellular antigen can also be presented by class | MHC molecules
in a process termed cross presentation (24). The expression of class | MHC on

all nucleated cells allows cytotoxic CD8" T cells to recognize and kill infected

cells, even if those cells are not professional APCs (1).

e
¢

Extracellular Antigen Intracellular Antigen

MHC 1l MHC |

B2 Microglobulin

Any Nucleated Cell

Professional APC

Figure 1.4. Antigen presentation to CD4 and CD8 T cells. CD4 T cells
recognize antigen in the context of class Il MHC expressed on professional
APCs. CD8T cells recognize antigen in the context class | MHC, which is
expressed by all nucleated cells. (23, 24)
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In contrast to the adaptive immune system, the innate immune system
broadly protects against pathogens in an antigen-independent fashion (25). The
first line of innate defense against pathogens is the epithelium of the skin, gut
and lung, which serves as a physical barrier between the host and the outside
environment (1). Once a pathogen enters a tissue, several cell types cooperate
to aid in its removal. For example, macrophages are phagocytic cells that reside
in connective tissues, the lung, the liver and the spleen (26). Macrophages
express receptors that recognize molecular patterns on the surface of pathogens,
which allows them to preferentially engulf pathogens rather than bystander self-
tissue (27). For example, the polysaccharides frequently present in bacterial
capsules are recognized by the mannose receptor on macrophages (28).
Neutrophils are another type of phagocytic cell that quickly migrate from the
blood to sites of infection and engulf pathogens (29, 30).

The innate immune system also contains several non-cellular
components, including the complement system (31). The complement system is
a set of soluble plasma proteins that can coat pathogens, leading to their direct
lysis and the recruitment of phagocytes (1). The binding of the complement
system to pathogens is stimulated either by the presence of specific molecular
patterns on the pathogen surface, or the opsinization of the pathogen with
antibodies (31).

Dendritic cells (DCs) function to link the innate and adaptive immune
responses (Figure 1.5) (1). Immature DCs constantly phagocytose material at

peripheral tissues such as the skin and the gut, and, after internally processing



this material, present it on their cell surface (1). Because of this activity, DCs are
termed professional APCs. Macrophages and B cells can also function as
professional APCs (1). Thus, the encounter of DC and pathogen leads to the
presentation of pathogen-derived antigen on the surface of DCs (32). DCs also
express molecules called Toll-like receptors (TLRS), which bind to common
pathogen-derived molecules, such as bacterial lipopolysaccharide (LPS) and
viral DNA (27). Signaling through TLRs causes DCs to undergo several changes
known as “maturation” (1). These changes include the migration of DCs from
peripheral tissue to lymphoid organs like the lymph nodes (LNs) or spleen (33).
The DC maturation process also involves the up-regulation of important cell-
surface stimulatory molecules such as CD80 and CD86 (27).

Once in the lymph node, DCs interact with T cells (1). Ifthe TCRofa T
cell recognizes the antigen presented by the DC, a signal passes through the
TCR to stimulate the T cell (1). However, this signal by itself is insufficient to fully
activate T cells (34). Mature DCs provide a second signal to T cells by binding
CD80 or CD86 to the CD28 receptor on T cells (27). This second signal is
termed costimulation. After receiving these two signals, activated T cells, divide,
differentiate and can migrate to the site of infection. Because the expression of
CD80 and CD86 is dependent on the exposure of DCs to pathogen-associated
molecules, the second signal only comes from DCs bearing pathogen-related

antigens (32). Thus, DCs bearing antigens derived from self-tissue (self-
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Figure 1.5. Dendritic cells bridge the innate and adaptive immune responses and limit autoreactivity. In
the periphery, dendritic cells nonspecifically phagocytose and present processed antigens. In the absence of
pathogens, these antigens are primarily from self-tissues (blue). When a tissue is infected, DCs phagocytose the
pathogen and present its antigens on their cell surface (red). Pathogen-associated molecules activate the DC,
causing it to migrate to the lymph node and increase the expression of costimulatory molecules such as CD80 and
CD86. Atthe LN, DCs activate pathogen-specific lymphocytes by signaling through both the antigen receptor and
through costimulatory interactions. DCs presenting self-antigen can also be found at LNs. However, these DCs
have low levels of costimulatory molecules, which prevents the activation of potentially autoreactive lymphocytes.
From (1)



antigens) have low expression of CD80 and CD86, which prevents potentially
autoreactive T cells from inappropriately mediating immune responses (35, 36).

The cells of the immune system develop in the bone marrow from
pluripotent hematopoietic stem cells (HSCs) (37). While B cells and the cells of
innate immune system fully mature in the bone marrow, this is not the case for T
cells (38). Following their formation in the bone marrow, T cell precursors
migrate to the thymus, where they complete their development (39). The
maturation of T cells in the thymus involves two steps that select for mature T
cells capable of recognizing foreign antigens on APCs, but unlikely to recognize
self antigens. The first selection process is termed positive selection, and it
ensures that mature T cells contain a TCR that can bind to MHC molecules (40).
If developing T cells are unable to interact with MHC molecules expressed on
thymic epithelial cells, they die by neglect (41).

While the T cells that survive positive selection can recognize self-MHC
molecules, many of these cells can also recognize self-antigen (40, 42). If these
cells escaped the thymus, they would be predisposed to mount immune
responses against self-tissue and might cause autoimmune diseases. The
second selection, termed negative selection, kills many of these autoreactive T
cells (42). Because the antigens found in the thymus are nearly all self-derived,
T cells that strongly recognize antigen-MHC undergo apoptosis (42). Together,
positive and negative selection function to minimize the number of non-reactive

or autoreactive T cells present in the periphery.
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Although positive and negative selection function to limit the number of
autoreactive T cells in the periphery, these mechanisms are not perfect. In many
diseases, such as rheumatoid arthritis, multiple sclerosis and systemic lupus
erythematosus (SLE), B and T cells inappropriately respond to self-antigen,
proliferate, differentiate into effector cells and cause tissue damage (43-45). The
pathogenesis of SLE is covered in greater detail in Chapter 2.

Another type of lymphocyte-mediated disease occurs in the setting of
transplantation. When foreign tissue is transplanted into a recipient, the recipient
immune system mounts a response to it, as if it were a foreign pathogen (46).
This response is called graft rejection. In the setting of a bone marrow
transplant, it is the immune system, rather than peripheral tissue that is
transplanted. In this setting, the transplanted immune system can recognize the
host as “foreign” and mount an immune response, called graft-versus-host
disease (GVHD) (47, 48). GVHD is covered in greater detail in Chapter 3.

Overview of lymphocyte glucose metabolism. Cells use glucose as a fuel
source for a variety of purposes. The breakdown of glucose can provide ATP
through both O,-consuming and O,-independent processes (49). For example,
the conversion of glucose to pyruvate generates two molecules of ATP in an O,-
independent fashion (49). Pyruvate can either be secreted from cells as lactate,
or enter the TCA cycle to generate ATP in an O,-dependent fashion (49).
Additionally, the metabolism of glucose by the pentose phosphate cycle (PPC),
provides ribose molecules for nucleic acid synthesis and NADPH, which is an

electron donor used for biomolecule synthesis and glutathione regeneration (50,
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51). Finally, the breakdown of glucose can provide a carbon source for the
synthesis of cellular fatty acids (52, 53). The principal enzymes involved in
glucose metabolism are discussed below, with a particular emphasis placed on
their expression and regulation in activated T cells and peripheral blood
mononuclear cells (PBMCs) (Figure 1.6).

Cells import glucose according to its concentration gradient using
facilitative glucose transporters (54). There are 14 different glucose transporters
currently identified (GLUT1-14), each of which contains 12 transmembrane o-
helical regions that form a central channel through which glucose passes (54-57).
The best characterized glucose transporters are GLUT1-GLUT4, which are
collectively termed class | glucose transporters. These glucose transporters vary

based on their tissue distribution and their affinity for glucose (Table 1.1).

Table 1.1 Selected glucose transporters, their tissue distribution and Kp,.
From (54, 57).

Primary Tissue Km
GLUT1 Ubiquitous 5mM
GLUT2 Intestine, kidney, liver, pancreatic p cells 11 mM
GLUT3 Neurons 1mM
GLUT4 Muscle and apidopse (insulin sensitive) 5mM
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5-10-fold increase in GLUT1 protein
Mouse and human T cells (59,61,63)

Increased HK | and Il mRNA
8-12-fold increase in HK activity
Rat thymocytes (65,66,67)

10-fold increase in PFK-1 protein
10-15-fold increase in PFK-1 activity
Human PBMCs (68)

Rat thymoyctes (66,67)

24-fold increase in aldolase activity
Rat thymocytes (66)

2-3-fold increase in TIM activity
Human PBMCs (69)

2-fold increase in GAPDH activity
Human PBMCs (69)

2-fold increase in PGK activity
Human PBMCs (69)

3-4-fold increase in PGM activity
Human PBMCs (69)
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Figure 1.6. Reaction of glycolysis and their regulation in stimulated
lymphocytes. Glycolysis proceeds along the pathway at left (49). Indicated
lymphocyte populations were stimulated with agonistic antibodies or mitogens

(58-67). Further details are provided in the text.
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The major glucose transporter for lymphocytes is GLUT1 (58, 59, 68, 69),
however GLUT3 expression has also been documented in human lymphocytes
(60, 70). There is conflicting data regarding the expression of GLUT2 and the
insulin-regulated GLUT4 in lymphocytes (60, 70, 71). For example, a microarray
analysis detected GLUT4 transcripts in both human CD4" and CD8" T cells (71).
However, RT-PCR analysis of human lymphocytes (70) and western blot
analysis of human T cells (60) failed to detect evidence of GLUTA4.

The expression of GLUT1 is an important regulator of cellular glucose
metabolism in lymphocytes. Indeed, resting T cells that overexpress GLUT1 take
up 5-fold more glucose than WT T cells (58). Several studies have addressed
the effects of T cell stimulation on glucose transporter expression. Stimulation
with anti-CD3 and anti-CD28 antibodies increases GLUTL1 levels by 5-10-fold in
both mouse and human CD4" T cells (58, 59). Similar results were observed
when human T cells were stimulated with the mitogen phytohemagglutinin (PHA)
(60). While PHA stimulation does not affect GLUT2 levels in lymphocytes (60),
there is disagreement regarding the effects of stimulation on GLUT3. One study
suggested that PHA stimulation of human lymphocytes increased GLUT3 levels
3-4-fold (70), while another suggested that PHA stimulation decreased GLUT3
expression (60). While the PHA concentrations used in these studies were
similar (5-10 pg/ml), this discrepancy could be due to the different detection
antibodies used (60, 70)

Once glucose is inside cells, hexokinase (HK) catalyzes the ATP-

dependent phosphorylation of glucose to glucose-6-phosphate (G6P) (49).
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Conversion to G6P traps glucose-derived carbons inside the cell and decreases
intracellular [glucose], thereby maintaining the concentration gradient that drives
glucose uptake (72). There are four different isozymes of HK (HK I-1V), each
encoded by a separate gene (72). HK | and Il are ubiquitously expressed in
mammals, while HK IIl is expressed primarily in the liver and kidney (73). HK IV
is expressed in hepatocytes and pancreatic  cells (72, 73). There are several
modes by which HK activity is regulated. HK I-1ll, but not HK IV, are inhibited by
their product G6P (72, 73). Additionally, insulin stimulates HK Il activity in
muscle and adipose (72, 73). On a transcriptional level, HK I and Il mRNA are
induced during hypoxia by the transcription factor hypoxia-inducible factor-1a.
(HIF-10) (74).

T cells express HK | and II, and T cell stimulation increases HK activity.
Indeed, expression of constitutively active AKT increases HK activity by 50% in
non transformed lymphoid FL5.12 cells (75). Additionally, stimulation with the
cytokine IL-7 increases HK Il mRNA 2-3-fold in primary mouse T cells (76). HK
activity also increases following T cell stimulation through the TCR. Both HK |
and HK Il mRNA increase 24-48 h after the stimulation of rat thymocytes with
concanavalin A (conA) (61). Consistent with these results, two separate studies
have shown that thymocyte HK activity increases 8-12-fold following conA
stimulation (62, 63).

G6P can either enter the PPD (Figure 1.7) or continue along glycolysis.
The entry of G6P into the PPC is catalyzed by glucose-6-phosphate

dehydrogenase (G6PDH) (77). G6PDH and the subsequent PPC enzyme 6-
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phosphogluconate dehydrogenase (6PGDH) convert G6P into ribulose-5-
phosphate, thereby generating 1 molecule of CO, and 2 molecules of NADPH
(49). Production of NAPDH through the PPC is required for generation of
reduced glutathione and the synthesis of fatty acids (50, 51, 78). Ribulose-5-
phosphate is then converted into xylulose-5-phosphate (X5P) or ribose-5-
phosphate (R5P), which can exit the PPC and be used for nucleotide synthesis.
Alternatively, two molecules of X5P and a single R5P can undergo reactions with
transketolase and transaldolase, which generates 2 molecules of fructose-6-
phosphate (F6P) and a single molecule of glyceraldehydes-3-phosphate (GAP)
(49). Because both F6P and GAP are intermediates in the glycolytic pathway,
these molecules can exit the PPC and reenter glycolysis (Figure 1.7) (49).

The activity of the PPC is regulated by G6P entry at GGPHD (77).
G6PDH is encoded by a single gene and is subject to both transcriptional and
post-translational regulation (77). Indeed, insulin signaling can increase G6PDH
gene expression in a phosphatidylinositol-3-kinase (P13-K) dependent fashion in
rat hepatocytes (79). Stimulation of rat thymocytes with conA increases PPC
activity 3-fold, however this study did not specifically measure the expression or

activity of G6PDH (63).
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Figure 1.7. Pentose phosphate cycle. Glucose-6-phosphate enters the
pentose phosphate cycle and is converted to ribulose-5-phosphate by glucose-6-
phosphate dehydrogenase (GAPDH) and 6-phosphogluconate dehydrogenase
(6PGDH), which generates 2 NADPH molecules and 1 CO,. Ribulose-5-
phosphate is converted to ribose-5-phosphate by ribulose-5-phosphate
isomerase (R5P isomerase). Ribose-5-phosphate can be used for nucleic acid
synthesis, or three ribose-5-phosphates can rearrange through the reactions of
transketolase and transaldolase to form two fructose-6-phosphate molecules and
one glyceraldehydes-3-phosphate, which can reenter glycolysis. From (49).

If G6P does not enter the PPC, it next reacts with phosphoglucose
isomerase (PGl), which converts G6P to F6P (49). F6P reacts with
phosphofructokinase-1 (PFK-1) and ATP to form fructose-1,6-bisphosphate
(FBP) (49). Three separate isoenzymes of PFK-1 exist (PFK-L, -M, and —C) and
are encoded by three separate genes (80). Muscle primarily expresses PFK-M
and liver primarily expresses PFK-L (80, 81). Human PBMCs express all three
isoenzymes of PFK, but PFK-L predominates (81).

PFK-1 is an important regulator of glycolytic flux and its activity is
controlled by several mechanisms (Figure 1.8) (49). ATP allosterically inhibits
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PFK-1, while it is activated by ADP, AMP and fructose-2,6-bisphosphate (F-2,6-
P) (49). AKT activates PFK-1 by phosphorylating and activating PFK-2 (82).
Active PFK-2 catalyzes the formation of F-2,6-P, thereby stimulating PFK-1 (82).
PFK-1 is also regulated on a transcription level by HIF-1a, whose activity

increases MRNA levels of PFK-L (74).

Fructose-6-phosphate ——— - Fructose-1,6-bisphosphate

2N
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ADP
F-2,6-BP T F6eP
AKT

Figure 1.8 Regulation of phosphofructokinase-1. PFK-1 is inhibited
allosterically by ATP and stimulated by AMP, ADP and fructose-2,6-bisphosphate
(F-2,6-BP). AKT stimulates PFK-1 by phosphorylating and activating
phosphofructokinase-2 (PFK-2), which catalyzes the formation of F-2,6-BP. (49,
82).

Lymphocyte stimulation also up-regulates PFK activity. For example, PFK
activity increases 10-15-fold following stimulation of thymocytes with conA for 2-3
d (62, 63). Similarly, PFK-L protein levels increase 10-fold following the
stimulation of human PBMCs with conA and phorbyl 12-myristate 13-acetate
(PMA) for 2 d (64).

Following its formation by PFK-1, FBP is split into two 3-carbon molecules
(dihydroxyacetone phosphate (DHAP) and glyceraldehydes-3-phosphate (GAP))

by aldolase (49). There are three types of aldolase, classified as aldolase A, B
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and C. Aldolase A is expressed in most mammalian tissues, including muscle,
liver, brain and spleen (83). Aldolase B is primarily a liver enzyme (84), while
aldolase C is primarily expressed in the brain (85).

Aldolase regulation occurs primarily on a transcriptional level (86, 87).
Aldolase B expression is stimulated by ingestion of carbohydrates and insulin
signaling (86-88), while aldolase A and C are both induced by HIF-1a (74). The
stimulation of thymocytes with conA increases aldolase activity 24-fold (62).
While the specific isoforms of aldolase were not analyzed in this study (62), a
separate study showed that only aldolase A is detected in conA-stimulated
thymocytes (61).

While both DHAP and GAP are generated by aldolase, only GAP can
continue along glycolysis (49). Triose phosphate isomerase (TIM) catalyzes the
interconversion of GAP and DHAP, which allows carbons from both to continue
along the glycolytic pathway. TIM is encoded by a single gene, however several
isozymes have been identified based on differences in electrophoretic mobility
(89-91). The functional significance of these isozymes isozymes is unclear (89-
91). The catalytic activity of TIM is regulated by substrate diffusion (49, 92). TIM
activity increases 2-3-fold following PBMC stimulation with PHA and pokeweed
mitogen (PWM) (65), which suggests increased TIM expression in activated
lymphocytes.

The next step in glycolysis is the oxidation of GAP to 1,3-
bisphosphoglycerate (1,3-BPG) by GAP dehydrogenase (GAPDH). This reaction

is coupled to the reduction of NAD" to NADH, which can be used for oxidative
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ATP production or for the conversion of pyruvate to lactate (49). GAPDH is
expressed at high levels by all tissues, and thus is considered a “housekeeping
gene” (93). However, GAPDH can be regulated on an mRNA level (93), and its
activity increases 2-fold in PBMCs stimulated with PHA and PWM (65).

Phosphoglycerate kinase (PGK) catalyzes the conversion of 1,3-BPG to 3-
phosphoglycerate (3PG), which generates one molecule of ATP (49). There are
two different isoforms of PGK: the ubiquitously expressed PGK-1, and the testes-
specific PGK-2 (94). PGK is primarily regulated transcriptionally, and its
induction is stimulated by HIF-1a (74). In PBMCs, PGK activity increases 2-fold
following stimulation with PHA and PWM (65).

3PG is converted to 2-phosphoglycerate (2PG) by phosphoglycerate
mutase (PGM) (49). There are two separate isozymes of PGM, termed PGM-m
(muscle-derived) and PGM-b (ubiquitously expressed) (95). Active PGM exists
as a dimer composed of b and m subunits. PGM-mm is expressed in skeletal
muscle, PGM-mb is primarily expressed in heart, and PGM-bb is expressed in
non-muscle tissues (95, 96). PGM is primarily regulated by its transcription (49).
In PBMCs, PGM activity increases 3-4-fold following stimulation with PHA and
PWM (65).

Enolase catalyzes the formation of phosphoenolpyruvate (PEP) from 2PG
(49). Enolase function as a dimer composed of two subunits (97). There are
three different isozymes of enolase (o, B, and y), which combine to form homo-

and hetero-dimers (97). The o isozyme of enolase is ubiquitously expressed, the

B isozyme is expressed in muscle, and the y isozyme is primarily expressed in
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neural tissue (97). Interestingly, resting PBMCs primarily express the B form of
enolase, and stimulation with conA and PMA increases protein leves of both B
and yy enolase (64). PBMC stimulation with PHA and PWM also increases the
activity of enolase by 3-fold (65).

The final enzyme in glycolysis is pyruvate kinase (PK), which catalyzes
the conversion of PEP into pyruvate and generates ATP (49). Four different PK
isozymes exist in mammals and are classified based on their tissue distribution
(98). PK-L is primarily expressed in liver (98). PK-R is expressed in red blood
cells from the same gene as PK-L, however it is controlled by a distinct promoter
(99). PK-M; is expressed by most adult tissues (100), while its splice variant PK-
M, is expressed in embryonic tissue, proliferating cells, and tumors (98-101). PK
is regulated by several mechanisms. PK is allosterically stimulated by its
substrate, PEP, and by the upstream glycolytic metabolite FBP (102, 103). PK is
also regulated by its quaternary structure. For example, tetrameric PK-M; has a
high affinity for PEP, while dimeric PK-M; has low affinity for PEP (98, 99).

Human PBMCs and rat thymocytes primarily express the PK-M, isoform
(66, 67). Stimulation of human PBMCs with conA and PMA increases PK-M,
protein levels (67). Similarly, stimulating rat thymocytes with conA increases
both PK-M, mRNA and protein (66). Consistent with these results, PK activity is
increased 10-30-fold in conA-stimulated rat thymocytes compared to
unstimulated controls (62, 63).

Metabolic fates of pyruvate. Once formed, pyruvate has three major

metabolic fates (Figure 1.9). It can be converted to lactate by lactate
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dehydrogenase (LDH) and secreted from cells through the monocarboxylate
transporter (MCT) (49, 104). Alternatively, pyruvate can enter the mitochondria
through reactions with pyruvate carboxylase (PC) or pyruvate dehydrogenase
(PDH) (105-107).

LDH catalyzes the cytosolic conversion of pyruvate to lactate, which is
coupled to the conversion of NADH to NAD" (49). Because NAD" is required for
the GAPDH step of glycolysis, this O,-independent regeneration of NAD" allows
hypoxic cells to maintain flux through glycolysis despite the inability to convert
NADH to NAD" in the mitochondria (49). Lactate dehydrogenase is encoded by
two genes, termed LDH-A and LDH-B. Each gene encodes a separate peptide
chain, termed M (muscle) and H (heart) (108, 109). Functional LDH is a homo-
or heterotetramer composed of M and H peptides (109). Five isozymes of LDH
exist in mammals: LDH-1, which is composed of four H peptides (H,); LDH-2
(HsM,); LDH-3 (H,M,); LDH-4 (H1Ms); and LDH-5 (M,4) (110). These isozymes
are widely expressed across tissues (108, 109), and all five are present in

lymphocytes (64, 67, 111).
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Figure 1.9. Metabolic fates of pyruvate and the TCA cycle. Lactate
dehydrogenase (LDH) can convert pyruvate to lactate, which is then secreted
from cells. Pyruvate can be converted into oxaloacetate by pyruvate carboxylase
(PC) or acetyl-CoA by pyruvate dehydrogenase (PDH). Citrate synthase
combines oxaloacetate with acetyl-CoA to form citrate. NADH is generated by
isocitrate dehydrogenase (IDH), a-ketoglutarate dehydrogenase (a-KGDH), and
malate dehydrogenase (MDH). FADH, is produced by succinate dehydrogenase
(SDH). Carbons leave the cycle as CO,, but intermediates can also be utilized
for biomolecule synthesis. Glutamine-derived carbons enter the cycle as a-
ketoglutarate. Adapted from (112, 113).
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LDH activity is primarily regulated at the level of gene expression. LDH-A
expression increases during hypoxia (114) through stimulation by HIF-1a (74).
Importantly, the M chain of LDH has a greater affinity for lactate than the H chain.
Thus, the activity an LDH isozyme will vary depending on the number of M
subunits it contains (65, 109-111). Stimulation of human lymphocytes with conA
and PMA preferentially induces the expression of LDH-5 (M4) and LDH-4 (M3H,),
but not LDH-1 (H,) (64, 67, 111). Consistent with these results, LDA-A mRNA
increases >10-fold following conA and PMA stimulation of human lymphocytes
(111). Furthermore, stimulation of rat thymocytes with conA increases LDH
activity 10-fold, and increases lactate production by 35-fold (63).

If pyruvate does not react with LDH, it can enter the mitochondria through
the pyruvate transporter (115-117). Once pyruvate is inside the mitochondria,
either PDH or PC can catalyze its entry into the TCA cycle, where it can be
oxidized to NADH and FADH, for ATP production or exported for amino acid or
fatty acid synthesis (Figure 1.9) (49, 52, 53).

PDH is a multi-enzyme complex that catalyzes the conversion of pyruvate
to acetyl coenzyme A (acetyl-CoA), CO, and NADH (49, 105). Once converted
into acetyl-coA by PDH, pyruvate-derived carbons combine with oxaloacetate
and enter the TCA cycle as citrate (118). The PDH complex contains numerous
copies of three separate enzymes; pyruvate dehydrogenase (E1, ~ 30 copies per
complex), dihydrolipoyl transacylase (E2, ~60 copies per complex) and
dihydrolipoyl dehydrogenase (E3, 6 copies per complex) (105). Each E1 subunit

is a tetramer composed of 2 o and B subunits, each of which is encoded by a
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separate gene (105, 119). E2 and E3 are each encoded by single genes (105).
While there is an alternative isoform of E1, it is only expressed in testes (120).

PDH is regulated both by end-product inhibition by NADH and acetyl-CoA
and by the phosphorylation status of E1 (Figure 1.10) (105). PDH-kinase (PDH-
k) catalyzes the phosphorylation of PDH at three separate serine residues, which
inactivates PDH (106). PDH-k is activated by acetyl-coA and NADH, and is
inhibited by ADP, pyruvate and NAD" (105). The expression of PDH-k is also
stimulated by the transcription factor HIF-1a (121, 122). PDH-phosphatase
catalyzes the dephosphorylation PDH leading to its activation. PDH-

phosphatase is stimulated by both Mg?* and Ca®* (105).

Pyruvate
Mg2+ NAD*
Ca2t ADP
Inactlve
PDH-
phosphatase PDH- k
HIF-1a
Pyruvate : Acetyl-CoA
+ NAD* + NADH

Figure 1.10. Regulation of pyruvate dehydrogenase. PDH is active in its
unphosphorylated form. PDH-k dephosphorylates and inactivated PDH. PDH-K
is stimulated by acetyl-CoA, NADH and its expression is stimulated by HIF-1a.
PDH-K is inhibed by pyruvate, NAD" and ADP. PDH-phosphatase, which
activates PDH, is stimulated by Ca®* and Mg®*. Adapted from (105).

25



Stimulation of lymphocytes increases the entry of pyruvate into the TCA
cycle through PDH. For example, activation of bulk pig lymphocytes with conA
increases PDH activity by 40% within 5 h (123). This PDH stimulation was
inhibited by the addition of the Ca®" chelator EGTA, which suggests that
lymphocyte stimulation activates PDH-phosphatase in a Ca**-dependent fashion
(123). Consistent with this observation, rat thymocytes stimulated by conA
generate 3-fold more CO, from pyruvate than unstimulated controls (62).

PC catalyzes the conversion of pyruvate to oxaloacetate, which consumes
both CO, and ATP (49, 107). PC is encoded by a single gene (124), and is
highly expressed in tissues that synthesize glucose such as the liver and the
kidney (107). Oxaloacetate synthesis by PC is important to replenish TCA cycle
intermediates, which might otherwise be depleted by their utilization in such
processes as amino acid synthesis, fatty acid synthesis and gluconeogenesis
(107). PC activity is allosterically increased when acetyl-CoA levels are high,
which indicates an increased need for TCA cycle intermediates (107, 125).
Lymphocytes express PC, and stimulation of human lymphocytes with conA for 1
h increases PC activity by 50% (126).

PC and PDH both catalyze the entry of pyruvate-derived carbons into the
TCA cycle (Figure 1.9). The TCA cycle is a series of enzymes that catalyzes the
formation of citrate from oxaloacetate and acetyl-CoA and the oxidation of that
citrate molecule into oxaloacetate. These oxidation reactions produce CO; as
well as NADH and FADH,, both of which can be used for oxidative ATP

production by the mitochondrial respiratory chain (described below). While the
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TCA cycle contains eight enzymes, only three are regulated: citrate synthase,
which is inhibited by NADH and citrate; isocitrate dehydrogenase, which is
inhibited by ATP and NADH, and stimulated by Ca®* and ADP; and o-
ketoglutarate dehydrogenase, which is inhibited by NADH and succinyl-CoA and
stimulated by Ca®* (112). In lymphocytes, the activity of the TCA cycle appears
to increase following stimulation, possibly due to increased Ca** (discussed
below). For example, rat splenocytes and thymocytes stimulated by conA
increase glucose oxidation by 100% and 50%, respectively (62, 127). The TCA
cycle can also oxidize glutamine, whose carbons enter the cycle as a-
ketoglutarate (Figure 1.9). Rat thymocytes stimulated with conA increase
glutamine oxidation 5-fold, again suggesting increased TCA cycle activity in
activated lymphocytes (128).

The mitochondrial electron transport chain. The TCA cycle oxidizes
carbon substrates and produces high-energy electron carriers NADH and FADH,,
but it does not generate large amounts of ATP (112). In actively respiring
mitochondria, the energy contained in NADH and FADHj is used by the electron
transport chain (ETC) to form a proton gradient across the inner mitochondrial
gradient, and that gradient is then utilized to generate ATP (Figure 1.11).

Electrons carried by NADH or FADH enter the ETC at complex | (NADH-
ubiquinone oxidoreductase) or complex Il (succinate-ubiquinone
oxidoreductase), respectively (49). NADH formed in the TCA cycle is oxidized by
the flavin mononucleotide (FMN) located on the matrix face of complex | (Figure

1.11) (129). These electrons are passed along a series of 7 iron-sulfur (Fe-S)
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clusters (130) and eventually combine with ubiquinone (Q or CoQ) to form
ubiquinol (QH, or CoQH,) (129, 131). Complex | also pumps 4 H* from the
matrix into the intermembrane space for every 2 electrons it transports (Table
1.2) (132, 133). Electrons can also enter the respiratory chain at complex Il,
which catalyzes the oxidation of succinate into fumarate and transfers the
electrons onto flavin adenine dinucleotide (FAD) (134). In a fashion similar to
complex I, the reduced flavin of complex Il passes its electrons through a series
of iron-sulfur clusters leading to the reduction of Q to form QH, (134). However,

complex Il does not pump H* into the mitochondrial matrix (135).

Table 1.2. Reactions of the mitochondrial respiratory chain. Q and QH,
indicate ubiquinone and ubiquinol. H;" indicates a proton in the mitochondrial
matrix , while H," indicates a proton in the intermembrane space. From (136).

Complex Name Reaction Catalyzed
| NADH-Ubiguinone NADH +Q + 5H" -

Succinate + Q —
I Succinate dehydrogenase

Fumarate + QH,

3
" Ubiquinone-cytochrome ¢~ QHz + 2eytc™ + Q + 2H"—>

oxidoreductase 2Q + 2cyt ¢ + 4Hy'
4cyt c® + 8H" + O, >
\Y Cytochrome C oxidase
4cyt ¢ + 4H," + 2H,0
2-3H," + ADP + Pi—>
V F,F,-ATPase

2-3 H" + ATP
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Figure 1.11. Electron transport schematic. Complexes are identified by numbers on top and the flow of
electrons is indicated by red arrows. Electrons (red) enter complex | or complex Il as NADH or succinate,
respectively. Complex | pumps 4 protons (H") into the intermembrane space for each NADH. Complex | and Il
transfer electrons to coenzyme Q (CoQ), which migrates to complex Ill and transfers electrons to cytochrome ¢ and
pumps 2 H' for each CoQH,. Reduced cytochrome ¢ migrates to complex IV and passes its electrons to Oy,
forming H,O. Complex IV pumps 4 protons for every 4 cytochrome c oxidized. Complex V synthesizes ATP and
allows H" to flow into the matrix, but does not transport electrons (130, 134, 135, 137-139).



Complex Il (ubiquinone-cytochrome c oxidoreductase) oxidizes QH,
formed by complex | or complex Il and transfers electrons to cytochrome C, while
pumping two H* into the intermembrane space for every 2 electrons it transports
(138). Complex Il accomplishes this electron transport and proton pumping
through multiple one electron reactions (Figure 1.11). QH, first transfers a single
electron to an Fe-S cluster and transfers one H" into the intermembrane space,
thus generating the relatively unstable ubisemiquinone (QH’) (139). While the
reduced Fe-S cluster passes its electron on towards cytochrome C,
ubisemiquinone transfers its free electron to the heme b, center within complex
lll. Heme by transfers its electron to heme by, which resides on the matrix face.
Heme by adds 2 consecutive electrons to Q, which along with H* from the matrix,
regenerates QH, (138, 139).

The final component of the electron chain is complex IV (cytochrome C
oxidase). Complex IV transfers electrons from reduced cytochrome C through a
copper center and several heme groups to O, which is reduced to H,O and acts
as the final electron acceptor of the ETC (140). For every electron transferred to
0,, a single H" is pumped from the matrix to the intermembrane space (141).
Because the reactions catalyzed by complex IV lead to a disappearance in O,
monitoring the consumption of O, is often used to assess the activity of the ETC
(142, 143).

Complexes I, lll and IV pump H” into the intermembrane space as they
transfer electrons along the ETC (Figure 1.11) (129, 138, 141). This

accumulation of H™ in the intermembrane space creates an electrochemical
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gradient (Ap) of 100-200 mV across the inner mitochondrial membrane (144).
This gradient is composed of a small pH gradient (~30 mV in actively respiring
mitochondria) and a large electric potential (~150 mV in actively respiring
mitochondria), termed the mitochondrial membrane potential (Ayn,) (145, 146).
The electrochemical gradient generated by complexes I-1V is counteracted
by H* flow into the mitochondrial matrix through complex V, also known as the
Fi1Fo.-ATPase (147). Complex V consists of the transmembrane F, domain,
through which protons flow and the F; domain, which synthesizes ATP in the
mitochondrial matrix (147). These two domains are coupled by a peripheral
stalk, which contains the oligomycin sensitivity-conferring protein (OSCP) (148).
As protons flow through the F, region into the mitochondrial matrix, they cause
the rotation of the central axis of the F; domain and catalyze the synthesis of
ATP (149-153). Hence, the generation of Ay, by complexes I-IV of the
mitochondrial respiratory chain is coupled to ATP production by complex V.
Mitochondrial generation of reactive oxygen species and antioxidants.
While most of the O, consumed by the mitochondria is converted to H,O by
complex IV, approximately 0.5-3% is converted to superoxide (02 ). Oy
production occurs when single electrons escape from reactive intermediates
such as FMN or Fe-S clusters in complex | or ubisemiquinone in complex Il and
react directly with O, (Figure 1.12) (131, 154). O, production by complex | or llI
increases when the half-lives of reduced reactive intermediates increase (131,
154). This phenomenon has been investigated in complex | using rotenone, a

small molecule (Figure 1.12) that inhibits the passage of electrons from the
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terminal Fe-S cluster of complex | to ubiquinone (155, 156). Treatment with
rotenone causes an accumulation of reduced intermediates proximal to the
terminal Fe-S cluster and increases reactive oxygen species (ROS) production
into the mitochondrial matrix by 17-fold in actively respiring rat brain mitochondria

(131, 154, 157). The site of O, production by complex | is unclear, as both Fe-S

clusters (158) and the FMN (157) site have been implicated.

Succinate:H; Fumarate

Figure 1.12. O, production by the electron transport chain. O, is formed by
single electron reactions with O, occuring at complex | and Il of the ETC (red
arrows). At complex I, O, can react with either reduced FMN or iron sulfur
clusters, however O3 is only released into the matrix. These reactions are
increased by the presence of rotenone, which inhibits electron transfer to
ubiquinone, thereby increasing the half lives of reduced Fe-S clusters and FMN.
At complex Ill, O, reacts with ubisemiquinone (CoQH) to form O,". O, formed at
complex Ill can enter either the matrix or the intermembrane space. Oy
production at complex Il increases in the presence of antimycin A, which inhibits
electron transfer from cytochrome by to ubisemiquinone, thereby causing
ubisemiquinone accumulation (131, 154-156, 159).
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The other major site of ROS production in the mitochondria is complex llI,
which generates O, when ubisemiquinone reacts with O, (160). Ubisemiquinone
is formed on both the matrix and intermembrane faces of complex Il (Figure
1.11), which suggests that complex Ill can produce O’ into both the matrix and
intermembrane space (131, 154, 161, 162). Indeed, antimycin A, which inhibits
electron flow from cytochrome by to ubisemiquinone (Figure 1.12), increases
ROS production into both the matrix and intermembrane space by > 10-fold in
isolated mouse mitochondria (159).

Mitochondrial ROS production also increases as Ay, increases (154).
This phenomenon is thought to occur because a large Ay, disfavors additional
H* pumping and extends the half lives of reactive single electron intermediates
such as FMN and Fe-S clusters in complex | and ubisemiquinone in complex IlI
(131, 154, 163). The increased lifetimes of these reactive intermediates
increases the likelihood that electrons react with O, to form O, rather than
continuing along the ETC (131, 164-167). In rat heart mitochondria respiring on
succinate, increasing Ay, by 20% increases H,O, generation by 10-fold (167).
In a similar system using rat brain mitochondria and NADH-linked substrates
(malate + glutamate or a-ketoglutarate), a 20% change in Ay, increases H,0,
generation by 3-4-fold (168). In both of these studies, the initial ROS species
formed was assumed to be O, which was then converted to H,O, by superoxide
dismutases (167, 168). This relationship between Ay, and O, production helps

explain why small molecules that inhibit the F;F,ATPase and increase Ay, such
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as Bz-423 (169-173), oligomycin (168, 174), PK11195 (175), and farnesol (176)
also generate ROS.

Once O3 is formed by the mitochondria it has several possible fates
(Figure 1.13) (177). O2 can oxidize iron present at Fe-S clusters, thereby
inactivating enzymes such as aconitase that rely on Fe-S clusters for catalysis
(177-179). Alternatively, O," can be converted to hydrogen peroxide (H>O,) by a
pair of enzymes termed superoxide dismutases (SODs) (177). In the cytosol and
mitochondrial intermembrane space, a SOD containing copper and zinc at its
active site (Cu,Zn-SOD) catalyzes the following reaction: 20, + 2 H* — O, +
H,0, (180). A similar manganese containing-enzyme (MnSOD) catalyzes the
same reaction in the mitochondria (180). The importance of these SOD enzymes
is evident, as overexpression of Cu,Zn-SOD protects mice from drug-induced
Parkinson’s disease (181), while mice homozygous for a deletion in MNnSOD die

within days of birth (182).

GSH GSSG
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MnSOD TN

O ~H,0 H,0
2 cuzn-sop 272 2

Catalase
Fe2t

OH

Figurel.13. ROS and antioxidants. O, generated by the ETC is converted to
H,O, by SODs. H,0; can either be converted into OH* by Fenton-like chemistry
or detoxified into H,O by catalase or glutathione peroxidase. Red lettering
indicates capability to oxidize cellular substrates. Adapted from (183)
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The primary oxidation target of H,O- is the thiol group (-SH) on the amino
acid cysteine, which can be oxidized to a sulfenic acid (S-OH) (184). Cysteine
oxidation by H,O, can have a variety of biologic effects. H,O, can stimulate cell
growth by inhibiting protein tyrosine phosphatases and activating the mitogen-
activated protein kinases (MAPKSs) extracellular signal-regulated kinase 1 and 2
(ERK1/2) (185-187). Alternatively, H,O, can induce apoptosis by activating the
redox sensitive protein apoptosis signal-regulated kinase-1 (ASK-1) (188) and its
downstream kinase JNK (187, 189). Whether H,O, stimulates pro-growth or pro-
apoptotic pathways may depend on its concentration, as addition of < 0.2 mM
H,0O, activated ERK1/2 and stimulated proliferation in renal epithelial cells, while
concentrations of H,O, > 0.2mM activated JNK and induced apoptosis (187).
Importantly, O, is also capable of activating ASK1 (189, 190), which suggests
that ASK1 can mediate both O, - and H,O,- induced apoptosis. In addition to
these specific signaling pathways, H,O, can be converted to hydroxyl radical
(OH") through an iron-catalyzed reaction: H,O, + Fe** — OH + OH" + Fe** (191).
Unlike H,O, and O;, OH* induces non-specific oxidative damage to DNA, lipids,
and proteins, which can lead to apoptosis (192-194).

Cells contain several mechanisms for detoxifying H,O; that limit the
production of OH®* and nonspecific oxidative damage (191, 195-197). Catalase,
which is only present in the cytosol, catalyzes the iron dependent reduction of
H,0, to H,O (195). Glutathione peroxidase, which is present in both the cytosol
and the mitochondrial matrix, can also reduce H,0O, to H,O (198). This reaction

is coupled to the oxidation of glutathione (GSH) to its oxidized disulfide form
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(GSSG) (196, 197). Pyruvate, a metabolite of glucose, can also detoxify H,O,
through a non-enyzmatic decarboxylation reaction (199-204). The role of
glutathione and pyruvate as antioxidants are discussed in greater detail in
Chapter 3.

The Warburg effect and its etiology. In the presence of O,, the complete
oxidation of glucose to CO, generates ~15-fold more ATP than its anaerobic
conversion to lactate (78). As such, in the absence of hypoxia many cell types
generate their energy through oxidative phosphorylation rather than “wastefully”
secreting carbons as lactate (205-207). However, this paradigm does not apply
to many types of proliferating cells, which take up glucose at a high rate and,
despite the presence of O,, secrete it as lactate rather than fully metabolizing it
through the TCA cycle and oxidative phosphorylation (78). This metabolic
phenotype is termed the Warburg effect or aerobic glycolysis. This phenomenon
was first demonstrated by Otto Warburg, who showed that cancerous mouse
ascites cells produced 60-fold more lactate than non-cancerous kidney or liver
cells, but respired only half as fast (205). This observation led to his hypothesis
that tumors were characterized by high rates of fermentation. This hypothesis
has been confirmed over several decades in numerous cell types (208) and
serves as the basis for clinical **FDG positron emission tomography (PET), an
imaging modality in which tumors are identified based on their uptake of a
radioactive glucose analog (209).

While numerous studies have shown that increased rates of glycolysis are

a general feature of cancers (78, 208, 210-212), the etiology of increased
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glycolysis has been more controversial. Warburg suggested that tumor cells
depend on glycolysis due to defects in respiration, stating that “The driving force
of the increase of fermentation...is the energy deficiency under which the
(cancerous) cells operate after destruction of their respiration” (205). However,
subsequent studies have shown that, while some cancers show respiratory
defects, oxidative metabolism is actually increased in numerous tumors
compared to normal cells (208, 213). Among the tumor cells with increased
respiratory activity are HT29 human colon cancer cells (214), HeLa human
cervical cancer cells (215), AS-30D rat hepatoma cells (215), and mouse
fibrosarcoma 1929 (216). These findings suggest that decreased respiration is
not prerequisite for transformation and suggest that aerobic glycolysis is not due
to a respiratory defect. Recent studies have begun to elucidate the molecular
basis for the Warburg effect, which appears to be controlled by the activation of
the transcription factor HIF-1 (217) and the kinase Akt (211).

HIF-1 is a heterodimeric transcription factor composed of HIF-1a and HIF-
1B subunits (217). The expression of HIF-1a is regulated by oxygen tension, as
HIF-1a protein levels are 20-fold higher during hypoxia (0.5% O) than during
normoxia (20% O,) in human HelLa cells (218). This regulation is due to the O,-
dependent hydroxylation of proline residues 402 and 564 on HIF-1a, which
allows the von Hippel-Lindau (VHL) protein to bind HIF-1a and target it for
proteasomal degradation (Figure 1.14) (219, 220). Hypoxia inhibits proline
hydroxylation, resulting in increased HIF-1a levels (221). HIF-1a levels are

elevated in a variety of cancers due to local hypoxia, as rapid tumor growth
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outpaces blood and O, supply (217), and due to mutations in regulators of HIF-
la such as VHL (222). HIF-1 induces glycolysis by increasing the expression of
numerous glycolytic genes including GLUT1, GLUT3, HK | and Il, PFK-L,
aldolase A and C, enolase 1, pyruvate kinase M (PK-M), and LDH-A (74). HIF-1
also induces the transcription of pyruvate dehydrogenase kinase 1 (PDK1),
which phosphorylates and inhibits pyruvate dehydrogenase (PDH) (121). This
concomitant increase in LDH expression and decrease in PDH activity inhibits
the entry of pyruvate into the TCA cycle for oxidation and instead promotes the
conversion of pyruvate into lactate and its subsequent secretion from the cell. In
addition to decreasing PDH activity, HIF-1 also inhibits oxidative metabolism by
decreasing the levels and acitivities of c-myc and its target PGC-1, a
transcription factor that stimulates mitochondrial biogenesis and respiration

(223).
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Figure 1.14. Regulation of HIF-1a and its effects on cellular metabolism.
HIF-1a is constitutively expressed, and in the presence of O, is hydroxylated by
O,-dependent prolyl-hydroxylases. VHL recognizes hydroxylated HIF-1a and
targets it for proteasomal degradation. Under hypoxic conditions, HIF-1o
induces the expression of numerous glycolytic genes including GLUT1, GLUTS3,
HK I, HK Il, PFK-L, Aldolase A and C, enolase 1, PK-M and LDH-A. HIF-1a also
inhibits mitochondrial biogenesis and respiration by inhibiting c-myc acitivity and
by inducing PDH-K, which phosphorylates and inhibits pyruvate dehydrogenase
(74, 121, 219, 220, 223).

Akt is an evolutionarily conserved kinase that is frequently activated in

human cancers (211). In normal tissues, signaling through growth factor
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receptors such as the IL-7 receptor (224) or CD28 (59) activate
phosphatidylinositol 3-kinase (PI3K), which catalyzes the formation of
phosphatidylinositol-triphosphate (PIP3) (Figure 1.15). PIP; interacts with the
pleckstrin homology (PH) domain of AKT, and recruits it to the plasma membrane
where it is phosphorylated and activated by PI3K-dependent kinase 1 (PDK-1)
and mammalian target of rapamycin complex 2 (nMTORC2) (211). The activation
of AKT is negatively regulated by PTEN, the phosphatase and tensin homolog
deleted on chromosome ten, which catalyzes the dephosphorylation of PIP3
(225).

In cancers, AKT is often constitutively activated due to inactivation of
PTEN (226) or activating mutations in PI3K (227, 228). Active AKT promotes
the expression and activity of several glucose transporters including GLUT1 and
GLUT4 (58, 59, 229). Activated AKT also promotes glycolysis by increasing
hexokinase activity (75, 230) and enhacing phosphofructokinase activity by
phosphorylating and activating the regulatory enzyme 6-phosphofructo-2-kinase
(82, 231). While its role in glycolytic metabolism is well established (59, 75, 231),
recent observations suggest that AKT also stimulates oxidative metabolism
(232). Mouse embryonic fibroblasts (MEFs) lacking AKT consumed half as much
O, as wild type MEFs, while MEFs lacking PTEN and Ratla cells expressing
constitutively active AKT consumed 50% more O, than wild type controls (232).
The ability to increase both glycolysis and OXPHOS is consistent with a role for
AKT in cancer metabolism, as many cancers display both increased glycolysis

and OXPHOS compared to nontransformed cells (208, 213). AKT also
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stimulates fatty acid synthesis in transformed cells through its ability to

phosphorylate and activate ATP-citrate lyase (52, 53, 233).

Growth Factor Receptors
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Figure 1.15. Regulation of AKT and its effects on cellular metabolism.
Signaling through growth factor receptors activates P13-K, which catalyzes the
conversion of PIP; to PIP;. PIP; recruits AKT to the plasma membrane where it
is phosphorylated and activated by PDK and MTORC2. Active AKT stimulates
O, consumption and fatty acid synthesis and stimulates glycolysis by increasing
the activities of hexokinase, phosphofructokinase, GLUT1 and GLUT4. PTEN
opposes AKT activity by dephosphorylating PIP3.(211, 232) (58, 59, 75, 82, 229-
231)
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Utility of the Warburg effect. Increased glycolytic metabolism plays
several important roles in cancer cells. The ability to generate energy from
anaerobic processes rather than relying on OXPHOS allows cancer cells to
survive and grow in areas of hypoxia such as those frequently found in rapidly
growing and invasive tumors (234). However, leukemias (235), lymphomas
(236) and lung cancers (237) display increased rates of glycolysis, despite being
exposed to abundant O, in the blood or lungs. These observations suggest that
glycolysis may provide benefitis to proliferating tumor cells independent of the
ability to survive in hypoxic conditions.

One hypothesis is that increased glycolysis promotes the ability of
proliferating tumor cells to synthesize biomolecules such as fatty acids (Figure
1.16) (78). Specifically, increased glycolysis can be used to generate NADPH
(through the action of the PPC) and cytosolic acetyl-coA, both of which are
required for fatty acid synthesis (78, 238). Several studies support this
hypothesis. When the activity of glucose-6-phosphate dehydrogenase (G6PDH),
the rate limiting enzyme in the PPC, is decreased using siRNA in A375
melanoma cells, NADPH levels drop by 2.4-fold and cellular proliferation
decreases by 30% (239). Similarly, small molecule inhibitors of the pentose
phosphate cycle such as oxythiamine (OT) and dehydroepiandrosterone (DHEA),
which inhibit transketolase and G6PDH respectively, slow the rate of cancer cell
growth (240). Treatment of cultured pancreatic adenocarcinoma cells with OT or

DHEA decreases cellular proliferation by 40 or 20% respectively (241), while
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injection of OT or DHEA into mice bearing Erlich’s ascites tumors decreases
tumor cell growth by 80 or 50% respectively (240).
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Figure 1.16. Glycolysis and fatty acid synthesis. Glucose metabolism
generates NADPH through the pentose phosphate cycle (PPC) and
mitochondrial citrate through pyruvate dehydrogenase and pyruvate carboxylase.
Citrate is exported to the cytosol where it is converted to acetyl-CoA by ATP-
citrate lyase (ACL). Cytosolic acetyl-CoA and NADPH proceed along the fatty
acid synthesis pathway (52, 53, 78, 238).

Glycolysis generates cytosolic acetyl-coA by funneling carbons into the
mitochondria as pyruvate and forming citrate, which is then exported from the
mitochondria to form acetyl-coA through the action of ATP-citrate lyase (ACL)
(238). This process is stimulated by AKT, which can phosphorylate and activate
ACL (233). Knockdown of ACL using RNA interference inhibits growth of lung

cancer cells in vitro and in vivo (53). ACL knockdown also inhibits the
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incorporation of glucose-derived carbons into lipids in activated non-transformed
lymphoid cells and inhibits their growth in vitro (52).

Aerobic glycolysis may also promote tumor cell growth and survival by
protecting them from ROS production and ROS-mediated damage. Inhibiting
glycolysis in human lymphoma cells by using siRNA directed LDH increases
oxygen consumption 2.5-fold and increases ROS production as measured by
dichlorofluorescein oxidation (242). This decrease in LDH increases apoptosis
3-fold compared to controls. Increased apoptosis is reversed by the antioxidant
N-acetyl cysteine (NAC), suggesting that aerobic glycolysis protects cancer cells
from ROS-mediated apoptosis (242). A similar study investigating the effects of
LDH expression in tumors derived from mammary epithelial cells showed that
knockdown of LDH increased respiration by 75% but inhibited rates of
proliferation in vitro under normoxic (~3-fold inhibition) and hypoxic (~100-fold
inhibition) conditions (243). Similarly, mice receiving inoculations of mammary
epithelial tumor cells with LDH knocked-down survived 3 times longer than mice
inoculated with WT tumor cells, however the role of ROS was not explicitly
examined in this study (243). HIF-1 appears to play an important role in the
ability of glycolysis to decrease tumor cell ROS production, as it both increases
LDH expression and decreases PDH activity (74, 121), thereby funneling
glucose-derived carbons away from the mitochondria and lowering ROS
production (122).

In a related fashion, glycolysis prevents ROS mediated damage by

allowing tumor cells to maintain their antioxidant levels. Inhibiting glycolysis with
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the non-metabolizable glucose-analog 2-deoxyglucose (2DG) perturbs
antioxidant balance in HelLa cells by decreasing total glutathione levels by 40%
and inducing dose- and time- dependent apoptosis (244). This increased
apoptosis is reversed by the antioxidant NAC, suggesting that it is due to
increased ROS formation (244).

Bioenergetics of unstimulated and stimulated T and B cells. In the
absence stimulation through the TCR, T cells are small cells that do not
proliferate or secrete cytokines (207). Consistent with their quiescent status,
unstimulated T cells have low energetic demands that primarily arise from
housekeeping processes such as protein synthesis and ion homeostasis (245).
Unstimulated T cells primarily generate ATP by oxidizing carbon substrates.
Freshly purified thymocytes take up glucose at a low rate (0.07 nMoles/(min x 10°
cells), oxidize approximately 15% of it into CO, and convert 50% into lactate (63).
Resting T cells utilize several other metabolic substrates besides glucose.
Freshly purified thymocytes consume glutamine at a rate of 0.03-0.05
nMoles/(min x 10° cells), and oxidize 15-20% of into CO, (128). Unstimulated
lymphocytes also oxidize fatty acids: freshly purified cells from rat lymph nodes
metabolize the fatty acid oleate at the same rate as they metabolize glucose
(246). However, this study did not distinguish between B and T cells (246).

As discussed above, cells can generate energy either through glycolysis
or oxidative phosphorylation (142, 247). By measuring both oxygen consumption
and lactate production, Guppy et. al. calculated that freshly purified rat

thymocytes generated only 4% of their ATP by producing lactate and 96% by
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oxidizing glucose, glutamine and other carbon sources (206). In sum,
unstimulated T cells are quiescent cells that meet their minimal energy demands
using low rates of oxidative phosphorylation.

Over the past 50 years, it has become apparent that stimulating T cells
with mitogens or activating antibodies causes dramatic changes in cellular
metabolism (Figure 1.17). In 1963, it was observed that culturing human
lymphocytes with PHA for 3 d resulted in glucose depletion and lactate
accumulation in the culture media (248). Subsequent studies in the late 1960s
and 1970s quantified these changes and showed that PHA stimulation causes a
2-4 increase in lactate production within 4 h of addition to culture, before cells
began to grow or divide (249, 250). After 3 d of PHA stimulation, actively
proliferating lymphocytes increase glucose consumption and lactate production
10-20-fold compared to unstimulated controls (251). More recent studies have
extended these observations and shown that proliferating rat thymocytes
stimulated for 2-3 d with conA increase glucose utilization 50-fold and lactate
production 36-80-fold compared to unstimulated cells (62, 206, 252). As
discussed above, these studies also showed that proliferating thymocytes exhibit
a 5-30-fold increase in the activities of glycolytic enzymes such as hexokinase,
phosphofructokinase, aldolase, pyruvate kinase and lactate dehydrogenase
compared to unstimulated cells (Figure 3.6). Because oxidative metabolism only
increases approximately 2-fold following T cell activation, (62, 251), these studies
suggest that aerobic glycolysis provides the majority (60-85%) of ATP in

activated lymphocytes and that OXPHOS plays a minor role (206, 252).
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Figure 1.17. Metabolic pathways upregulated in activated T cells. Numbers
next to an enzyme or pathway indicate its fold upregulation in activated T cells
compared to unactivated controls as described in the text. Enzymes or pathways
in red have been directly linked to AKT or costimulatory signaling, while those in
blue have been linked to Ca** signaling (59, 62, 63, 123, 206, 245, 251-254).
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Increased aerobic glycolysis in activated T cells is controlled by signaling
through CD28 in a P13-K/AKT-dependent fashion (Figure 1.17, in red). When
human CD4" T cells are stimulated by bead-bound anti-CD3 and anti-CD28
antibodies, they quickly phosphorylate AKT (5-30 min after activation) and later
(20 h), upregulate the expression of glucose transporter 1 (GLUT1) and their
rates of glycolysis and lactate production by 5-10-fold (59). Increased glucose
uptake and glycolysis are inhibited when AKT phosphorylation is blocked by
signaling through the inhibitory receptors PD-1 or CTLA4 or by treatment with the
P13-K inhibitor Ly294002, which confirms their dependence on signaling through
the PI13-K pathway (59, 255). Similarly, murine CD4" T cells stimulated through
both CD3 and CD28 increase glucose uptake 5-10-fold compared to T cells
activated with CD3 alone (58). In addition to regulating GLUT1 expression and
activity, activated AKT promotes glycolysis by increasing hexokinase activity
through an unkown mechanism (75, 230) and enhacing phosphofructokinase
activity by phosphorylating and activating the regulatory enzyme 6-
phosphofructo-2-kinase (82, 231).

Lymphocytes also increase oxidative metabolism following activation,
although to a lesser magnitude than aerobic glycolysis. Within 30 min of
activation with conA, rat thymocytes increase O, consumption by 25-30 % (253,
256), and similar changes (30-50% increase) are seen 3-6 h after stimulation of
human CD4" T cells with PMA and ionomycin (257). This increased oxidative
metabolism is also seen at later timepoints after activation, when lymphocytes

are actively proliferating. 3 d after stimulation with anti-CD3 and anti-CD28
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coated microbeads or PHA, human CD4" T cells or bulk lymphocytes increase O,
consumption approximately 2-fold compared to unstimulated cells (59, 251).
Early increases in oxidative metabolism following T cell activation are
thought to be due to increases in intracellular Ca** ([Ca*'];) (Figure 1.17, in blue)
(254). Unstimulated T cells have an [Ca?']; of 75 nM, which increases to 150 nM

], enters the

within seconds of TCR stimulation (254). This increased [Ca
mitochondria ([Ca?']m) through the mitochondrial permeability transition pore
(258), where it directly and indirectly activates the dehydrogenases of the TCA
cycle. [Ca?]n stimulates PDH activity by increasing the activity of PDH
phosphatase, which dephosphorylates and activates PDH (Figure 1.18) (259).
Increased [Ca?], also lower the K, of isocitrate dehydrogenase and alpha-
ketoglutarate dehydrogenase activity, thereby increasing their activities (Figure
1.18) (259, 260). Increased TCA cycle activity in activated T cells increases
NADH fluorescence 1.5-fold (254). While increased NADH can feed into the
electron transport chain and increase O, consumption, it appears that NADH-
stimulated H*-transport into the intermembrane space exceeds the rate of rate H”
flow through the FoF;-ATPase, resulting in Ay, hyperpolarization and superoxide
formation shortly after T cell activation (254). In addition to directly stimulating
the TCA cycle, Ca®* also activates the AMP-activated protein kinase (AMPK) at
early time points (1-20 min) following TCR stimulation in an [AMP]-independent
manner (261). AMPK is an important mediator of cellular energy homeostasis,
and its activation promotes both oxidative and glycolytic ATP production by

increasing fatty acid oxidation and glycolysis (262, 263).
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Figure 1.18. [Ca®']n,-mediated stimulation of the TCA cycle. The stimulatory
effects of [Ca®'], on TCA cycle enzymes are indicated in blue. [Ca']. directly
stimulates isocitrate dehydrogenase (IDH) and a-ketoglutarate dehydrogenase
(a-KGDH) and activates pyruvate dehydrogenase (PDH) phosphatase, which
dephosphorylates and activates PDH. Other abbreviations are as follows:
succinate dehydrogenase (SDH), malate dehydrogenase (MDH). (123, 259)

Increased [Ca®*], may play a role in increased OXPHOS at later
timepoints (i.e. 2-3 d) after activation, but these later changes are also likely
mediated by an increase in mitochondrial mass. By 24-60 h after stimulation with

anti-CD3 and anti-CD28 antibodies or PMA and ionomycin, mouse T cells
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increase their mitochondrial mass 5-15 fold as measured by Mitotracker Green
fluorescence (264), which is a dye that accumulates in mitochondria
independently of Ay, (265). Importantly, these changes were not observed in
proliferating T cells stimulated by the cytokines IL-2, IL-17 and IL-15, which
indicates that increased OXPHOS may not be a feature of all stimulated
lymphocytes (264). Ca®*-mediated hyperpolarization may also play a role in
increased OXPHOS at these later timepoints, as antibody- or PMA and
ionomycin-stimulated T cells also showed a 5-10 increase in Mitotracker Red
fluorescence (264), which is a dye that accumulates based on Ay, (265).
Although activated T cells increase aerobic glycolysis 10-20-fold while
increasing OXPHOS only 2-fold, it is unclear if high rates of glucose uptake and
lactate production are necessary for productive T cell activation (i.e. proliferation
and cytokine production). Removing glucose from the culture media (but
maintaining 2 mM glutamine as a carbon source) results in the complete absence
of proliferation and IFN-y production and a 7-fold decrease in IL-2 production in
mouse T cells stimulated for 2 d by anti-CD3 and anti-CD28 (58). Similarly, the
number of proliferating human CD4" cells present 96 h after stimulation by PMA
and ionomycin drops by 60% when cells are cultured without glucose (257).
Lowering glucose levels, rather than eliminating glucose entirely, allows T
cells to retain their ability to proliferate and synthesize cytokines. Human CD4" T
cells stimulated with anti-CD3 and anti-CD28 antibodies in 0.4 mM glucose
(rather than 11 mM), decrease glycolysis 4-fold and increase O, consumption by

4-fold, but maintain their ability to proliferate (59). Similarly, murine T cells
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stimulated with anti-CD3 and anti-CD28 and cultured in 0.5 mM glucose are
identical to T cells in 5 mM glucose with respect to viability, proliferation and IL-2
and IFN-y production (58). Together, these results show that while low levels of
glucose are necessary for activated T cell proliferation and cytokine production,
high rates of aerobic glycolysis are not absolutely required, possibly due to the
ability of activated T cells to upregulate OXPHOS when glycolysis is restricted.
Consistent with this notion, inhibiting OXHPOS with the complex Il inhibitor
myxothiazol decreases IL-2, TNF-a, IFN-y and IL-4 production when human
CD4" T cells are stimulated with PMA and ionomycin in restricted glucose
conditions (257). However, myxothiazol does not inhibit cytokine production
when cells are cultured in 11 mM glucose (257). These results show that
activated T cells can proliferate and produce cytokines while relying on OXHPOS
as their primary energy source.

While B cell metabolism has not been studied as extensively as that of T
cells, it appears that resting and activated B cells share many characteristics with
resting and activated T cells. For example, mouse B cells stimulated through the
B cell receptor increase glucose uptake and glycolysis 15-20-fold compared to
resting B cells (266). Both of these metabolic changes are dependent on the
AKT/PI3-K pathway, as PI3-K inhibition with wortmannin or LY294002 abrogated
increased glucose uptake and glycolysis in activated B cells (266). These results
suggest that, like T cells, B cells increase glucose metabolism in an AKT/PI3-K

dependent fashion following stimulation through the antigen receptor.
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Statement of purpose. In the setting of autoimmunity (e.g. lupus) or
allogeneic transplantation (e.g. GVHD), inappropriately activated lymphocytes
mediate disease. Unfortunately, glucocorticoids, a major treatment option for
both lupus and GVHD, indiscriminately kill pathogenic and non-pathogenic white
blood cells and are therefore associated with high rates of infection. Because
dramatic differences in cellular metabolism often exist between cell types (e.qg.
nontransformed cells vs. cancers, resting vs. activated lymphocytes), an
understanding of cellular metabolism in lupus and GVHD could reveal pathways
selectively utilized by disease-causing lymphocytes. Such information may be of
value for developing therapies that selectively inhibit pathogenic lymphocytes
while preserving other aspects of the immune system. This hypothesis is
bolstered by studies showing that Bz-423, a novel inhibitor of the mitochondrial
ATPase, selectively deletes autoreactive B and T cells in models of lupus without
killing bystander lymphocytes.

Therefore, the goal of my research is to determine the metabolic pathways
used by pathogenic autoreactive or alloreactive lymphocytes as they mediate
disease with the goal of exploiting differential cellular metabolism to selectively
kill pathogenic cells. In Chapter 2, lymphocytes from mice with active lupus are
shown to rely on oxidative energy production as they mediate disease, and a
similar phenotype is observed in chronically-activated human T cells. This
oxidative phenotype is contrasted with acutely-activated T cells, which primarily
rely on glycolysis for energy production. In Chapter 3, GVHD-causing T cells are

shown to increase oxidative metabolism and decrease antioxidants as they
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mediate disease. This metabolic phenotype is contrasted with proliferating cells
in the bone marrow, which up-regulate glycolysis and maintain antioxidants. In
Chapter 4, Bz-423 is shown to selectively kill GVHD-causing T cells without
inducing apoptosis in bystander T cells or proliferating cells in the bone marrow.
These results lead to a bioenergetic model of Bz-423 sensitivity, in which Bz-423
selectively kills disease-causing lymphocytes with increased oxidative
metabolism and depleted antioxidants, but not bystander cells with either low

rates of OXPHOS or intact antioxidants.
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CHAPTER 2

CHARACTERIZATION OF THE METABOLIC PHENOTYPE OF
CHRONICALLY STIMULATED LYMPHOCYTES

Introduction

Systemic lupus erythematosus. Systemic lupus erythematosus (SLE or
lupus) is an autoimmune disorder characterized by the inappropriate recognition
of self antigens by the immune system (43). According to a 1996 meta-analysis,
SLE affects approximately 25 out of every 100,000 residents of the United
States, with 90% of those affected being female (267). Symptoms associated
with SLE include skin rash, pleuritis, joint pain, nephritis, vasculitis and stroke
(268, 269).

SLE is a multifactorial disease whose pathogenesis involves both
environmental and genetic factors (270). The importance of genetics in SLE is
emphasized by the 24% concordance rate of SLE in monozygotic twins as
compared with a 2% rate in dizygotic twins (271). Polymorphisms in several
genes are known to contribute to the development of SLE in humans.
Expression of the DR2 or DR3 alleles on chromosome 6, which encode MHC
class Il molecules, is associated with a 2-3-fold increase in SLE incidence in

Caucasian populations (268). Similarly, genetic deficiencies in the complement
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system components C1q, C2, and C4, which aid in pathogen lysis (31),
predispose patients to SLE (268).

Genetic factors also influence the development of lupus-like disease in
mice. Studies in the NZM2410 strain of lupus-prone mice have identified three
separate genetic regions on chromosomes 1 (Slel), 4 (Sle2) and 7 (Sle3) linked
to the development of lupus-like disease (268). These regions are involved in
maintaining B and T cell tolerance, and their functions were determined by
transferring individual regions onto non-autoimmune mice. Mice containing Slel
produce increased levels of anti-chromatin antibodies (272). B cells from mice
containing Sle2 proliferate 2-fold faster to a variety of stimuli including anti-IgM
and LPS in comparison to WT B cells (273). CD4" T cells from mice containing
Sle3 exhibit increased proliferation in response to anti-CD3 or IL-2 stimulation in
vitro, and accumulate with an activated phenotype in vivo (274). The transfer of
any one of these genetic regions onto a non-autoimmune B6 mouse does not
result in lupus-like disease (275). However, when all three of these regions are
transferred together, mice developed severe nephritis and kidney failure,
suggesting that their combined effects are sufficient to cause SLE (275).

While SLE has a strong genetic component that arises from the
involvement of numerous genes, environmental factors also play a role in the
development of SLE. Several pharmacologic agents are known to induce lupus-
like symptoms, termed drug-induced lupus (276). For example, treatment with
procainamide, an antiarrythmic, or hydralazine, a vasodilator, is associated with a

7-20% risk of inducing drug-induced lupus (276). The mechanism by which
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these compounds induce lupus is thought to involve the inhibition of DNA
methylation and subsequent increased inflammatory gene expression (276, 277).
Furthermore, the concordance rate of lupus in identical twins is 24% (271). If
lupus were solely determined by genetic factors, this value would be closer to
100% (43, 271). Together, these observations suggest that a combination of
genetic predisposition and environmental triggers may lead to the development
of SLE.

T and B lymphocytes in SLE. The development of SLE is characterized
by a loss of tolerance to self-antigen and the expansion of autoreactive B and T
lymphocytes. While autoreactive B cells are found in healthy individuals (278,
279), their numbers and activity are increased in patients with lupus (280). For
example, the number of B cells actively producing antibodies is increased up to
50-fold in human and murine SLE compared to healthy controls (281-283).

The reasons for autoreactive B cell expansion in SLE are manifold. One
contributing factor is increased B cell stimulation through the CD40 receptor
(284). B cells express CD40, and costimulatory signals from CD40L can induce
B cell proliferation and antibody production (285, 286). B and T cells from
patients with lupus express 20-fold more CD40L than do cells from healthy
individuals (284), suggesting that stimulation through CD40 may be increased in
lupus B cells. Consistent with this hypothesis, inhibiting CD40-CD40L
interactions delays lupus development by up to 1 year in lupus-susceptible SNF;
mice (287). Additionally, reduced inhibitory signaling in lupus B cells may play a

role in their hyperactivation. Inhibitory signaling through the FcyRIIB receptor
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opposes stimulatory signaling through the B cell receptor by decreasing
intracellular levels of phosphatidylinositol (3,4,5) triphosphate (288). B cells from
patients with SLE express decreased levels of FcyRIIB (289) and polymorphisms
in FcyRIIB are associated with the development of SLE (290, 291). Together,
these observations suggest that both increased stimulation through CD40 and
decreased inhibitory signaling through FcyRIIB may contribute to the expansion
of autoreactive B cells in SLE.

Autoreactive T cells also play a role in SLE pathogenesis (43). T cells that
recognize self antigens such as complexes of DNA and histones can be cloned
from humans or mice with SLE (292-295). In healthy individuals, autoreactive T
cells that have escaped central tolerance are inhibited by a process termed
peripheral tolerance (296, 297). Peripheral tolerance is comprised of two major
processes, both of which may be defective in lupus T cells. If T cells receive a
signal through their T cell receptor (TCR) without accompanying costimulation,
they can become anergic, which is a state characterized by inhibited proliferation
and decreased IL-2 production (297). The induction of costimulatory molecules
on antigen presenting cells (APCSs) is associated with Toll-like receptor (TLR)
stimulation by pathogen associated molecular patterns such as viral DNA or
lipopolysaccharide (LPS) (36). Because self-antigens are not associated with
such patterns, the APCs presenting self-antigens are expected to have low levels
of costimulatory molecules (35, 298). Thus, in normal individuals, autoreactive T
cells receive signaling through the TCR without costimulation and become

anergic (35, 297, 298). In SLE, this induction of tolerance to self-antigen appears
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to be faulty (299). Compared to T cells from healthy controls, T cells from SLE
patients and lupus mice exhibit a 50-100% increase in Ca®" flux following
stimulation through the TCR alone (300-302). This increased signal strength in
the absence of costimulation could contribute to the ability of SLE T cells to
escape tolerance (303).

A second mechanism of maintaining T cell tolerance to self antigens is
through activation induced cell death (AICD, Figure 2.1). The repetitive
stimulation of T cells increases their surface expression of FAS ligand (FASL)
(304-308). FASL then signals through FAS (CD95) on T cells, which activates
caspase 8 and induces apoptosis (304). In healthy individuals, this mechanism
aids in the deletion of autoreactive T cells, which are continuously exposed to
self-antigen (304, 308). However, T cells from mice and patients with lupus
exhibit defects in the AICD pathway (299). T cells from MRL-Ipr and Gld/gld
mice have defective FAS and FASL, respectively, and both strains develop
lupus-like disease (281, 299). While mutations in FAS and FASL in patients with
SLE are rare (309), T cells from SLE patients show a 2-3-fold decrease in AICD
sensitivity compared to control cells (310, 311). While, the basis for this
resistance is unclear, it may be related to alterations in cyclooxygenase (COX) 2
levels in lupus T cells. When lupus T cells are exposed to repetitive TCR
stimulation in vitro, they increase COX-2 up to 40-fold compared to control T cells
(311). This increased COX-2 expression in SLE T cells is associated with
increased expression of C-FLIP, which inhibits apoptosis by blocking the

activation of caspase 8 (311, 312). However, treating lupus T cells with the
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COX-2 inhibitors celecoxib and niflumic acid decreases C-FLIP expression and

induces apoptosis (311).

TCR—-FASL

Fas— |}
Executioner Caspases
‘D / Apoptosis

FLIP Caspase-8

Procaspase-8

Figure 2.1. AICD in activated T cells. Repetitive stimulation of the TCR
induces FASL and FAS expression. Clustering of FAS recruits adaptor proteins
such as FADD, which recruit procaspase 8 into a complex termed the death-
inducing signaling complex (DISC). Clustering of procaspase 8 stimulates its
autoactivation and release from the DISC. Active caspase 8 can activate the
executioner caspases-3 and-7, which leads to apoptosis. From (308).

Tissue damage in SLE. Following their stimulation by autoreactive helper
T cells, autoreactive B cells in lupus produce antibodies that recognize self
antigens (autoantibodies) (43). These autoantibodies are directed against
numerous antigens, including double-stranded DNA (dsDNA) (313),

nucleosomes (e.g., complexed histones and DNA) (314), and other nuclear
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antigens (43). There are two models that explain how autoantibodies mediate
the nephritis characteristic of SLE. The first model suggests that autoantibodies
bind to nucleosome fragments in the bloodstream and these immune complexes
deposit in the glomerular basement membrane of the kidney (315). The
presence of these complexes activates complement, recruits white blood cells
and induces glomerulonephritis (315). This model is supported by the direct
observation that complexes of nucleosomal antigens and anti-nucleosomal
antibodies bind to the glomerular basement membrane in rats (316). The second
model suggests that anti-nuclear antigens cross-react with proteins present on
the glomerular basement membrane such as a-actinin (317), thereby inducing
glomerulonephritis. This model is supported by evidence showing that
monoclonal anti-DNA antibodies only caused glomerulonephritis in mice when
they also cross-reacted with a-actinin (317). The extent to which these two
models contribute to tissue damage in human patients with lupus is unresolved
(43).

The NZB/W model of SLE. In the early 1960s, New Zealand Black (NZB)
and New Zealand White (NZW) mice were mated, yielding lupus-prone offspring
(NZB/W), which have since been used as the prototypical mouse model of SLE
(318, 319). NZB/W mice display many of the characteristics of human SLE,
including the production of autoantibodies to single-stranded and double-
stranded DNA, the deposition of autoantibodies in the glomerulus, and the

development of fatal nephritis (Figure 2.2) (320). Similarly to humans, the
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symptoms of lupus are more frequent and severe in female NZB/W mice than in

males (321).

Figure 2.2. Glomerlulonephritis and IgG deposition in the kidneys of NZB/W
mice. On the left are hematoxylin and eosin (H and E) stained images showing
white blood cell infiltration into the kidneys of NZB/W animals with lupus. On the
right, images were stained with a fluorescent antibody against IgG. Green
fluorescence indicates IgG deposition in the glomerulus. Images are from 9.5 mo
old NZB/W mice with active lupus-like disease (169).

Female NZB/W mice begin to develop anti-DNA antibodies around two
months of age, while antibody deposition in the glomerulus and associated
glomerulonephritis begin at 3-6 months (313, 322). The severity of the
glomerulonephritis increases with age, and leads to a median lifespan of
approximately 8.5 months in female NZB/W mice (281, 323).

Both B and T cells are important for the development of disease in NZB/W
mice. Three separate studies have documented an improvement in disease

when NZB/W mice are treated with antibodies that neutralize or deplete CD4™ T
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cells (324-326). Similarly, depleting B cells with an anti-CD20 antibody improves
survival in NZB/W mice when the treatment occurs between weeks 12 and 20
(327). Interestingly, B cell depletion beginning at 4 or 8 weeks of age actually
hastens disease, possibly because of the depletion of regulatory IL-10 producing
B cells (327). Hence, both autoreactive T and B cells contribute to lethal lupus-
like disease in NZB/W mice.

Lymphocyte metabolism and SLE. Resting lymphocytes, such as those
found in the spleens of naive mice, meet their minimal demand for ATP using low
rates of oxidative phosphorylation (OXPHOS) (207). Normal lymphocyte
activation is an acute response to signals generated by antigen and
costimulatory receptors such as CD28 (34). Once activated, lymphocytes require
increased energy to proliferate, produce cytokines and synthesize antibodies.
Upon activation, lymphocytes increase oxygen consumption and CO; production
~2-fold compared to unactivated controls (127, 206, 251). These changes reflect
increased OXPHOS, which in part, results from higher intracellular Ca®* levels
(254), stimulating dehydrogenases in the TCA cycle (123, 254, 260).

Despite an ability to increase OXPHOS, acutely activated lymphocytes
generate the majority of their ATP by dramatically increasing their rate of
glycolysis by taking up large amounts of glucose and converting it to lactate
(Discussed in greater detail in Chapter 1). Because acutely activated T cells
engage in high rates of glycolysis despite the presence of oxygen, it is termed
aerobic glycolysis (59, 206, 251). In addition to producing ATP, a high rate of

glycolysis helps maintain antioxidant levels in activated cells; e.g., by providing
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substrates for the pentose phosphate cycle which produces NADPH, an
important intracellular reducing agent (50, 78, 252).

In autoimmune diseases such as SLE, autoreactive lymphocytes are
persistently stimulated by self-antigen and acquire a chronically activated
phenotype characterized by sustained proliferation and effector functions (43,
296, 328-333). Although the metabolic pathways used by chronically activated
lymphocytes have not been studied directly, several lines of evidence suggest
that pathogenic lymphocytes in diseases like lupus, rheumatoid arthritis (RA),
psoriasis, and graft-vs-host disease preferentially rely on mitochondrial
metabolism (Figure 2.3) (334-337). Indeed, peripheral blood T cells from
patients with SLE have a 50% increase in mitochondrial mass compared to
control cells from healthy individuals (302). This increase in mitochondrial mass
is accompanied by a 20% increase in the mitochondrial membrane potential
(Aynm) as measured by tetramethylrhodamine (TMRM) fluorescence (302).
However, the amount of dye used in this study (1 uM), (302) can report on both
the plasma membrane potential and Ay, (145, 338). Similar results were
obtained with two separate potentiometric dyes (DIOCg and JC-1), however
these dyes are also not entirely specific for Ay, (145, 302). Despite these
limitations, these results are consistent with the interpretation that Ay, is
hyperpolarized in T cells from lupus patients (339).

This increased Ay, in lupus T cells is accompanied by a 40% increase in
the fluorescence of dihydroethidium (DHE) (339), a dye whose fluorescence

increases following its selective oxidation by O, (340). Hyperpolarization of Ay,
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slows electron transport through the mitochondrial respiratory chain and extends
the half lives of reactive intermediates such as flavins, iron-sulfur centers and
ubisemiquinone, which leads to increased O, formation (131, 154, 167, 168).

Hence, increased O, in lupus T cells could be related to hyperpolarization of

Ayn.

2+
= GSH

H+ A\Vm H+

Cytosol

H+

Mitochondria H*

Figure 2.3. Bioenergetic abnormalities of SLE lymphocytes. T cells from
patients with lupus display increased (red) mitochondrial and cytosolic Ca?*, total
cellular O3, O, consumption and Ay, , while total cellular GSH levels are
decreased (blue) (302, 335, 339, 341).

As discussed above, T cells from patients and mice with lupus show
increased [Ca?"]; flux following stimulation through the TCR (300-302).

Additionally, T cells from patients with SLE have a 20-40% increase in basal

levels of cytosolic and mitochondrial [Ca®*] ([Ca?']m) compared to control cells, as
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measured by the dyes fluo-3 and rhod-2, respectively (302). Increased [Ca®']m
and Ay, hyperpolarization in lupus T cells may be linked, as increased [Ca?']m
can stimulate the TCA cycle (123, 259, 342) and lead to Ay, hyperpolarization
(254).

Further evidence of increased mitochondrial metabolism in chronically
stimulated lymphocytes comes from the direct measurement of O, consumption
from lymphocytes of patients with autoimmune disease. A 2003 study showed
that peripheral blood mononuclear cells (PBMCs) from 12 patients with active
lupus and rheumatoid arthritis consumed 50% more O, than cells from healthy
controls (335). Together, the observations of increased mitochondrial mass,
Ay hyperpolarization, increased [Ca®']m, and increased respiration suggest an
increase in oxidative metabolism in SLE lymphocytes.

In addition to high levels of oxidative metabolism, several studies suggest
that lymphocytes from animals and mice with SLE may have low rates of
glycolysis. T cells from patients with SLE have 30% less total cellular reduced
glutathione (GSH) than cells from healthy controls (339). GSH is consumed
when glutathione peroxidase catalyzes the formation of H,O from H,O, (196,
197). Conversely, GSH is formed in an NADPH-dependent fashion by
glutathione reductase (196, 197). The NADPH used for GSH formation is
generated by the metabolism of glucose through the pentose phosphate cycle
(50, 51). Thus, decreased GSH levels could be reflective of inadequate
generation of NADPH secondary to insufficient glycolysis (51, 343). Hence, the

inability to maintain glutathione at normal levels is consistent with relatively low
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rates of glycolysis in lupus T cells. GSH depletion in SLE lymphocytes contrasts
with T cells acutely stimulated with mitogens, which increase glutathione levels 2-
fold compared to unstimulated cells (344). While mitogen stimulated T cells
increase glycolysis 20-40-fold compared to unstimulated cells (206, 252, 253),
direct measurements of glycolytic metabolism in lymphocytes from patients or
animals with lupus are lacking.

Persistent antigen stimulation in autoimmunity. A successful immune
response against an acute infection leads to the clearance of pathogen, which is
followed by decreased presentation of foreign antigen by APCs (308). The
absence of foreign antigen causes pathogen-specific T cells to cease the
production of pro-surivival cytokines such as IL-2. Decreased levels of these
growth factors leads to the apoptosis of activated T cells, which is dependent on
the BH3-only protein Bim (Figure 2.4) (8-11).

During a chronic viral infection, infectious pathogens cannot be cleared
and stimulatory foreign antigen persists (308). Despite this persistence of foreign
antigen, pathogen-specific T cells do not proliferate in an unrestrained fashion
(9). Indeed, in the setting of chronic mouse y-herpes virus (MHV), the number of
virus-specific T cells peaks after d 14 and then declines, despite the continued
presence of antigen. However, when T cells lack both Bim and functional FAS,
this process is impaired, and pathogen-specific T cells continue to accumulate as

MHYV persists (308).
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Acute Infection: Chronic Infection: Autoreactivity:
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Figure 2.4. T cell apoptosis in the immune response. Following an acute
infection, pathogen is cleared, and activated T cells die through a Bim-dependent
pathway. During chronic infections, activated T cells are eliminated in a FAS-
and Bim-dependent fashion, which prevents their pathologic expansion. In
autoimmune diseases, T cells are resistant to FAS-mediated apoptosis and have
increased levels of Bcl-2, which inhibits Bim-mediated apoptosis. These
abnormalities could contribute to autoreactive T cell expansion and autoimmunity
(8-12).

In the setting of lupus, self-antigen is present ubiquitously due to its
continual release from dead or dying cells (43, 299, 314-316). However, both
pathways that induce apoptosis in activated T cells are defective in T cells from
lupus patients. Compared to control T cells, T cells from lupus patients express
5-fold more Bcl-2, which is an antiapoptotic protein that can inhibit Bim-mediated
apoptosis (345). Additionally, T cells from lupus patients have increased levels

of C-FLIP and are less sensitive to FAS-mediated apoptosis than control cells

(299, 310, 311). Thus, persistent stimulation with self-antigen, combined with
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defective Bim- and FAS-mediated apoptosis, could relate to the pathologic
expansion of autoreactive T cells in lupus.

Persistent antigen stimulation in lupus and other autoimmune diseases
has several important consequences. Chronic stimulation of T cells can lead to
the increased expression of the Kv1.3 potassium channel, and inhibition of this
channel is therapeutic in several models of pathogenic T cell activation, including
experimental autoimmune encephalitis (EAE) (328, 333), allograft rejection (333),
and rheumatoid arthritis (346). Unstimulated rat T cells express 1-10 Kv1.3
channels, while T cells stimulated 1-2 times with mitogen or antigen express
approximately 200 Kv1.3 channels per cell (328). However, when T cells are
stimulated > 8 times with antigen, they express approximately 1500 Kv1.3
channels per cell (328). Furthermore, the number of Kv1.3 channels expressed
on a T cell clone correlated with its ability to induce EAE, which may explain the
efficacy of Kv1.3 inhibition in the treatment of EAE (328). Similarly, myelin-
specific T cells isolated from patients with MS express 3-4-fold more Kv1.3
channels than cells from healthy controls (333). Hence, repetitive stimulation
can cause changes distinct from acute stimulation that can be exploited
therapeutically to treat autoimmune diseases.

Persistent antigen stimulation can also lead to decreased expression of
CD28 on T cells (332, 347). In healthy young adults, fewer than 2% of CD4" and
fewer than 25% of CD8" T cells lack the expression of the costimulatory receptor
CD28 (i.e. CD28™" (332). When these cells are stimulated ex vivo with

irradiated allogeneic stimulator cells, they expand and maintain CD28 expression
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for the first 2-3 weeks of culture. However, after 4 repetitive stimulations T cells
begin to lose CD28, and after 10 stimulations > 70% are CD28™" (332).
Decreased CD28 expression is due to the inactivation of the transcription factor
complex that normally promotes CD28 gene expression (347, 348). Numerous
autoimmune diseases, including multiple sclerosis, RA, and lupus are associated
with increased frequencies of CD28™" T cells, possibly due to persistent
stimulation with ubiquitous self antigen (349-351). Indeed, the percentage of T
cells lacking CD28 in patients with lupus (29%) is 70% greater than in age-
matched healthy controls (17%) (352).

Several observations suggest that CD28™" T cells may participate in the
pathogenesis of autoimmune diseases. CD28™" T cells proliferate in response to
autoantigen (353) and produce 2-fold more IFN-y than CD28" T cells following
stimulation with anti-CD3 (354). Furthermore, CD28™" T cells from patients with
RA express 5-10-fold more perforin and KIR2DL4 (355). Perforin is a pore-
forming protein secreted by cytotoxic T cells and natural killer cells that allows
granzyme-B-mediated apoptosis (15, 16), while KIR2DL4 is a receptor that
activates NK cell cytokine production (356).

Together, these observations suggest that autoreactive CD28™" cells arise
as a consequence of repetitive TCR stimulation and may play an important role
in the pathogenesis of autoimmune diseases such as lupus and rheumatoid
arthritis. Importantly, signaling through CD28 increases T cell glucose
transporter 1 (GLUTL1) expression, glucose uptake and lactate production in a

P13-K/AKT dependent fashion (59, 231). The effects of CD28 extinction on
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cellular metabolism are unknown, but may play a role in the metabolic alterations
evident in lupus and rheumatoid arthritis (302, 335, 339, 341).

Statement of problem. Little is known regarding cellular metabolism in
autoimmune lymphocytes. To characterize the metabolic pathways used by
lupus splenocytes, we infused uniformly labeled **C-glucose into NZB/W mice
with active lupus and into non-autoimmune, age-matched Balb/c mice and
analyzed tracer-derived **C redistribution among glucose metabolites using gas
chromatography-mass spectrometry (GC-MS) (357). We chose glucose as a
tracer because it is the primary energy source for lymphocytes (69) and because
its conversion into lactate reflects the rate of aerobic glycolysis while its oxidation
into CO, occurs during OXPHOS. Additionally, the patterns of tracer distribution
into lactate and palmitate indicate relative flux through the pentose phosphate
cycle (PPC) (Figure 2.5). Thus, a single tracer allowed the simultaneous
interrogation of aerobic glycolysis, PPC activity, and OXPHOS (Figure 2.e). We
selected the spleen as the tissue for analysis because it is rich in lymphocytes,
many of which are autoreactive in the NZB/W model (358, 359).

Similarly, little is known about the metabolism of chronically activated
lymphocytes. To determine if the metabolism of chronically activated
lymphocytes differed from acutely activated cells, we conducted studies using a
model in which repetitive stimulation of T cells through the T cell receptor (TCR)
decreases expression of CD28 over a period of several months (332, 360).
These findings were then placed into the context of our studies in the NZB/W

mice. Differences in bioenergetics between normal and chronically activated
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lymphocytes may ultimately lead to new diagnostic and therapeutic strategies for

immune diseases.
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Figure 2.5. Pathways of U-"*C-Glucose metabolism through glycolysis and
the pentose phosphate cycle. *3C carbon atoms are shown as black circles
and *2C carbons are white. Uniformly labeled **C-glucose (U-**C-Glucose) can
be metabolized directly through glycolysis or through the pentose phosphate
cycle (PPC). Direct metabolism through glycolysis to fructose-6-phosphate (F-6-
P) and pyruvate is shown on the left of their respective boxes. The three major
labeled F-6-P products from the PPC and the resulting pyruvate molecules are
shown on the right of their respective boxes. PPC products resulting from
recombination of 2 separate labeled substrates are likely to be rare and have
been omitted. mslactate is formed from either direct glycolysis or the PPC, while
m; and m;, lactate are only formed from the PPC. TCA cycle metabolism of
tracer-derived pyruvate produces **CO, and *3C-labeled palmitate, however m;
palmitate derives only from multiple turns through the PPC.
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Results

To investigate glucose metabolism in the setting of SLE, we infused 9-mo
old autoimmune female NZB/W (Lupus; n=4) and age-matched healthy female
Balb/c (Control; n=2) mice with uniformly labeled **C-glucose tracer for 6 h.
Following tracer administration, we analyzed *3C redistribution into metabolites in
the plasma and the spleen.

By 6 h after infusing the **Cs-glucose tracer, approximately 7% of plasma
glucose contained tracer-derived carbon atoms in both lupus and control mice
(Figure 2.6 A, p>0.5), indicating that tracer administration from the pump and
clearance from the bloodstream were similar in lupus and control mice. The
fraction of labeled plasma glucose containing a specific number (x) of tracer-
derived carbons (mx/Zm) was similar in lupus and control mice for each
isotopomer (Figure 2.6 B, p>0.14 for all x), indicating that cycling through

gluconeogenesis was similar in both groups (361).
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Figure 2.6. Label distribution in plasma glucose. A. Fraction of
plasma glucose containing tracer-derived **C. B. Percentage of labeled plasma
glucose containing the indicated number of tracer-derived *C atoms. Data are
from triplicate samples from two control and three lupus animals.

73



13C was incorporated into approximately 2% of splenic lactate, 4% of
plasma lactate, 1-10% of splenic fatty acids and 4-12% of plasma fatty acids
(Table 2.1) indicating that tracer infusion for 6 h is sufficient to allow **C
incorporation into glucose-derived metabolites in both the plasma and the spleen.
Only 0.3% of ribose in splenocytes was derived from **Cg-glucose tracer in both
lupus and control mice, indicating that splenocytes have very slow rates of
glucose-derived ribose synthesis, compared to these other metabolites.
Table 2.1. Label distribution in plasma and spleen metabolites. Numbers
indicate the percentage of a given metabolite that contains tracer-derived *3C.

Data are from triplicate samples from two control and four lupus animals.
Numbers in parentheses indicate standard error.

% Enrichment*

Metabolite  Control Lupus

Lactate 42 (1.1 4.3(0.7)
Plasma | Myristate 8.3 (2.5) 11.3(0.9)
Palmitate 1.6 (0.1) 1.46 (0.02)

Lactate 19(0.4) 1.8(0.2)
Myristate 13.0 (0.5) 12.8(1.2)
Spleen
Palmitate 1.2(0.1) 1.2(0.1)

Ribose  0.3(0.2) 0.3(0.2)

Splenocyte lactate and CO; production. The NZB/W model of lupus is
characterized by chronically activated, autoimmune lymphocytes in the spleen

(359). If chronically activated lymphocytes selectively increase aerobic glycolysis
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and lactate production from glucose (similar to normally activated lymphocytes),
13C enrichment in the lactate pool of lupus splenocytes is expected to be greater
than controls. However, the fraction of lactate containing **C was 1.9% in both
groups (Figure 2.7 A, p=0.9), indicating that the relative production of lactate from
glucose is the same in lupus and control splenocytes. This finding suggests that

lupus and control splenocytes have similar rates of aerobic glycolysis.
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Figure 2.7. Splenic lactate and CO;, enrichment from lupus and control
mice. A. Percentage of splenic lactate containing tracer-derived *C. B.
Splenic CO, containing tracer-derived 3C (§'3CO,). * p<0.04. Measurements
were made in triplicate for each mouse and each data point represents the
average for a single mouse.
The amount of *C-label in CO, was 40% higher in the spleens of lupus
mice compared to controls (Figure 2.7 B, p<0.04). This finding indicates that

more **C-labeled glucose tracer is oxidized in the splenocytes of lupus mice than

in controls.
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Isotopomer distribution of splenic lactate and fatty acids. Glucose
oxidation can occur in either the pentose phosphate cycle, where it produces
NADPH, or in the TCA cycle, where it drives NADH and ATP production through
the electron transport chain (362). We assessed pentose phosphate cycle (PPC)
activity by measuring carbon-labeling patterns in both lactate and fatty acids
(363-365). The fraction of labeled lactate containing one (m1/Zm) or two (my/Zm)
atoms of *3C indicates cycling through the PPC, while lactate containing 3 atoms
(m3/Zm) can be produced from direct glycolysis or the PPC (Figure 2.5, (363-
365)). Lactate mi/Zm, my/Em and ms/Em do not differ significantly between lupus
and control spleens (Figure 2.8 A, p>0.2 for each species), arguing that PPC

activity is similar in both strains.
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Figure 2.8. Splenic lactate and fatty acid isotopomer patterns reflecting
carbon cycling through the pentose phosphate cycle. A. Percentage of
labeled splenic lactate containing 1 (m1), 2 (M), or 3 (M) tracer-derived 3C
atoms. B. Percentage of labeled splenic palmitate or myristate containing 1
tracer-derived *3C atom. Data are from triplicate samples from two control and
four lupus animals.
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The analysis of *3C labeling patterns in fatty acids provides a second,
independent measure of PPC activity. Glucose-derived carbons are incorporated
into fatty acids when citrate is exported from the mitochondria and converted into
acetyl-CoA by ATP-citrate lyase (52). Acetyl-CoA formed in this manner will
contain a single tracer-derived 13¢C only following multiple turns of the PPC
(Figure 2.8). Thus, the fraction of a given labeled fatty acid that contains a single
tracer-derived *3C (m,/=m) is indicative of the relative activity of the pentose
phosphate cycle. Splenic palmitate and myristate show similar m1/m values in
both lupus and control mice, which indicates that the ratio of the pentose
phosphate cycle to glycolysis is the same in both strains (Figure 2.8 B, p>0.2).
Because both lactate and fatty acid labeling patterns suggest that PPC activity is
similar in lupus and control splenocytes, the increase in tracer-derived CO; in
lupus splenocytes likely results from increased glucose oxidation by the TCA
cycle.

Metabolic parameters of chronic lymphocyte activation. Chronically
activated lupus splenocytes up-regulate oxidative metabolism rather than
glycolysis, which is markedly different than the highly glycolytic metabolism
characteristic of acutely activated lymphocytes (59, 207, 251, 252). Because
chronically activated human lymphocytes lose expression of cell surface
receptors that activate aerobic glycolysis (59, 360), we hypothesized that the
reliance on OXPHOS observed in lupus splenocytes could result from chronic
activation. Recently, a cell culture model of chronic lymphocyte activation was

described (360, 366), in which human peripheral blood T cells are acutely
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stimulated with PHA and then repetitively stimulated with irradiated allogeneic
PBMCs. Cells become chronically activated and lose expression of CD28, a key
signaling molecule that is required for activation-induced increased aerobic
glycolysis (59). We used this model system to test the hypothesis that,
compared to acute stimulation, chronic stimulation decreases aerobic glycolysis.
Acutely stimulated CD8" or CD4" T cells have rates of lactate production and
oxygen consumption (Figures 2.9 and 2.10) higher than rates established for
unstimulated mouse (206, 245) or human (251) lymphocytes. However,
chronically stimulated T cells have rates of lactate production that are 60% lower
than acutely activated controls, while rates of oxygen consumption are equivalent
(Figures 2.9 and 2.10). During both acute and chronic activation, CD8" T cells
have higher rates of oxygen consumption and lactate production than CD4" T
cells, which may relate to the increased proliferative capacity observed in

antigen-stimulated CD8" T cells (367-369).
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Figure 2.9. Lactate production under conditions of acute and chronic
stimulation. CD4 results are from three independent measurements from two
separate cultures. CD8 acute is from a single culture. CD8 chronic is from two
independent cultures. Error bar reflects standard deviation in the slope of lactate
production over time.
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Figure 2.10. Oxygen consumption under conditions of acute and chronic
stimulation. CD4 results are from one (acute) or three (chronic) measurements
from two separate cultures. CD8 results are from three (acute) or four (chronic)
measurements from three separate cultures.
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Based on these measurements, ATP production from aerobic glycolysis
and OXPHOS was calculated (247). The acutely stimulated T cells meet 50% of
their demand for ATP through glycolysis, while chronically stimulated T cells
produce only 20-30% of their ATP through this pathway (Figure 2.11). As a

result, OXPHOS meets a greater share of the demand for ATP in the chronically

stimulated T cells.
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Figure 2.11. ATP production during acute and chronic stimulation. ATP
production from OXPHOS and gylcolysis calculated as follows: ATPoxpros=5.6
x O, consumption (nMoles/(min x 10° cells)) and ATPgiycoysis=lactate production
(nMoles/(min x 10° cells))+ 0.4 x O, consumption (nMoles/(min x 10° cells))

(142).
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Discussion

Metabolic changes during acute lymphocyte activation. In the absence of
activating signals, quiescent lymphocytes have low rates of oxidative metabolism
(207). For example, resting thymocytes take up glucose at a low rate (0.07
nMoles/(min x 10° cells)) and oxidize approximately 15% of it into CO, (63). ATP
generated by resting B and T cells is primarily used for housekeeping functions
including ion pumping and protein synthesis (245, 370). When activated,
lymphocytes rapidly increase the activity of ATP-requiring processes such as
fatty acid and nucleic acid synthesis and calcium signaling (245). In lymphocytes
activated by mitogens or stimulatory antibodies, this increased demand for ATP
is met by increasing aerobic glycolysis (59, 251, 252, 266). In this pathway,
glucose carbons are converted to lactate and secreted from the cell rather than
entering the mitochondria for oxidation (207). For example, rat thymocytes
stimulated for 2-3 d with concanavalin A (conA) increase glucose utilization 50-
fold and lactate production 40-80-fold compared to unstimulated cells (62, 63,
206, 252). In contrast to resting thymocytes, conA—stimulated thymocytes
convert only 0.8% of imported glucose into CO,, while 90% is converted to
lactate (63).

T cell activation in response to most infectious pathogens is an acute
process initiated by stimulation of TCRs and co-stimulatory receptors such as
CD28 (207). Indeed, it is these stimulatory signals through the TCR and CD28
that mediate the metabolic changes observed in acutely activated T cells (69).

When human CD4" T cells are stimulated by bead-bound anti-CD3 and anti-
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CD28 antibodies, they phosphorylate AKT and increase the expression of
GLUT1 6-7-fold (59). These changes are accompanied by a 15-20-fold increase
in glycolysis and lactate production (59). However, increased glycolysis and
lactate production are not observed if the CD28 signal is omitted (59).

While the ability of CD28 costimulation to increase glucose metabolism
has been attributed to signaling through AKT (59, 207, 255), recent studies in
murine CD4" T cells suggest that AKT-independent processes may also be
involved (Figure 2.12) (58). A strong signal (i.e., 5 ug/ml of anti-CD3 antibody)
through the TCR alone increases total cellular levels of GLUT1 by 5-fold, but has
little effect on cellular glucose uptake (58). When a strong TCR signal is
accompanied by either costimulation through CD28 or the expression of a
constitutively active form of AKT (myristoylated AKT, myrAKT), GLUT1
expression increases by an additional 30%, but glucose uptake increases 2-3-
fold compared to cells stimulated through the TCR alone (58). These results
suggest that, when signaling through the TCR is strong, AKT activation and
CD28 signaling primarily function to increase the activity or surface localization of
GLUT1, rather than increasing its total expression (58). Lowering the strength of
stimulus through the TCR (i.e., 1 ug/ml of anti-CD3 antibody) shows that CD28
signaling affects glucose metabolism through both AKT-dependent and AKT-
independent pathways. In the context of a low TCR signal, CD28 stimulation can
increase total cellular GLUT1, but expression of constitutively active AKT cannot.
These observations suggest that AKT-independent signaling downstream of

CD28 can increase GLUTL1 expression when TCR stimulation is low, while AKT
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primarily functions to increase the activity and surface localization of GLUT1
(Figure 2.12) (58). In addition to regulating activity and surface trafficking,
activated AKT promotes glycolysis by increasing hexokinase activity (75, 230)
and enhancing phosphofructokinase activity by phosphorylating and activating

the regulatory enzyme 6-phosphofructo-2-kinase (82, 231).

CD28 Glucose
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GLUT1 Glycolysis
GLUT1

Figure 2.12. Effects of CD3, CD28 and AKT signaling on GLUT1 expression
and glycolysis. Signaling through CD3 stimulates GLUT1 expression, but not
its surface localization or glucose uptake. AKT-independent signaling through
CD28 can augment CD3-mediated increases in GLUT1 expression. AKT
functions primarily to increase the activity and surface localization of GLUT1 and
stimulate glycolytic enzymes such as hexokinase (HK) and phosphofructokinase
(PFK). From (58, 69, 82, 231).

While signaling through CD28 and AKT increases T cell glycolysis,
signaling through negative costimulatory receptors such as PD-1 or CTLA-4
inhibits glycolytic metabolism in activated T cells. Signaling through PD-1

decreases T cell glycolysis by inhibiting the activity of PI13-K, thus decreasing
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levels of phospho-AKT (255). Similarly, signaling through CTLA-4 decreases T
cell glycolysis by increasing the activity of the serine/threonine phosphatase
PP2A, which dephosphorylates AKT (255).

Hypoxia-inducible factor 1o (Hif-1a) may also play a role in the glycolytic
metabolism of acutely activated T cells (Figure 2.13). Mouse T cells stimulated
with anti-CD3 antibodies for 24 h increase HIF-1a expression 5-15 fold at both
normoxia (20% O,) and hypoxia (1% O,) (371). Studies using Hif-1a deficient T
cells suggest that changes in Hif-1a levels regulate the overall rate of glycolysis
and determine the fate of glucose-derived carbons in activated T cells. Indeed,
murine T cells lacking Hif-1a utilized 2-3-fold less glucose and produced 2-fold
more lactate following stimulation with anti-CD3 and anti-CD28 antibodies than
did wild type T cells (372). Conversely, Hif-1a deficient T cells converted 5-fold
more glucose into lipid than did wild type T cells (372). Because glucose-derived
lipid synthesis requires carbons to enter the mitochondria (52, 53, 78), this
observation suggests that activated T cells lacking Hif-1a preferentially shuttle
glucose-derived carbons into the mitochondria, rather than secreting them as
lactate. This hypothesis is supported by studies using FL5.12 cells, a non-
transformed IL-3-dependent lymphoid cell line (373). FL5.12 cells lacking Hif-1a
produce 10-20-fold less lactate and convert 2-3-fold more glucose into lipid than
wild type cells (372). Furthermore, Hif-1a deficient FL5.12 cells showed a 2-3-
fold increase in Ay, and a 40-80% increase in O, consumption compared to wild
type cells, both of which are consistent with increased carbon entry into the

mitochondria (372). These observations are likely due to the ability of Hif-1a to
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increase the transcription of lactate dehydrogenase (LDH) (74, 374) and its ability
to inhibit pyruvate dehydrogenase (PDH) by increasing the transcription of PDH-

kinase (PDH-k), which phosphoryates and inhibits PDH (Figure 2.13) (121, 375).
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Figure 2.13. Hif-1a signaling in activated T cells. T cells increase Hif1-o
levels following stimulation through the TCR. Hifl-a promotes activated T cell
glycolysis and lactate production and decreases mitochondrial metabolism.
These actions are likely due to the ability of Hif1-a to increase the activity of LDH
and inhibit PDH by activating PDH-kinase, which phosphorylates and inhibits
PDH (74, 121, 371, 372, 374, 375).

In addition to producing ATP, high rates of aerobic glycolysis supply
acutely activated T cells with substrates used by the pentose phosphate cycle to

generate NADPH, which maintains the reducing potential of the cellular

glutathione pool (50). Indeed, human lymphocytes stimulated with conA in media

85



containing 11 mM glucose increase glutathione levels by 2-fold over 2-4 d (344).
Decreasing glycolysis inhibits the ability of cells to produce glutathione and
detoxify reactive oxygen species (ROS). For example, decreasing the
concentration of glucose in media from 10 to 1 mM increases ROS production 3-
fold in rat thymocytes stimulated by conA as measured by luminal
chemiluminescence (376). Similarly, culturing astrocytes in media lacking
glucose decreases reduced glutathione levels by 75% within 12 h, while cells
grown in media with 5.5 mM glucose maintain glutathione levels within 80-90% of
initial levels (343).

Metabolic changes during chronic stimulation. While it is clear that acutely
activated lymphocytes dramatically increase glycolysis, the understanding of
glucose metabolism in chronically activated lymphocytes in the setting of
autoimmunity is limited. However, there is indirect evidence that these cells rely
on mitochondrial metabolism rather than aerobic glycolysis as their principle
route of ATP synthesis. Increased ROS and markers of oxidative stress have
been observed in the serum and tissues of patients with lupus (377), psoriasis
(337) and RA (336). For example, the serum of lupus patients contains 30%
more hydrogen peroxide (H.O,) compared to healthy controls (377). Because
ROS are generated during oxidative phosphorylation (378), high levels of ROS
and oxidative stress are consistent with an increased dependence on
mitochondrial metabolism. However, because these measurements were made
in non-lymphoid tissue, they may not directly reflect the metabolism of

autoreactive lymphocytes.
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Fortunately, several studies have directly measured ROS and antioxidant
levels in lymphocytes during SLE. Studies directly analyzing lymphocytes from
lupus patients reveal a 20-40% increase in Oy levels and Ay, compared to
healthy controls, both of which are consistent with increased OXPHOS (379).
Furthermore, lymphocytes from patients with active RA and lupus consume 25%
more oxygen than those from healthy controls (335). Additionally, T cells from
patients with SLE have 30% less total cellular reduced glutathione (GSH) than
cells from healthy controls (339), while T cells from MRL/lpr mice with lupus have
4-fold less GSH than controls (380). These observations suggest that the activity
of glycolysis and the pentose phosphate cycle may be insufficient to maintain
GSH levels in lupus lymphocytes (50).

To explore the metabolism of chronically activated lymphocytes in vivo, we
infused uniformly labeled **C-glucose into NZB/W mice and measured **C
redistribution into products of both aerobic and anaerobic metabolism by GC-MS
(363). This technique has been used previously to investigate both oxidative and
non-oxidative glucose metabolism (361, 363). Our results indicate that
splenocytes from 9 month-old NZB/W mice with active lupus up-regulate glucose
oxidation 40% compared to non-autoimmune controls but appear to have similar
levels of glucose to lactate conversion and pentose phosphate cycle activity. Itis
unclear what signaling pathways contribute to increased oxidative metabolism in
chronically activated lupus splenocytes. However, T cells from lupus patients
have a 40% increase in [Ca®']m (302), which is known to stimulate TCA cycle

activity leading to NADH production and ROS generation (123, 254, 260). TCA-
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induced ROS production is presumed to be a consequence of hyperpolarization
of Ay, (254, 381), a characteristic identified in lupus lymphocytes (379).
Increased AKT activity could also contribute to increased TCA cycle
activity in lupus splenocytes. Splenocytes from both MRL/lpr and B6.Slelb.lpr
mice with lupus-like disease have 2-6-fold more phospho-AKT than control
splenocytes (382, 383). This observation is noteworthy, as active AKT stimulates
oxidative metabolism. For example, mouse embryonic fibroblasts (MEFs) that
express a constitutively active form of AKT consume 50% more O, than do
control cells (232). This increased oxidative metabolism could be due to the
ability of AKT to stimulate mTORC1, which can increase mitochondrial
biogenesis and O, consumption (247, 384, 385). Compared to control cells,
MEFs with constitutively active AKT also showed a 60% increase in ROS as
measured by the dye dichlorofluorescein (DCF) (232), which becomes
fluorescent upon its oxidation by a variety of ROS including hydroxyl radicals
(OH-) and H,0, (386). Thus, increased AKT activity in lupus lymphocytes could
contribute to their increased oxidative activity and ROS levels. Interestingly, the
expression of constitutively active AKT sensitizes MEFs to apoptosis induced by
the addition of exogenous H,0, (232). This observation suggests that lupus
lymphocytes might have increased sensitivity to ROS-mediated apoptosis.
While lupus splenocytes up-regulate oxidative glucose metabolism,
lymphocytes responding to normal receptor stimulation primarily rely on
glycolysis (59, 251, 266). Since, autoimmune B and T cells are chronically

activated, we reasoned that the difference in metabolism might arise from
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differences in the duration of antigen stimulation and the resulting activation. To
investigate this possibility, we repetitively stimulated human T cells in vitro to
generate a chronically activated phenotype characterized by loss of CD28
expression (366), which mimics the pathologic CD28" lymphocyte subset found in
several chronic inflammatory diseases including RA and lupus (351, 360, 366).
These T cells lose CD28 expression due to transcription factor inactivation
resulting from chronic stimulation (387). In comparison to the glycolytic
phenotype observed in T cells in response to acute stimulation, repetitive
stimulation of CD4 and CD8 decreases lactate production and promotes a
reliance on oxidative ATP production. These observations suggest that chronic
stimulation promotes metabolic adaptations that limit glycolysis and increase
OXPHOQOS, which mirrors the metabolic phenotype found in splenocytes from

lupus mice.

Possible explanation for differing bioenergetics of acute and chronic
stimulation. These observations raise the question of why glycolysis is restricted
during chronic stimulation. Chronic stimulation decreases expression of CD28
and increases the expression PD-1 and CTLA-4 (387-389). Signaling through
CD28 activates AKT and increases GLUT1 expression, glucose uptake, and
lactate production. Conversely, signaling through PD-1 or CTLA-4 decreases
AKT phosphorylation and decreases glucose uptake and glycolysis (59, 255). It
is possible that loss of CD28 or increased signaling through PD-1 or CTLA-4 due
to chronic stimulation decrease anaerobic metabolism via reduced signaling

through this pathway. However, chronically activated lupus lymphocytes display
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increased AKT phosphorylation compared to wild type (WT) cells (383, 390,
391), and inhibiting the PI3-K/AKT pathway alleviates disease in the MRL/lpr
model of lupus (382). Thus, decreased lactate production in chronically activated
lymphocytes occurs in the context of an active AKT pathway.

This observation suggests that chronically activated lymphocytes may
have low activity of other molecules involved in the regulation of glycolysis. Hif-
la is such a candidate, due to its potent ability to stimulate glucose uptake and
lactate secretion in acutely activated T cells (372). Importantly, Hif-1a is not
required for autoimmune responses. Indeed, mice lacking Hif-1a in their T and B
cells spontaneously develop a lupus-like phenotype characterized by anti-dsDNA
antibodies and proteinuria (392). Furthermore, many of the mitochondrial
characteristics of lupus lymphocytes, such as increased Ay, and O,
consumption, are recapitulated when siRNA are used to decrease Hif-1a in IL-3-
stimulated lymphoid cells (372).

Based on these observations, decreased lactate production in chronically
stimulated lymphocytes may be due to low Hif-1a activity rather than low
signaling through AKT (Figure 2.14). The activities of both Hif-1o. and AKT are
low in unstimulated lymphocytes, and these cells have low rates of glucose
utilization, lactate production and mitochondrial metabolism (59, 255, 371)
(Figure 2.14). Acutely activated lymphocytes have active Hif-1a (371) and AKT
(59, 255), which leads to high rates of glucose utilization (59, 231). Most of the
pyruvate formed in acutely activated lymphocytes is converted into lactate and

secreted (62). However, because so much pyruvate is formed, the net entry of
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pyruvate into the mitochondria is increased in acutely activated lymphocytes
compared to unstimulated cells (123). Chronically activated lymphocytes are
proposed to have active AKT, but not Hif-1a. This combination of signaling
pathways results in a net utilization of glucose that is increased compared to
unstimulated cells, but lower than the glucose utilization of acutely activated cells
(Figure 2.14). However, the proposed lack of active Hif-1a in chronically
stimulated lymphocytes directs the majority of pyruvate into the mitochondria and
flux through LDH is low. Confirmation of this model will require the direct
assessment of AKT and Hif-1a activity in acutely and chronically stimulated
lymphocytes.

This model is consistent with our observations of low lactate production
and increased mitochondrial metabolism observed in chronically activated
lymphocytes. While it is clear that lupus lymphocytes have increased AKT
activity, it is unclear if chronically-activated, CD28 human T cells have high
levels of phospho-AKT. While signaling through CD28 is a well characterized
pathway to increase phospho-AKT in T cells (59), several CD28-independent
pathways also increase phospho-AKT. Indeed, stimulation with the cytokine IL-2,
which is present in chronic-stimulation cell culture conditions, increases AKT
phosphorylation in cell lines and primary T cells (393, 394). It is possible that
cytokine signaling maintains phospho-AKT levels in CD28" T cells.

In summary, our data show that splenocytes from autoimmune mice with
active disease along with chronically stimulated human T cells, which model

pathogenic autoimmune lymphocytes, rely on OXPHOS for a greater share of
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ATP synthesis than lymphocytes acutely responding to receptor stimulation.
These findings suggest that modulating OXPHOS should have therapeutic
effects against autoimmune diseases. In support of this hypothesis, Bz-423, a
small molecule that modulates the F,F1-ATPase leading to redox-regulated
apoptosis, has robust efficacy in models of autoimmune disease with minimal
effects on normal immune function (169, 395). Its ability to treat autoimmune
disease while sparing normal immune functions may result from differences in
the metabolism and redox balance between autoimmune, resting and acutely
activated lymphocytes. Thus, measurement and manipulation of glycolytic and
oxidative metabolism warrant further investigation as novel diagnostic and

therapeutic strategies for immune disorders.
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Materials and Methods

Lupus mice and tracer administration. 9-mo old autoimmune female
NZB/W (Lupus; n=4) and age-matched healthy female Balb/c (Control; n=2) mice
were purchased from Jackson Laboratories and cared for according to the
Guidelines for Laboratory Animal Medicine at the University of Michigan. The
number of mice used is consistent with the literature standard of 3-5 for similar
isotopomer studies (357, 396-398). Mice were fasted for 24 hours prior to tracer
administration to normalize energy stores. Uniformly labeled **C-glucose (50
mg, Cambridge Isotope) was dissolved in water (200 uL) and administered as a
continuous infusion (8 uL/h) using a subcutaneously implanted Alzet osmotic
minipump for 6 h.

Sample preparation. After 6 h tracer administration, animals were
euthanized and blood samples were collected by cardiac puncture and spleens
were harvested and frozen at -80°C. Samples were shipped to SIDMAP (Los
Angeles, CA) and derivitization and gas chromatography-mass spectrometry
(GC-MS) were performed as described (399). Lactate was isolated from HCI
acidified tissue homogenate or plasma with ethyl acetate and derivatized to its n-
propylamide-heptafluorobutyric ester for GC-MS analysis. Fatty acids were
extracted from plasma or tissue using petroleum ether and methylated with
methanolic-HCI for GC-MS analysis. CO, was obtained by adding concentrated

HCI to tissue or plasma and directly analyzed by GC-MS.
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Gas chromatography/mass spectrometry (GC/MS). A HP5973 mass
selective detector and a HP6890 gas chromatograph were used to collect mass
spectral data. The settings were as follows: GC inlet 250 °C, transfer line 280
°C, MS source 230 °C, MS Quad 150 °C. An HP-5 capillary column was used for
lactate analysis.

Cell Culture. Peripheral blood mononuclear cells (PBMCs) were isolated
from healthy donors and CD4" or CD8" subsets were isolated using magnetic
beads (Miltenyi Biotec, Auburn, CA, USA) according to the manufacturer’s
protocol yielding purities above 95%. Cells were initially stimulated with
phytohemagglutinin (PHA; 1ug/mL) and were cultured in complete RPMI media
supplemented with IL-2 (10ng/mL; PeproTech, Rocky Hill, NJ, USA). Cells were
restimulated weekly with irradiated allogeneic PBMC at a ratio of 1 stimulator cell
to 2.5 responder cells as described (366). For CD8" and CD4" cultures, acute
stimulation measurements were made 1 and 3 weeks after beginning culture,
respectively. Chronic stimulation measurements were made 5 weeks after
beginning culture when the cells were typically ~50% CD28".

Oxygen Consumption and Lactate Production. Cells were resuspended at
~5 x 10° cells/mL in complete RPMI media and analyzed at 37 °C using a Clarke
electrode. Cells were treated with oligomycin (1-2 pg/ml) to confirm that oxygen
was being consumed for ATP synthesis. To measure lactate production, cells
were washed and resuspended in DMEM (5-15 x 10° cells/mL) and aliquots were
guenched at four time points over 2-3 hours using perchloric acid (0.6 M). After

removal of cellular debris and neutralization with NaOH, lactate concentrations at
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>3 time points were determined by incubating aliquots of sample (10-20 uL) with
lactate dehydrogenase (LDH; 1 uL) and glutamate-pyruvate transaminase (0.375
uL; Sigma Aldrich) in buffer (230-240 uL) containing glutamate (116 mM) and
NAD (0.96 mM) at pH 8.9. Lactate levels were determined using a standard
curve by monitoring absorption at 340 nM and the rate of lactate production was
calculated as a function of time and cell concentration (142). ATP production
was calculated as ATPoxpHos=5.6 X O, Consumption and ATPgyycoysis=Lactate
Production + 0.4 x O, Consumption (142)

Data Analysis. GC/MS spectra were analyzed to determine **C
enrichment as described (400). Mass spectral data were generated using three
independent injections per animal sample. **C enrichment in CO, was compared
to a standard breath and reported as §3CO,, which equals [(**C/**C
sample)/(**C/*?C standard)-1]x10° (401). Enrichment in other metabolites is
reported as % enrichment or m,/=m, where m, is defined as the fraction of a
given metabolite containing x tracer derived carbons and m is the sum of all my
for a given metabolite. Thus, m,/Zm equals the fraction of total labeled
metabolite (Xm) that contains x tracer-derived carbons. The distribution of tracer-
derived *3C into glucose-derived metabolites was analyzed according to the
schematic diagramed in Figure 2.5. Unless otherwise noted, error bars indicate
standard error. Statistical analysis was performed using the Student t test for

unpaired samples. p<0.05 was considered significant.
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CHAPTER 3

METABOLISM OF ALLOREACTIVE DONOR T CELLS DURING GVHD

Introduction

Hematopoietic stem cell transplant and immune system reconstitution.
Hematopoietic stem cell transplant (HSCT) is a procedure primarily used to treat
malignant diseases of the immune system (Figure 3.1) (402). Over 17,000
HSCTs were performed worldwide in 2005, most commonly as a treatment for
acute myelogenous leukemia (AML; over 6,000 transplants) or acute
lymphoblastic leukemia (ALL; over 3,000 transplants) (402). The steps of a
successful HSCT include conditioning of the recipient, transfusion of donor stem
cells into the recipient, and post-transplant therapy (47). Together, these steps
serve to cure any underlying malignancy, ensure engraftment of the donor
immune system within the recipient, and minimize the incidence and severity of
any immune-mediated graft-versus-host reaction (47).

Prior to transplantation, HSCT recipients undergo preparative
conditioning, which eliminates malignant cells involved in the underlying disease
and induces immunosuppression to allow graft acceptance (Figure 3.1) (403).
Conditioning regimens involve a combination of total body irradiation (TBI) and
cytotoxic chemotherapeutics including etoposide, busulfan, cyclophosphamide
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and cytosine arabinoside and are termed myeloablative when given at levels that
eradicate the host hematopoietic system (404). Stem cells are harvested either
directly from the donor's bone marrow or from the donor's peripheral blood
following treatment with granulocyte-colony stimulating factor (G-CSF), which
induces stem cells to migrate from the bone marrow to the blood stream, and are

then transfused into the conditioned recipient (405).

Donor Recipient Recipient Recipient

O O
!

Conditioning
_— >
Irradiation
Chemotherapy
Immune
System

\ Stem Cell Harvest

Figure 3.1. Hematopoeitic stem cell transplant. Transplant recipients (red)
undergo preparative conditioning, which eliminates the host immune system
(solid red). Stem cells harvested from donors (blue) are transplanted into
conditioned recipients. The result of the transplant is a recipient (red outline) with
a donor-derived immune system (solid blue) (47, 403, 404).
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Immediately following myeloablative transplant, recipients undergo a
period of severe immunodeficiency during which the host immune system is
eliminated while infused donor stem cells proliferate and differentiate to
repopulate the host in a process termed engraftment (Table 3.1) (406-409).
Neutrophil levels drop from a normal range of 3-6 x 10° cells/liter (410) to nearly
undetectable levels during this immunosuppressive period, and their recovery is
one of the first signs of engraftment (406, 407). The rapid proliferation of
neutrophils and neutrophil precursors is stimulated by the cytokine G-CSF (411),
and treatment with this cytokine accelerates engraftment following transplant
(412). Recipient B and T cell levels also drop as a result of myeloablative
conditioning, and their recovery can take 1-2 years (413). T cell repopulation
occurs from homeostatic (i.e., antigen-independent) proliferation of mature T
cells present in the graft and from maturation of T cells in the thymus following de
novo generation from the engrafted bone marrow, processes which are both

stimulated by the cytokine interleukin 7 (IL-7) (414).

Table 3.1. Immune system recovery following HSCT. From (408, 409).

Cell Type Estimated Recovery Time
Neutrophils 10-20d
Monocytes 1 mo

CD4" T cells 1-2 yr

CD8" T cells 1yr

B cells 6 mo

Dendritic cells 6 mo
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During the post-transplant period, HSCT patients are at increased risk for
infection in part due to their severe leukopenia. Approximately 15-50% of HSCT
patients develop bacterial infections within 30 d of transplant (415, 416). Such
infections are often caused by gram-positive organisms such as Streptococcus
viridans, Staphylococcus aureus, S. epidermidis, as well as gram-negative
organisms such as Escherichia coli, Klebsiella, and Pseudomonas species (415,
416). Fungal infections are also common early post-transplant (415, 416). A
study examining fungal infections post-transplant over a 10 yr period from 1986-
96 documented that 12% of pediatric HSCT recipients developed invasive
Candida or Aspergillus infections, which were lethal in 66% of cases (417).
Patients treated with high dose methylprednisone (0.25-1 g/day) had a 15-fold
increased risk of fungal infection compared to those receiving low doses (2
mg/kg/day), possibly due to the immunosuppressive characteristics of
glucocorticoids (417). Viral infections early post-transplant are usually due to the
herpes simplex virus (HSV) (415, 416). HSV is typically dormant in
immunocompetent individuals, but becomes reactivated in approximately 80% of
HSV-positive HSCT patients and typically presents as inflammation of the mouth

and gums (gingivostomatitis) (418).

100



Table 3.2. Common infections at early timepoints post-HSCT. From (415-
418)

Type of Infection Organism
Gram-positive bacteria  S. Viridans S. aureus S. epidermidis
Gram-negative bacteria E. coli Klebsiella Pseudomonas

Fungus Candida Aspergillus
Virus HSV

Graft-versus-host disease. In addition to containing stem cells to
repopulate the host immune system, HSCT grafts frequently contain donor T
cells (47, 48). While the presence of T cells in HSCT grafts decreases infection
rates and helps eliminate residual disease (graft-versus-leukemia effect) (419),
these cells are also capable of causing graft-versus-host disease (GVHD) (47,
48). The development of GVHD requires mature T cells in the graft, a recipient
who cannot reject the T cells, and the expression of antigens in the recipient not
present in the donor (48, 420). Donor T cells proliferate in response to foreign
recipient peptides in the context of antigen presenting cells (APCs), produce Th;
cytokines such as IFN-y, and differentiate into cytotoxic T lymphocytes (CTLS)
(Figure 3.2). CTLs mediate tissue damage culminating in clinical GVHD
characterized by damage to the skin, liver and gastrointestinal tract (48), and
these effects are enhanced by the tissue damage and cytokine release that
accompanies recipient conditioning (Figure 3.2) (421). Despite these negative
consequences, eliminating T cells from the graft does not improve patient

survival following HSCT (422, 423). This observation underscores the beneficial
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effects of T cells during HSCT, which include decreased infection rates, improved

engraftment, and the elimination of residual disease (422, 423).

(1) Conditioning
Tissue Damage
APC Activation

o —
/ Host Epithelium LPS

TNF-a
LPS
IL-1
Macrophage

Host

o ;
i)~

\Thl\_>

(2)Donor T Activation (3)CTL Infiltration
Thj Polarization Inflammatory Mediators

Host Tissue Apoptosis

Figure 3.2. GVHD Pathogensis. (1) Conditioning damages host epithelial cells
resulting in cytokine production and LPS entry into the bloodstream, which
activates host APCs and macrophages. (2) Donor T cells are activated by
foreign alloantigen and costimulatory molecules on host APCs and polarize
towards a Th; cytokine profile. (3) Donor T cells mature into CTLs and, together
with activated macrophages, mediate host tissue damage through cyotoxic
cytokine production and granzyme B/FASL pathways. Adapted from (48).
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Alloantigen recognition. APCs present peptides to T cells in the context of
major histocompatibility complex (MHC) molecules on the cell surface (1). Class |
MHC molecules are expressed on all nucleated cells and present intracellular
antigen to CD8" T cells, although extracellular antigen can also be presented by
class | MHC molecules in a process termed cross presentation (24). Class Il
MHC molecules are primarily expressed by "professional” APCs (dendritic cells,
B cells and macrophages), which sample the extracellular environment and
present these peptides to CD4" T cells on class 1| MHC molecules (23). GVHD
can occur when donor T cells directly recognize MHC molecules as foreign,
termed a major histocompatibility mismatch (Figure 3.3) (424). When donor and
recipient have identical MHC molecules, donor T cells recognize foreign recipient
polymorphic peptide fragments (minor histocompatibility antigens, miHAS)
presented on matched MHC molecules. This type of reaction occurs due to
genetic diversity between donor and host and is termed a minor
histocompatibility mismatch (424).

The type of mismatch present can have a dramatic effect on the overall
success of HSCT. A 2007 study showed that of 334 patients undergoing
myeloablative transplant between 1993-2003, 54% had developed acute GVHD
(grade Il or higher) (425). Recipients receiving MHC-matched (6 out of 6 alleles)
transplants had a 41% survival rate 3 yr after transplant, while those receiving

transplants with > 1 allelic mismatch had only a 23% survival rate (425).
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Figure 3.3. Major and minor MHC mismatches. In a minor mismatch (left),
the donor and host MHC molecules are matched and donor T cells recognize
polymorphic antigens (yellow) in the context of matched MHC (blue). In a major
mismatch (right), donor T cells recognize mismatched MHC molecules (yellow).
Adapted from (424).

Role of APCs in GVHD. APCs play a critical role in GVHD as they are
responsible for the initial activation of donor-reactive T cells (48, 424). When
host APCs are eliminated by infusing mismatched NK cells, donor T cells are no
longer capable of mediating disease (426). This conclusion is further supported
by experiments showing that eliminating host MHC | or MHC Il on APCs
abrogates CD8 or CD4-mediated GVHD, respectively (427, 428). Interestingly,
this study showed that lethal GVHD does not require MHC Il expression on host
epithelium, indicating that direct T cell receptor (TCR)/MHC Il interactions are not

necessary during the effector phase of CD4-mediated, MHC class Il mismatched
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GVHD (428). Of the several types of professional APCs, dendritic cells (DCs)
are likely the most important for GVHD initiation, as their infusion (but not that of
LPS-activated B cells) is sufficient to induce GVHD in allogeneic transplant
recipients that otherwise lacked MHC Il on APCs (429).

T cell activation and signaling during (allo)antigen stimulation. During
GVHD, signaling through the TCR, costimulatory receptors and cytokine
receptors causes T cells to proliferate, secrete proinflammatory cytokines and
differentiate into effector T cells (Figure 3.4) (430). TCR signaling causes (-
chain-associated protein of 70 kDa-(ZAP-70)-mediated linker-of-activated T cells
(LAT) and SH2 domain containing leukocyte protein of 76kDa (SLP-76)
phosphorylation, which results in phospholipase-C-y 1 (PLCy1) activation. PLCy1l
hydrolyzes phosphatidylinositol-3,5-bisphosphate, which causes an increase in
diacylglyceride (DAG) and inositol-1,4,5-triphosphate (IP3) levels (430). DAG
activates protein kinase C-6 (PKC6), an important activator of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«B), whose deletion reduces
GVHD in several models (431). DAG also activates the GTPase Ras, which
initiates signaling through the mitogen-activated protein kinase (MAPK) pathway
resulting in extracellular signal-regulated kinase 1 (ERK1) and ERK2 activation
(430). Activated ERK1 and ERK2 stimulate the activities of activator protein 1
(AP-1) and signal transducer and activator of transcription 3 (STAT3), both of
which promote gene transcription in activated T cells (430). ERK1 and ERK2
become phosphorylated during GVHD, and their inhibition with a small molecule

results in decreased alloresponses in vitro (432).

105



TCR Signaling Costimulation Cytokine

Signaling
CD80*, CD86* IL-2*, IL-6*
N
| / N\
PLCyl+——
ERK1/2*
Y IL-2| PI3-K
DAG Ca2+ PI3-K/AKT STATS
Ras  PREY l IL-G‘ STAT3*
l Calcineurin*
Bax
Y
ERK1/2* BCL-X_
AP-1 Glycolysis
STAT3*

Figure 3.4. Overview of T cell signaling in allo responses. Summary of
downstream mediators of TCR, costimulatory and cytokine signaling in donor T
cells in GVHD. See text for details. * indicates that inhibition or genetic deletion
of the indicated molecule will reduce GVHD according to (431-441).

IP3 binds to the IP3 receptor on the endoplasmic reticulum (ER) and
causes efflux of Ca?* stores (430). The depletion of ER Ca*" induces the
opening of Ca** release-activated Ca®* (CRAC) channels on the T cell surface
and allows the influx of extracellular Ca?* (430). Increased Ca?" levels following

TCR stimulation results in calcineurin activation, which dephosphorylates the
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transcription factor nuclear factor of activated T cells (NFAT), allowing it to enter
the nucleus and, in coordination with AP-1 and NF-«B, promote transcription of
genes important in T cell activation such as IL-2 (430). The importance of this
pathway in GVHD is emphasized by the fact that calcineuirin inhibition with
tacrolimus (FK-506) or cyclosporine is standard treatment for GVHD prophylaxis
in patients receiving HSCT (433, 441).

APCs also express Ig-containing costimulatory molecules such as CD80
and CD86, which serve to provide a second stimulatory signal to T cells (442).
Ligation of T cell CD28 by CD80 or CD86 phosphorylates the intracellular tail of
CD28 and activates the Tec kinases ITK and TEC (34). This kinase activation
potentiates TCR-signaling through PLCy1 (443) and the guanine-nucleotide
exchange factor (GEF) VAV1, which increases TCR-dependent activation of
NFAT and NF-«kB (444). CD28 phosphorylation also recruits PI3K to the plasma
membrane through interactions with its p110 subunit (Figure 3.4) (430). The p85
subunit of PI3K catalyzes the formation of PIP3, which then recruits AKT and its
activator PDK-1 to the plasma membrane via their pleckstrin homology (PH)
domains (430). Activated AKT has numerous targets and promotes the nuclear
localization of NF-kB and NFAT, thereby promoting activated T cell gene
transcription (34). In addition to enhancing TCR-mediated gene transcription,
costimulation also enhances T cell glycolysis in a PISK/AKT-dependent fashion
(231) and has anti-apoptotic effects mediated by increased BCL-X_ expression

and inhibition of Bax activation (75, 445).

107



When CD80 and CD86 are genetically deleted on host and donor APCs,
disease fails to develop in a model of CD4"-dependent MHC-matched GVHD
(438). Similarly, blocking costimulatory interactions by using antibodies directed
against CD80 and CD86 (439) or blocking CD28 with CTLA4-Ig (440) improves
both mortality and weight loss in MHC-mismatched models of GVHD. These
data indicate that costimulatory signals through CD28 are critical for GVHD
pathogenesis.

Cytokines such as IL-2 and IL-6 also play a role in T cell activation during
GVHD (Figure 3.4) (435, 436). IL-2 is produced by activated T cells as a result of
NFAT, AP-1 and NF-kB activation (430). IL-2 signals through the heterotrimeric
IL-2 receptor (IL-2R), composed of IL-2Ra (CD25), IL-2Rp (CD122) and the
common gamma chain (yc, CD132), which leads to activation of the PI3-K/AKT,
MAPK and STATS5 signaling pathways (446). The importance of these signaling
pathways in GVHD pathogenesis is emphasized by studies showing that IL-2R
blocking antibodies can improve survival, weight loss and skin pathology in a
model of MHC-matched GVHD (434). Clinical trials with similar agents have
given mixed results in humans (435), likely due to suppressive effects on
regulatory T cells, which also express high levels of IL-2R (447). IL-6 is
produced by a variety of cell types including epithelial and lymphoid cells, and its
levels rise dramatically following recipient conditioning (421, 436, 448) due to
increases in pro-inflammatory mediators such as tumor necrosis factor (TNF)-a,

IL-1, and lipopolysaccharide (LPS). IL-6 signals through the STAT3 pathway to
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induce inflammatory gene transcription (449), and blocking the IL-6 receptor
(436) or inhibiting STAT3 directly (432, 437) reduces GVHD.

T cell differentiation and effector functions in nonirradiated GVHD. In
specific mouse models of GVHD (parent into F1, P—F1), parental donor cells
can induce GVHD in unconditioned F1 recipients (47). In the B6—B6D2F1
model, donor T cells express the H2° MHC haplotype (450). Because MHC gene
expression is codominant (23), the F1 offspring (B6D2F1) of B6 (H2") and DBA/2

(H2% parents have the combined H2""®

haplotype. Donor B6 T cells then
recognize foreign H2¢ expression and react against the mismatched host MHC
class | and Il molecules (Figure 3.5) (451). Host T cells recognize both H2” and
H2% as “self” and thus cannot reject the H2° donor T cells, which eliminates the
need for conditioning (451). Because donor T cells lack H2¢ MHC class | (H2K¢,

H2D% expression, NK-mediated hybrid resistance can be a concern if insufficient

numbers of donor T cells are used (452, 453).
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Figure 3.5. Alloantigen recognition in Parent into F1 GVHD models. Parent
T cells (left) recognize mismatched MHC molecules on F1 APCs (yellow) that are
derived from the second parental strain as foreign. The opposite reaction (right)
does not occur, because F1 T cells recognize MHC molecules from both parental
strains (i.e, both yellow and blue) as self.

In nonirradiated P—F1 GVHD models, CD4" and CD8" donor T cells
rapidly proliferate and accumulate in host spleens for 7-10 d after transplant
(454-457). This rapid expansion is dependent on costimulatory signaling, as it is
significantly reduced by administration of CTLA4-Ig, which blocks signaling
through CD28 (458). As donor T cells proliferate in this model, they secrete the
proinflammatory cytokines IL-2 and IFN-y, which promote a Th1-polarized cell-
mediated immune response rather than an antibody-mediated Th2 response
(457). IFN-y promotes the differentiation of CD8" CTLs, which can induce

apoptosis in target cells through several pathways (459). For example, CTLs up-
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regulate the surface expression of FASL, which ligates FAS receptors on target
cells and induce apoptosis through a caspase-8 mediated pathway (460). CTLs
can also induce apoptosis through the perforin/granzyme B pathway in which
secreted perforin forms pores in target cells allowing secreted granzyme B to
enter and induce apoptosis by activating caspase-3 (15). Both of these
pathways are important for nonirradiated GHVD pathogenesis as genetically
deleting either FASL (461) or perforin (462) in donor T cells significantly reduces
lysis of host cells, although the FASL pathway may predominate in other models
of GVHD (463). During nonirradiated GVHD, CTLs up-regulate chemokine
receptors such as CXCRG6, which allow them to traffic to target tissues such as
the liver (464) and the bone marrow (461), where they induce liver damage and
lethal marrow hypoplasia (453, 461, 464).

Glycolysis and GVHD. During GVHD, donor T cells proliferate, secrete
cytokines and differentiate into CTLs. Because these processes require the
synthesis of biomolecules and the expenditure of ATP, it is expected that donor T
cells will up-regulate their cellular metabolism during GVHD (207). Over the past
40 years, studies on T cells stimulated with mitogens and agonistic antibodies
have suggested that activated T cells rely primarily on glycolysis to meet their
metabolic needs (207); however, the relative importance of glycolysis and
OXPHOS have not been investigated in GVHD or other immune-mediated
diseases. Because inhibiting aerobic glycolysis has been suggested as a

therapeutic strategy in treating diseases mediated by activated T cells (104, 207),
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it is important to determine the extent to which this pathway is used in diseases
such as GVHD.

As discussed in Chapter 1, costimulation through CD28 up-regulates
glycolysis in activated T cells by activating AKT, and increasing the expression
and surface localization of glucose transporter 1 (GLUT1) (58, 59). Costimulatory
signaling plays an important role in T cell activation in both irradiated and
nonirradiated models of GVHD. In the nonirradiated B6—~F1 model, the
importance of costimulation was investigated with CTLA4-Ig, which binds CD80
and CD86 thereby preventing signaling through CD28 (458). CTLA4-Ig
administration on d2, d5 and d7 decreased donor T cell expansion 4-6 fold and
decreased serum IFN-y 4-fold as measured 14 d after transplant (458). Similarly,
genetic deletion of CD80 and CD86 on APCs improved survival and weight loss
in an irradiated MHC-matched model of GVHD (438). These findings indicate
that signaling through costimulatory pathways are important for donor T cells to
mediate GVHD and would suggest that donor T cells might rely on aerobic
glycolysis in vivo.

While signaling through CD28 increases glycolysis in T cells, signaling
through PD-1 or CTLA-4 inhibits glycolysis (59, 255). Both the PD-1 and CTLA-4
signaling pathways are active during GVHD (465-467). For example, GVHD is
worsened when PD-1 signaling is blocked by neutralizing antibodies or by using
donor T cells that lack the PD-1 receptor (465, 466) or when CTLA-4 signaling is
blocked by neutralizing antibodies (467). These findings suggest that inhibitory

signals through PD-1 and CTLA-4 help control donor T cells during GVHD.
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Together, these observations suggest that the activity of donor T cells in GVHD
is influenced by costimulatory signals, which stimulate aerobic glycolysis, and
inhibitory signals, which inhibit glycolysis. Hence, it is difficult to determine a
priori the role of aerobic glycolysis in alloreactive donor T cells.

Evidence for increased aerobic glycolysis in disease-causing T cells in
vivo comes from studies using positron emission tomography (PET) imaging.
Increased uptake of the glucose analog 2-[**F]-Fluoro-2-deoxy-D-glucose (FDG)
has been detected in the lymph nodes of patients with lupus (468), the spinal
cord of mice with experimental autoimmune encephalitis (469), and the intestine
of mice and patients with GVHD (470). However, these studies cannot identify
which cells at sites of inflammation are taking up the tracer. Furthermore, the
FDG tracer used in PET studies cannot be metabolized past the proximal
(hexokinase) step of glycolysis (209). Therefore, FDG-PET does not distinguish
between the oxidative (i.e. OXPHOS) or nonoxidative (i.e., glycolysis) breakdown
of glucose in those cells (Figure 3.5). Due to the ambiguities of FDG-PET data,
direct measurements of OXPHOS and glycolysis in alloreactive donor T cells are
necessary to understand the metabolic pathways used by these cells as they
mediate GVHD.

OXPHOS and GVHD. T cells activated in vitro primarily rely on high rates
of aerobic glycolysis, but maintain their ability to proliferative and synthesize
cytokines when glycolysis is inhibited by using oxidative phosphorylation
(OXPHOS) as their primary energy source (Chapter 1) (58, 59, 257). This

flexibility is problematic when attempting to predict the extent to which
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alloreactive donor T cells use OXPHOS in vivo. Furthermore, the little data that
exists regarding oxidative metabolism in activated T cells in vivo is indirect.
Antigen-specific CD8" T cells responding to lymphocytic choriomeningitis virus
(LCMV) 5 d after infection increase their mitochondrial membrane potential (Aym)
5-fold as measured by the potentiometric dye DiOCs. Ayn, returns to baseline
levels by d 8, when virus has been cleared (471) but remains elevated when a
chronic strain of the virus is used, suggesting that this increase is due to antigen
stimulation of the TCR receptor, possibly due to Ca®*-mediated activation of the
TCA cycle (254). While an increase in Ay, LCMV-specific T cells also showed a
3-fold increase in dihydroethidium (DHE) fluorescence 5 d after infection with
LCMV, suggesting increased O, levels in responding T cells (471). Similar
increases in Ay, and reactive oxygen species (ROS) production are seen in
autoimmune T cells in lupus (Chapter 2) (472), again suggesting that activated T
cells can increase OXPHOS in vivo. In other work, it was found that peripheral
blood mononuclear cells (PBMCs) from patients with active rheumatic disease
consume O, 25% faster than healthy controls, while PBMCs from patients with
active infectious disease show a 30% increase in respiration (335). However,
none of these studies investigated glycolytic metabolism in conjunction with their
measurements of Ay, ROS levels or respiration. Without such measurements,
it is difficult to determine the relative importance of OXPHOS and glycolysis in
these different settings. Indeed, in pancreatic 3 cells, increased glucose
metabolism is associated with an increased Ay, (362). However, in mammary

tumor cells, decreased glucose metabolism (achieved by siRNA-mediated
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inhibition of lactate dehydrogenase) is associated with decreased Ay, (243).
Regardless of the relative utilization of glycolysis and OXPHOS, these data
suggest that OXPHOS may play a role in fueling alloreactive donor T cell
responses in vivo (433).

Further evidence suggesting increased OXPHOS in alloreactive donor T
cells comes from the importance of Ca?* signaling in T cells during GVHD.
Inhibiting Ca®* signaling with tacrolimus or cyclosporine is frequently used for
GVHD prophylaxis (discussed further in Chapter 4) and suggests that
alloreactive donor T cells may exhibit increased Ca?* signaling during GVHD
(441, 473). Because Ca®" signaling in activated lymphocytes activates pyruvate
dehydrogenase (123) and increases NADH production (254), these observations
suggest that alloreactive donor T cells may up-regulate OXPHOS.

Recent data suggest that cytokine signaling might also be related to
OXPHOS in activated T cells. STAT3 activation is important for GVHD
pathogenesis (Figure 3.4) (432, 437), and activated STAT3 was recently
discovered to play an important role in OXPHOS by interacting with and
stimulating complex | of the mitochondrial respiratory chain (474). This finding
suggests that oxidative metabolism in GVHD-causing donor T cells could be
related to cytokine stimulation as well as Ca®" signaling. Thus, while existing
data suggest that mitochondrial metabolism will be increased in alloreactive
donor T cells, direct experimental measurements are needed to explore the

importance of this pathway in GVHD.
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Energy production of non-T cells in the immune system. While evidence
exists for both OXPHOS and glycolytic energy production in antigen-stimulated T
cells, hematopoietic stem cells (475), granulocytes such as neutrophils (476),
and T cells proliferating in response to cytokine-stimulation (224, 477) primarily
rely on increased glycolysis to generate their energy. Proteomic analysis of
primitive Lin™ c-Kit" Sca-1" (LSK™) stem cells shows increased levels of glycolytic
enzymes such as glyceraldehydes-3-reductase, pyruvate kinase, and lactate
dehydrogenase compared to less primitive Lin" c-Kit" Sca-1" cells (475).
Furthermore, these primitive LSK™ cells have a 5-fold increase in GLUT1 as
determined by fluorescence microscopy and produce 5-fold more lactate when
cultured ex vivo compared to LSK™ cells (475). A reliance on glycolytic energy
production is important for stem cell function, as activating mitochondrial
biogenesis and ROS production by deleting tuberous sclerosis complex 1 (TSC1)
and activating the mTOR pathway results in reduced hematopoietic function
(478).

In the absence of antigen stimulation, T cells can proliferate when
stimulated by cytokines. IL-7 is an important mediator of T cell differentiation and
proliferation in the thymus and it is the major factor governing homeostatic
proliferation of mature T cells in the periphery (224, 414, 477). IL-7 stimulation
activates AKT through the STAT5 pathway and causes a 2-fold increase in
surface GLUT1 expression and glucose uptake in naive and activated T cells
(224, 477). Unlike TCR stimulation, IL-7-mediated stimulation has not been

linked to Ca®" signaling and IL-7-related changes in oxidative metabolism have
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not been investigated. Additionally, stimulation of T cells with other cytokines (IL-
2, IL-17 or IL-15) does not increase mitochondrial mass or cause Ay,
hyperpolarization (264), suggesting that cytokine stimulation in the absence of
TCR activation may lead selectively to increased glycolysis.

Neutrophils cultured directly ex vivo or stimulated to induce phagocytosis
produce lactate at a fast rate (1.3 nMoles lactate/(min x 10° cells)), and this
correlates with a high rate of glucose uptake (0.84 nMoles glucose/(min x 10°
cells)) (479). Both of these values are > 10-fold higher than rates reported in
resting thymocytes (62, 206). In human neutrophils, complexes I, Il and 1V of
the respiratory chain do not associate into the higher order supercomplexes that
are characteristic of mitochondria from tissues such as the heart or PBMCs (480,
481). Treatment with rotenone or sodium azide, which inhibit complexes | and IV
of the mitochondria respectively, have no effect on neutrophil ATP levels, while
the glycolytic inhibitor sodium iodoacetate reduces neutrophil ATP levels by more
than 90% following 6 h of treatment (476). Thus, high rates of glycolysis in
neutrophils may result from an inability to synthesize ATP through their
mitochondria. Together, these data show that a high rate of OXPHOS is not a
uniform characteristic of all activated cells of the immune system and suggest
that repopulating granulocytes and homeostatically proliferating T cells may rely
on glycolysis in the setting of HSCT.

ROS, antioxidants and GVHD. ROS are formed from numerous sources
including complexes | and 1l of the mitochondrial respiratory chain (131, 154),

cytosolic peroxisomes (482), and neutrophils and macrophages during the
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respiratory burst (483). While ROS can oxidize cellular proteins, lipids and
nucleotides, such reactions are inhibited by antioxidants such as glutathione,
catalase, manganese superoxide dismutase (MnSOD), copper/zinc-superoxide
dismutase (Cu, Zn-SOD) and pyruvate (177, 180, 191, 193, 195, 197, 200).
Hence, accumulation of ROS and markers of ROS oxidation, termed oxidative
stress, can indicate an imbalance between ROS production and their
detoxification by antioxidants (191, 193).

Following allogeneic HSCT, patients have a 2-fold and 1.5-fold increase in
plasma malondialdehyde (MDA) and nitric oxide, respectively, two markers of
oxidative stress (484, 485). Compared to healthy controls, transplant recipients
also have significantly decreased activities of important plasma antioxidant
enzymes, including total superoxide dismutase (65% decrease), catalase (CAT,
30% decrease) and glutathione peroxidase (20% decrease) (485). However, no
relationship was observed between decreased antioxidant activity and the
development of GVHD (485).

Increased oxidative stress is also observed in mice suffering from GVHD.
The lungs of mice with GVHD have increased MDA and a decreased ratio of
reduced to oxidized glutathione (486). Additionally, the livers of mice with GVHD
have decreased total levels of glutathione (486). However, this study did not
include conditioned animals transplanted with syngeneic T cells, so increased
oxidative stress may result from the conditioning regimen rather than from the
presence of alloreactive donor T cells. Furthermore, these measurements were

made in plasma, liver and lung, but not in lymphocytes (484-486). Hence, these
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studies suggest an imbalance between ROS production and ROS detoxification
during GVHD, but offer limited information on the redox environment within
alloreactive donor T cells.

In a different mouse model, the intracellular ROS and glutathione levels of
various blood cells during MHC-mismatched GVHD were measured using the
dye 2'-7'-dichlorofluorescein diacetate (DCF), which fluoresces when it reacts
with a variety of ROS including hydrogen peroxide (H,O,) and hydroxyl radicals
(OH-) (386). Lymphocytes, neutrophils and red blood cells (RBCs) from mice 5
weeks after GVHD induction have 3-fold increased levels of ROS and 3-fold
depleted levels of reduced glutathione compared to untreated control mice (487).
Additionally, ROS levels in RBCs are greater in mice with GVHD than in control
mice transplanted with syngeneic lymphocytes, which suggests that increased
oxidative stress is due to the presence of alloreactive donor T cells rather than
the conditioning regimen. Because ROS production and oxidative stress are
associated with high levels of oxidative metabolism (378), the presence of
increased ROS and oxidative stress during GVHD is consistent with increased
activity of OXPHOS in pathogenic donor T cells.

Glutathione and pyruvate. Glutathione (Figure 3.6) is the primary
antioxidant in mammalian cells, at concentrations between 1 and 10 mM in most
tissues (196). Glutathione peroxidase detoxifies H,O, to water by converting
reduced glutathione (GSH) to its oxidized form (GSSG) (Figure 3.7) (197).
Hence, glutathione limits the apoptosis and non-specific oxidation of DNA,

proteins and lipids that can accompany the production of ROS (187, 189, 192-
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194). The antioxidant function of glutathione is emphasized by studies showing
that inhibiting glutathione synthesis sensitizes lymphoma cells to ROS-mediated
apoptosis (488, 489). Similarly, treatment with exogenous glutathione protects
the mitochondrial DNA of human lymphocytes from oxidative damage induced by

the pro-oxidant t-butyl hydroperoxide (490).

HS
0] H 0
NH, ¢} O
Glutathione Pyruvate

Figure 3.6. Structures of glutathione and pyruvate. From (49, 196).

The regeneration of GSH from oxidized GSSG is catalyzed by glutathione
reductase (Figure 3.7) (196). This reaction requires NADPH, the majority of
which is formed from glucose metabolism through the pentose phosphate cycle
(PPC) (49). Hence, a deficiency in glucose metabolism could impair NADPH
production in the PPC and therefore inhibit the regeneration of reduced
glutathione. The importance of the PPC for maintaining glutathione levels has
primarily been investigated in cells of the nervous system. In astrocytes and
neurons, increasing oxidative stress by adding H,O, to cultures stimulates the
PPC by 70% (51). However, when the glutathione redox system is inhibited by
depleting glutathione or inhibiting glutathione peroxidase, H,O, no longer

stimulates the PPC. These observations suggest that H,O, stimulates PPC

120



activity by increasing the need for reduced glutathione and NADPH (51).
Similarly, inhibiting glucose entry into the PPC with the glucose-6-phosphate
dehydrogenase (G6PDH) inhibitors dehydroepiandrosterone or 6-anicotinamide
increases ROS levels as measured by DCF fluorescence, which is consistent
with decreased glutathione levels (50).

Yeast cells also rely on aerobic glycolysis to maintain GSH levels and
minimize ROS production. When Saccharomyces cerevisiae are switched from a
media supporting glycolysis (2% glucose) to a media supporting respiration (2%
glycerol) ROS levels increase 2-3 fold as measured by DHE oxidation (491).
When proliferating glycolytic yeast cells are transferred into respiratory media
nearly 100% die; however, only 40% die when these cells are treated with
reduced glutathione. Hence, these observations indicate that high rates of
glycolysis are important for maintaining glutathione levels and minimizing
oxidative stress in a variety of cell types.

These results suggest that decreased levels of glutathione and increased
ROS levels in lymphocytes during GVHD could be a consequence of low
glycolytic metabolism and PPC flux. This hypothesis is supported by studies
showing that high rates of glycolysis limit ROS production in lymphocytes.
Indeed, concanavalin A (conA)-stimulated thymocytes cultured in media with low
glucose (1.2 mM) increase ROS levels 2-3 fold compared to cells cultured in
media with high glucose (10 mM), as measured by luminol chemiluminescence
or DCF oxidation (376). However, this study did not specifically address

glutathione levels or PPC activity (376).
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Figure 3.7. Glutathione regeneration and detoxification of hydrogen
peroxide. Reduced glutathione (GSH) becomes oxidized to GSSG as it
converts hydrogen peroxide (H20O,) to water in a reaction catalyzed by
glutathione peroxidase (GPx). GSH is regenerated from GSSG in a reaction
catalyzed by glutathione reductase (GR). The GR reaction requires NADPH,
which is generated when glucose is metabolized in the pentose phosphate cycle
(297).

Pyruvate is a metabolite of glucose and is another antioxidant closely tied
to glycolytic metabolism. Pyruvate is formed in the cytoplasm when pyruvate
kinase dephosphorylates phosphoenolpyruvate (49). Its antioxidant properties
are thought to be related to its ability to eliminate H,O, (Figure 3.8) and possibly
its ability to reduce O™ production in mitochondria (203). Addition of pyruvate
(0.1-2 mM) to culture media reduces H,O,-induced apoptosis and ROS
production in a neuroblastoma cell line (203). Pyruvate also reduces ROS
formation due to ischemia-reperfusion injury in perfused guinea pig hearts,
although this could be due to its ability to inhibit NADH oxidase rather than direct
ROS scavenging (492). The ROS-protective effects of pyruvate have proven
beneficial in preclinical models, where administration of pyruvate reduces tissue
damage and ROS production in rat ischemia-reperfusion models of the small
intestine (202) and liver (201). Ethyl pyruvate, a stable derivative of pyruvate

(493), also reduces tissue damage in rat models of hemorrhagic shock (494) and
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stroke (495) and mouse models of sepsis (496). These protective effects are also
seen in lymphoid cells, as adding pyruvate to culture media inhibits ROS
production in cultured thymocytes and HL-60 leukemia cells (252). Like
glutathione, pyruvate is an antioxidant formed by the metabolism of glucose.
Thus, the increased ROS levels and altered antioxidant balance in lymphocytes
during GVHD could be due, in part, to abnormally low levels of pyruvate,

secondary to low rates of aerobic glycolysis.

Glucose

|

Pyruvate

7N

Acetate
H>0» +CO,
+ HoO

Figure 3.8. Pyruvate formation and degradation by H,O,. Glucose generates
pyruvate through the cytosolic steps of glycolysis. Pyruvate can directly react
with ROS such as hydrogen peroxide yielding acetate, CO, and H,O (200).

Statement of problem. GVHD is the major morbidity associated with
hematopoietic stem cell transplantation, and current treatments are lacking.
Alloreactive donor T cells perform numerous metabolically active functions, but
how they meet these energetic demands is unknown. Literature reports of
increased oxidative stress suggest that these T cells may rely on OXPHOS
rather than glycolysis. ldentifying the metabolic pathways used by alloreactive

donor T cells could identify novel therapeutic targets for the treatment of GVHD.
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RESULTS

Prolfiling the metabolism of splenocytes from mice with GVHD. The non-
irradiated B6—F1 model of GVHD is characterized by rapid proliferation of donor
CD4" and CD8" T cells 7-10 d following transplant (expansion phase) followed by
CTL-mediated apoptosis of host and donor lymphoid cells (contraction phase),
which leads to high levels of mortality by 21 d after transplant (451). During the
graft-versus-host reaction, donor T cells produce Thl cytokines such as IFN-y,
which promote the differentiation of CTLs and the development of anti-host
cytotoxicity (459). To confirm that our transplant system behaved as previously
reported, we infused congenic B6-Ly5.2 cells into unirradiated F1 (allogeneic) or
B6 (syngeneic) recipients and enumerated donor T cells and measured their
expression of CTL-related molecules following transplant. Hematopoietic cells
from the B6-Ly5.2 mice express the CD45.1 protein tyrosine phosphatase
isoform on their cell surface, while cells from B6 or F1 mice express CD45.2
(497, 498). This distinction allowed the discrimination of donor and host
lymphocytes. By 8 d after infusion into allogeneic recipients, donor CD4" and
CD8" had expanded 18- and 39-fold, respectively, compared to donor T cells
infused into syngeneic B6 recipients (Figure 3.9, p<0.002 for both comparisons).
The number of donor T cells peaked after d 8 and had decreased by 25% by 14
d after transplant. During this expansion, alloreactive donor T cells increased
their expression of IFN-y 5-10-fold over syngeneic T cells (Figure 3.10 A, p<0.02)
and granzyme B 7-fold over syngeneic T cells (Figure 3.10 B, p<0.01), both of

which are important effector molecules for CTL activity (16).
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Figure 3.9. Donor T cell expansion during non-irradiated GVHD. F1
(allogeneic, white circles) or B6 (syngeneic, black triangles) mice were injected
i.v. with B6-Ly5.2 splenocytes (35 x 10°%). On d 8 or 14 after transplant, recipient
splenocytes were counted and stained for CD4, CD8, CD45.1 (donor) and
CD45.2 (host) expression. Donor T cells were gated as indicated (right panels)
and enumerated. Data are from 4 (allogeneic) or 2 (syngeneic) mice per
timepoint and error bars indicate standard error. * p < 0.002.
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Figure 3.10. Donor T cell effector molecule expression during non-irradiated GVHD. A and B. F1 (allogeneic,
white circles) or B6 (syngeneic, black triangles) mice were injected i.v. with B6-Ly5.2 splenocytes (35 x 10°). Splenocytes
were fixed and permeabilized without restimulation to measure IFN-y and Granzyme B expression. Granzyme B was
measured 8 d after transplant. Histograms are gated on CD45.1" CD45.2" CD4" or CD45.1" CD45.2° CD8" as in A and
show IFN-y or Granzyme B staining 8 d after transplant in allogeneic (blue) or syngeneic (red) splenocytes. Data are from
4 (allogeneic) or 2 (syngeneic) mice per timepoint and error bars indicate standard error. * p < 0.02.



Proliferation and effector molecule production require the de novo
biosynthesis of cellular membranes and pro-inflammatory proteins, both of which
are energetically demanding processes (207). For example, the synthesis of a
single palmitate molecule, a major component of cellular membranes, requires 7
molecules of ATP, while protein synthesis requires a single GTP (equivalent to
one ATP (49)) for each amino acid incorporated (49, 78, 499). Because
alloreactive donor T cells have increased proliferation and effector molecule
production, we hypothesized that splenocytes from mice receiving allogeneic
infusions would have increased ATP production compared to splenocytes from
mice receiving syngeneic infusions.

The two major routes of ATP production are glycolysis and OXPHOS,
which can be assessed by lactate production and O, consumption respectively
(78, 142, 143, 207, 247). Two days after GVHD induction, splenocytes from
mice receiving allogeneic or syngeneic infusions had similar rates of O,
consumption (0.44 vs. 0.38 nMoles Oz/min x 10° cells, p=0.16) and lactate
production (0.37 vs. 0.28 nMoles lactate/min x 10° cells, p=0.24) (Figure 3.11 A-
B). However, by d 7-14 after GVHD induction, splenocytes from mice receiving
allogeneic infusions increased O, consumption 60-80% and lactate production
50% compared to mice receiving syngeneic infusions (Figure 3.11 A-B, Table
3.3). Lactate production and O, consumption were not analyzed after d 14
because nonirradiated GVHD induces severe lymphopenia at these time points

(453, 461, 500). These results suggest that splenocytes from mice receiving
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Figure 3.11. Lactate Production, O, Consumption and ATP production of
splenocytes from mice with GVHD. F1 (allogeneic) or B6 (syngeneic) mice
were injected i.v. with B6-Ly5.2 splenocytes (50 x 10°%). A and B. On d 2-14
after transplant, recipient splenocytes were RBC-lysed and analyzed for O,
consumption and lactate production. Data are averaged from 3 mice per
condition and error bars indicate standard error. C. ATP production was
calculated as ATPoxpHos(Black)=5.6 x O, Consumption and
ATPaiycalysis(White)=Lactate Production + 0.4 x O, Consumption. Syngeneic
results were pooled (n=9). * p < 0.05 compared to syngeneic.

Table 3.3. Lactate production and O, consumption of GVHD and control
splenocytes. Data are averaged from 3 mice per group and numbers in
parentheses indicate standard error. p values compare Syn and Allo groups
from the same day and are unpaired and 1 tailed.

Lactate Production O, Consumption
nMoles Lactate/(min x 10° cells) nMoles O/(min x 10° cells)
Syn Allo p Syn Allo p

Day2 0.28(.09) 0.37(09) 0.24 0.38(.05) 0.44(02) 0.16
Day7 0.53(.08) 0.87(.06) 0.018 0.47(05) 0.75(06)  0.01

Day 14 0.41(.08) 058(15) 0.16  0.33(.03) 0.58(.01) 0.001
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Using the rates of O, consumption and lactate production, it is possible to
calculate the amount of ATP cells produce through oxidative phosphorylation and
glycolysis (142, 247, 501). The metabolism of one glucose molecule through
aerobic glycolysis produces 2 molecules of ATP and 2 molecules of lactate, thus
each lactate produced indicates a single molecule of ATP produced through
glycolysis (78). The amount of ATP produced per O, consumed varies
depending on the substrate oxidized (502). For NADH-linked substrates such as
malate and pyruvate, 4.6 ATP are theoretically generated per O, consumed
based on calculations from studies in isolated mitochondria (502). However, a
ratio of 5.6 ATP per O, consumed is frequently used for mammalian cells (142,
247,501). This value is used because it was determined empirically in intact
renal tubular cells (143), although this study did not take proton leak into account.
Such a consideration is important, as protons returning to the mitochondrial
matrix through a path independent of the F;F,-ATPase do not catalyze ATP
production (502). Hence, a calculation of mitochondrial ATP production that
does not account for proton leak will overestimate the amount of ATP
synthesized per O, (502).

The complete oxidation of glucose generates 2 ATP from glycolysis and
30-34 ATP from OXPHOS (49, 78). Using an ATP/O; ratio of 5.6, this suggests
that the complete oxidation of one glucose molecule requires 5.3-6 molecules of
O, (i.e. 30 ATP/5.6 (ATP/O,)). Thus, if glucose is the only substrate oxidized,
each molecule of O, consumed will correspond to approximately 0.2 molecules of

glucose metabolized (142). Because a single glucose molecule generates 2
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molecules of ATP as it is converted into pyruvate, each O, consumed indicates

an additional 0.4 ATP produced through glycolysis (142). Thus, ATP production

from glycolysis is calculated as lactate production + 0.4 x O, consumption, while

ATP production from OXPHOS is calculated as 5.6 x O, consumption (142, 247,

501). Using these equations, OXPHOS was estimated to provide 80% of the

ATP for each splenocyte group analyzed (Figure 3.11 C, Table 3.4).

Table 3.4. ATP production of GVHD and control splenocytes. ATP

production was calculated as described in the text and in Figure 3.11. Data are
averaged from 3 (Allo) or 9 (Syn) mice per group, and numbers in parentheses
indicate standard error.

ATP Production

nMoles ATP/(min x 10° cells)

% ATP Production

OXPHOS Glycolysis OXPHOS Glycolysis
Syn combined 2.2(0.1) 0.56 (0.06) 80 20
Allo Day2 25(0.1) 0.55 (0.09) 82 18
Allo Day7  4.2(0.3) 1.13 (0.06) 79 21
Allo Dayl14 3.2(0.1) 0.81 (0.15) 80 20

treated splenocytes with the F;1F,-ATPase inhibitor oligomycin, using

To determine the amount of O, consumption used for ATP synthesis, we

concentrations (1-2 pg/mL) that are 100-200x greater than the apparent K; for

inhibition of ATP synthesis (171). The difference between routine respiration

(i.e., without any inhibitors present) and oligomycin-inhibited respiration indicates

the amount of O, consumption used for ATP synthesis (Figure 3.12, “OXPHOS”)
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(503, 504). Oligomycin treatment reduced O, consumption by 54-68% in nearly
all splenocyte groups (Table 3.5), indicating that the majority of O, consumed
under routine conditions is used for ATP synthesis, with the rest being used for
other processes such as proton leak (Table 3.5, “Leak”) (503). However,
oligomycin only inhibited 45% of respiration in syngeneic splenocytes on d 2 after
transplant, which was different than the 57-62% inhibition seen in syngeneic cells
ond 7 and d 14. The reason for this variation is unclear.

We next treated cells with carbonylcyanide-p-
trifluoromethoxyphenylhydrazone (FCCP, 6-12 uM), a protonophore that
increases respiration by uncoupling O, consumption and ATP synthesis (503).
The difference between routine respiration and FCCP-stimulated respiration is
termed the reserve capacity (Figure 3.12), and cells may use it to generate
additional ATP when energetic demands increase (504). FCCP increased
splenocyte respiration rates approximately 2-fold over routine rates in all mice
analyzed, indicating an equivalent fraction of reserve capacity in all groups
(Table 3.5).

Splenocytes from mice 7 or 14 d after infusion of allogeneic cells
increased routine, oligomycin-inhibited and FCCP-stimulated O, consumption
rates compared to splenocytes from mice receiving syngeneic splenocytes
(Table 3.5, p<0.05 for each comparison). These results show that the increase in
routine respiration rates in allogeneic splenocytes is accompanied by an increase
of similar magnitude in total respiratory capacity. In addition, splenocytes from

mice receiving allogeneic infusions increased the percentage of routine
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respiration used for ATP synthesis by 14% 7 d after transfusion as compared to
pooled syngeneic controls (68% vs. 54%, p<0.05). Similar changes were seen in
the percent utilization of the total respiratory capacity; 36% of total respiratory
capacity was used for ATP synthesis in d 7 allogeneic splenocytes vs. 28% for
pooled syngeneic controls, although these changes were not significant (Table
3.5, p=0.09). These data suggest that splenocytes from mice with GVHD
increase oxidative ATP production compared to syngeneic splenocytes by
increasing total respiratory capacity and may increase the percentage of

respiration used for ATP synthesis. These results are summarized graphically in

Figure 3.13.
FCCP
c
8
a
g Reserve Capacity
(%))
c
o)
O
~ .
o Routine
OXPHOS . .
Oligomycin
LeakI Total Capacity
Time

Figure 3.12. Schematic of O, consumption parameters. Routine is the O,
consumption rate of unmanipulated cells. Oligomycin is the O, consumption rate
following addition of oligomycin (1-2ug/mL). FCCP is the O, consumption rate
following addition of FCCP (10-12 uM). OXPHOS, LEAK, Reserve Capacity and
Total Capacity are described in the text and are indicated by two-headed arrows.
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nMoles O,/(min x 10° cells)

% of Routine

% of Total Capacity

Routine Oligo FCCP OXPHOS OXPHOS Leak OXPHOS Leak Reserve
Syn d2 0.38(0.05) 0.22(0.04) 0.76 (0.10)  0.16 (0.06) 43 (7) 57 (7) 22 (2) 29(4) 49 (2)
Syn d7 0.46 (0.05) 0.17 (0.02) 0.83(0.05)  0.29 (0.05) 62 (3) 38 (3) 36 (7) 21 (1)  43(8)
Syndil4  0.33(0.03) 0.14(0.02) 0.7 (0.07)  0.19(0.03) 57 (4) 42 (4) 27 (1) 203) 53(2)
Syn
Combined  0.39(0.03) 0.18(0.02) 0.76(0.04)  0.22 (0.03) 54 (4) 46 (4) 28 (3) 24 (2) 48 (3)
Allo d2 0.44 (0.02) 0.18(0.02)  0.9(0.03)  0.26 (0.03) 59 (3) 41 (3) 29 (1) 21(3)  50(4)
Allod7  0.75(0.06)* 0.24 (0.03)* 1.43(0.15)* 0.51 (0.06)* 68 (2 32 (2)** 36(2) 17 () 47(2)
Allod14  0.58(0.01)* 0.22(0.03)* 1.1(0.03)* 0.36 (0.04)* 62 (5) 38 (2) 33 (2) 20(3)  47(1)

Table 3.5. O, consumption parameters of GVHD splenocytes. O, consumption measurements were made as in
Figure 3.11. Routine, Oligo and FCCP rates were collected as described in the text and methods. Calculations for
OXPHOS and percentages were made as described in the methods. Numbers in parentheses indicate standard error.
3 mice per group were analyzed. Syn combined is averaged over all 9 syngeneic mice. * p<0.05 compared syngeneic
controls collected on the same day. ** p<0.05 compared to pooled syngeneic controls. Extramitochondrial oxygen
consumption was ignored in these experiments.
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Figure 3.13. O, consumption parameters of GVHD splenocytes. Data are
from table 3.5. A. Routine, Oligo and FCCP rates of O, consumption. B. The
percentage of total respiratory capacity used for proton leak (black), OXPHOS

(white) and kept in reserve (gray).

Oxidative and glycolytic metabolism of purified donor T cells from mice
with GVHD. In the non-irradiated B6—F1 model of GVHD, disease-causing
donor T cells comprise < 10% of splenic lymphocytes 7-8 d after transplant
(Figure 3.14). Hence the metabolic characteristics of bulk splenocytes likely
reflect the metabolism of a combined population of host T and B cells in addition

to GVHD-causing donor T cells.
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Figure 3.14. Percentage of splenocytes that are donor T cells. Donor
splenocytes (B6-Ly5.2, 35 x 10°) were infused into F1 (Allo, n=4) or B6 (Syn,
n=4) mice. At the indicated times, splenocytes were analyzed and donor T cells
were identified as CD45.1" CD45.2" and either CD4" or CD8*. Numbers in the
upper right of each plot indicate the percentage of splenocytes that were
CD45.1" CD45.2" CD4" CD8 or CD45.1" CD45.2" CD4  CD8" (i.e. the percentage
of splenocytes that are donor T cells), while numbers in parentheses indicate
standard error. Flow plots were gated on cells that were CD4" or CD8" and then
plotted as shown. Pink numbers inside boxes indicate the percentage of T cells
that are CD45.1" CD45.2",

To specifically characterize the metabolism of alloreactive donor T cells,
donor T cells were purified from spleens of animals with GVHD by positive
magnetic selection using the Thyl.1 (d 5 ord 7) or CD45.1 (d 14) marker.
Thyl.1 is a congenic marker expressed only on T cells, while CD45.1 is
expressed on all hematopoietic cells (498, 505, 506). Magnetic purification was

chosen over flow-cytometry-based sorting because its speed and cell yield were

135



more compatible with the high cell numbers (i.e. 5 x 10°) required for O,
consumption and lactate production analysis (142, 247).

Purification of donor T cells over two subsequent ferromagnetic columns
yielded purities over 85% (Figure 3.15). Spleens from mice contained
approximately 200 x 10° cells on d 7 after transplant, and donor T cells were
pooled from 1-2 mice per data point. Approximately 4-5 x 10° donor T cells were
obtained per spleen used. Control unstimulated T cells were purified by Thy1.2
positive selection from naive B6-Ly5.2 mice (Unstim) or from F1 mice 7 d after
GVHD induction (Host). As a positive control, we stimulated T cells from B6-
Ly5.2 mice for 48 h with anti-CD3 and anti-CD28 antibodies, which is known to

increase both O, consumption and lactate production (59).

Unpurified Column 1 Column 2

10,000 12,800

M1 (1625 7 105)
5 6%

Figure 3.15. Purification of donor T cells. Donor splenocytes (50 x 10° B6-
Thy1.1) were transfused into F1 recipients. On d 7 post-transfusions,
splenocytes were stained with PE-anti-Thy1.1 and donor T cells were purified
using magnetic anti-PE microbeads. Plots show the percentage of cells staining
positive for PE-Thy1.1 without magnetic separation (unpurified), with purification
over a single LS column (Column 1) or purification over one LS and one MS
column (Column 2).
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Alloreactive donor T cells consumed O, at rates of 0.45 and 0.48 nMoles
O,/(min x 10° cells) on d 5 and d 7 after transplant, respectively (Figure 3.16 and
Table 3.6). These O, consumption rates were 2.2- and 2.4-fold greater than
control unstimulated T cells, respectively (Table 3.6, p<0.0001 for each
comparison). Host T cells from mice with GVHD served as a second control and
consumed O; at a rate of 0.24 nMoles O,/(min x 10° cells), which was not
significantly different than unstimulated T cells (Figure 3.16, Table 3.6). The
increase in O, consumption observed in alloreactive donor T cells was similar to
that seen in control T cells stimulated in vitro with anti-CD3/28 antibodies, which
consumed 0.54 nMoles O/(min x 10° cells) (Figure 3.16, Table 3.6). By d 14
after transplant, the rate of donor T cell O, consumption had decreased to 0.28
nMoles O/(min x 10° cells), which is 40% greater than unstimulated cells (Figure
3.16, Table 3.6). This finding indicates that donor T cell OXPHOS may peak
after d 7, suggesting that increased OXPHOS may coincide with the expansion
phase of GVHD (Figure 3.16).

Alloreactive donor T cells produced lactate at rates of 0.18, 0.53, and 0.23
nMoles lactate/(min x 10° cells) on d 5, 7, and 14 after transplant, respectively.
These rates were 1.5-4-fold higher than those seen in unstimulated T cells, which
produced 0.11 nMoles lactate/(min x 10° cells) (Table 3.6). However, donor T
cells did not produce lactate significantly faster than host T cells, which produced
0.46 nMoles lactate/(min x 10° cells) (Table 3.6). T cells stimulated with anti-

CD3/28 antibodies produced 3.4 nMoles lactate/(min x 10° cells), which is 30-fold
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higher than the lactate production of unstimulated T cells (p<0.0001) and 6.5-fold

higher than d 7 donor T cells (p=0.004).
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Figure 3.16. O, consumption, lactate production and ATP production of
donor T cells during GVHD. A and B. O, consumption and lactate production
from freshly purified CD90.2 T cells from naive B6-Ly5.2 mice (Unstim), CD90.2
purified host T cells from F1 mice 7 d after GVHD induction (Host), Thyl.1
purified donor T cells from F1 mice 5 or 7 d after GVHD induction with 50 x 10°
B6-Thyl.1 splenocytes (Donor d5, d7), CD45.1 purified donor T cells from F1
mice 14 d after GVHD induction with 50 x 10° B6-Ly5.2 splenocytes (Donor d14)
or CD90.2 purified T cells stimulated for 48 h with anti-CD3 and anti-CD28
antibodies (0.5 ug/mL, soluble; CD3/28). Purity of cells was > 85% by flow
cytometry. O, consumption and lactate production replicates are as follows:
Unstim (15 O,, 12 lactate), Host (4 O,, 4 lactate), Donor d5 (3 O, 3 lactate),
Donor d7 (8 Oy, 5 lactate), Donor d14 (4 O,, 3 lactate), CD3/28 (7 O, 9 lactate).
* p<0.02 compared to Host. C. ATP from OXPHOS is in black and ATP from
glycolysis is in white. ATP production was calculated as ATPoxpros=5.6 X O2
Consumption and ATPgycolysis = Lactate Production + 0.4 x O, Consumption.
Error bars indicate standard error.
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p values p values

O, Consumption n vs. Unstim vs. Host Lactate Production n vs. Unstim vs. Host

nMoles O,/(min x 10° cells) nMoles Lactate/(min x 10° cells)
Unstim 0.20(0.01) 15 - 1x10-1 0.11 (0.02) 12 - 6 x 100

Host 0.24(0.04) 4 1x101 - 0.46 (0.10) 4  6x105 -

Donord5 0.45(0.01) 3 2x109 6x10-3 0.18 (0.04) 3 1x10l1 4x102
Donord7 0.48(0.02) 8 3x10-13 6x105 0.53 (0.07) 5 6x107 3x101
Donord14 0.28(0.02) 4 1x10-3 2x10-1 0.23 (0.05) 3 2x102 7x10-2
CD3/28 0.54(0.02) 7 1x1014 1x105 3.40 (0.65) 9 5x106 6x103

Table 3.6. O, consumption and lactate production of T cells during GVHD. Numbers are averaged from the
indicated n measurements and numbers in parentheses indicate standard error. p values are one tailed.



Although donor T cells purified on d 7 after transplant and control
stimulated T cells both increase O, consumption 2-3-fold over unstimulated cells
(Table 3.6), donor T cells only increased lactate production 4-fold, while control
stimulated T cells increased lactate production 30-fold (Table 3.6). These
disparate rates of lactate production suggested different routes of energy
production in donor and control stimulated T cells. Indeed, OXPHQOS provided
79% of ATP in donor T cells, but only 46% in T cells stimulated with anti-CD3/28

antibodies (Figure 3.16, Table 3.7, p<0.05).

Table 3.7. ATP production of T cells during GVHD. Data are from Figure
3.16. ATP production was calculated as ATPoxpHos=5.6 X O, Consumption and
ATPayycoysis=Lactate Production + 0.4 x O, Consumption. Numbers in
parentheses indicate standard error.

ATP Production % ATP Production
nMoles ATP/(min x 10° cells)
OXPHOS Glycolysis OXPHOS Glycolysis

Unstim 1.1 (0.1) 0.20 (0.01) 85 15
Host 1.3(0.3) 0.55 (0.05) 71 29
Donord5 2.5(0.1) 0.36 (0.04) 88 12
Donord7 2.7 (0.1) 0.72(0.03) 79 21
Donor d14 1.6 (0.1) 0.34 (0.05) 82 18
CD3/28  3.0(0.1) 3.62(0.74) 46 54

Oligomycin decreased O, consumption by 60-66% in all T cells (Table
3.8). This finding indicates that 30-40% of basal respiration is used for

processes other than ATP production such as proton leak (503). FCCP
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increased respiration rates approximately 2-fold, which defines the reserve
respiratory capacity in these cells (503). While the percentage of routine
respiration used for OXPHOS (i.e., that which was inhibited by oligomycin) did
not change between the T cell groups, the magnitude of routine, oligomycin-
inhibited and FCCP-stimulated respiration rates were increased in alloreactive
donor T cells and control stimulated cells as compared to unstimulated T cells
(Table 3.8).

Donor T cells also differed from unstimulated T cells with regard to the
percentage of respiratory capacity used for OXPHOS and kept in reserve (Figure
3.12). Donor T cells isolated 7 d after transplant had a 10% increase in the
fraction of total capacity used for OXPHOS and a 10% decrease in the fraction of
capacity in reserve as compared to unstimulated T cells. These data suggest
that alloreactive donor T cells increase ATP synthesis compared to unstimulated
T cells both by increasing total respiratory capacity, and also by increasing the
fraction of that capacity that is directed towards ATP synthesis (Table 3.8).

These results are summarized graphically in Figure 3.17.
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nMoles O,/(min x 10° cells)

% of Routine

% of Total Capacity

Routine Oligo FCCP OXPHOS OXPHOS  Leak OXPHOS Leak  Reserve
tJnsltér)n 0.20 (0.01) 0.08(0.01) 052(0.04) 0.13(0.01) 62(2) 38(2 26(2) 15(1) 58(3)
n=
(Hno_sd:[) 0.24 (0.04) 0.08(0.01) 0.45(0.12)  0.16 (0.04) 66 (3)  34(3) 37 (1) 20(4) 43 (5)*
(Dno_r;c))r d5  0.45(0.01)* 0.18(0.02* 0.91(0.07)* 0.27 (0.03)* 60 (4) 40 (4) 30(2) 20(3) 50 (4)
(Dno_réc))r d7  0.48(0.02* 0.17(0.01)* 0.93(0.07)* 0.31 (0.01)* 65(1)  35(1) 35 (3 19 (1)* 47 (3)*
(Dno_rlc))r d14  0.28(0.02* 0.10(0.01) 0.56 (0.08) 0.18 (0.02)* 66 (1)  34(1) 34(4) 18(2)  48(6)
E:D3;/)28 0.54 (0.02)* 0.21(0.01)* 1.14 (0.07)* 0.36 (0.04)* 66 (6) 34 (6) 3220 173 51(3)
n=

Table 3.8. O, consumption parameters of control and alloreactive donor T cells. O, consumption measurements
were made as in Figure 3.16. Routine, Oligo and FCCP rates were collected as described in the text and methods.
Calculations for OXPHOS and percentages were made as described in the methods. Numbers in parentheses indicate
standard error. * p<0.05 compared to Unstim. Extramitochondrial O, consumption was ignored in these experiments.
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Figure 3.17. O, consumption parameters of control and alloreactive donor
T cells. Data are from table 3.8. A. Routine, Oligo and FCCP rates of O,
consumption. B. The percentage of total respiratory capacity used for proton
leak (black), OXPHOS (white) and kept in reserve (gray).

Alloreactive donor T cells from mice with GVHD produce lactate 7-fold
slower than T cells stimulated with anti-CD3/28 antibodies (Figure 3.16 B). One
possible explanation for this difference is that stimulation with anti-CD3/28
antibodies activates all T cells regardless of their TCR specificity (507) while

stimulation with MHC-mismatched alloantigen is estimated to activate only 1-10%

of T cells (508). Hence, low rates of lactate production by donor T cells on d 7
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could be due to the presence of large numbers of unactivated T cells in this
population. To exclude this possibility, we analyzed the expression of the CD44
and CD62L on donor T cells on d 8 after transplant. Naive T cells express low
levels of CD44 and high levels of CD62L, while antigen-experienced effector or
memory T cells express high levels of CD44 and low levels of CD62L (13, 509).
We further analyzed the division status of donor T cells on d 2-7 after transplant
using the cytoplasmic dye carboxyfluorescein diacetate succinimidyl ester
(CFSE). The amount of CFSE in a cell decreases by half following each division,
which causes a 2-fold decrease in fluorescence for each cell division (510, 511)
Approximately 80% of donor CD4" and donor CD8" T cells were
CD44"CD62L" by d 8 after transplant, consistent with an activated
effector/effector memory phenotype (Figure 3.18 A) (512, 513). This finding
contrasts with donor T cells from syngeneic transplants, of which fewer than 20%
were CD44"CD62L" (Figure 3.18 A). Similarly, 80-95% of donor T cells had
divided 4 d after allogeneic transplant, while fewer than 10% of donor T cells
divided after syngeneic transplant (Figure 3.18 B-C). These results show that by
7-8 d post-transplant, over 80% of donor T cells are activated. Hence, the
relatively low lactate production in these cells is unlikely to be due to the

presence of unactivated donor T cells.
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Figure 3.18. Activation marker expression and division status of donor T cells. A. Splenocytes (50 x 10°) from
nonirradiated allogeneic (B6-Ly5.2—F1, n=4) or syngeneic (B6-Ly5.2—B6, n=2) were analyzed 8 d after transplant.

Donor T cells were identified and gated based on CD45.1" CD4" or CD45.1" CD8" expression and then analyzed for
CD44 and CD62L expression as shown in flow cytometry plots. * p<0.0001 vs. syn. B and C. CFSE-labled splenocytes
(50 x 10°%) from nonirradiated allogeneic (white circles, B6-Ly5.2—F1, n=3 per timepoint) or syngeneic (black triangles, B6-
Ly5.2—B6, 1 per timepoint) were analyzed 2-7 d after transplant. Donor T cells were identified and gated based on
CD45.1" CD4" or CD45.1" CD8" expression and the percentage of cells that had undgergone >1 division by CFSE was
guantified as shown in flow cytometry histograms, which are from mice analyzed on day 7. * p<0.0001 vs. combined syn.



Glycolytic rate and GLUTL1 expression of alloreactive donor T cells.
Aerobic glycolysis occurs when glucose-derived carbons are converted to lactate
by lactate dehydrogenase (LDH) and secreted (59, 252). Several other possible
fates exist for glucose-derived carbons, including oxidation in the TCA cycle and
incorporation into biomolecules such as fatty acids (Figure 3.19) (52, 78, 207).
Thus, lower rates of lactate production in alloreactive donor T cells compared to
control stimulated T cells do not necessarily indicate lower glucose utilization, as
high rates of glucose oxidation or glucose-derived biomolecule synthesis could

occur concurrently with lower rates of lactate production.

SH-Glucose

3H-2-Phosphoglycerate

l SH-Water

Pyruvate
Biosynthesis Oxidation Lactate

Figure 3.19. Glycolytic rate assay principle and fates of pyruvate. Glucose
containing a 5->H label is metabolized by cells to *H-2-phosphoglycerate through
the first eight steps of glycolysis. Enolase catalyzes the conversion of *H-2-
phosphoglycerate to phosphoenolpyruvate and forms ®H,0, which is analyzed
following evaporation. Determination of the glycolytic rate in this manner
indicates the amount of glucose metabolized for biosynthesis, oxidation and
lactate production, but gives no information on pentose phosphate cycle activity
(68, 373).
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To determine the absolute rate of glycolysis in alloreactive donor T cells,
we analyzed the conversion of 5-[*H]-glucose to *H,0, which occurs during the
enolase-catalyzed penultimate step in glycolysis (49, 68). The amount of *H,O
formed reflects the total amount of glucose that will be oxidized in the TCA cycle,
secreted as lactate, or converted into other biomolecules (Figure 3.19) (68).
Alloreactive donor T cells were purified from the spleens of F1 mice 7 d after
induction of nonirradiated GVHD as in O, consumption and lactate production
experiments. Unstimulated T cells and T cells that had been stimulated with anti-
CD3/28 antibodies were used as controls and display low and high rates of
glycolysis respectively (58, 59).

Alloreactive donor T cells increased glycolysis 4-fold compared to
unstimulated T cells (Figure 3.20 A). Further elevations in glycolysis were
observed in T cells stimulated with anti-CD3/28 antibodies, which increased their
glycolytic rate 30- and 7-fold compared to unstimulated and alloreactive donor T
cells, respectively (Figure 3.20 A). These differences in glycolytic rate are
consistent with differences observed in lactate production (Figure 3.16 B) and
suggest that the decreased rate of lactate production in alloreactive donor T cells
compared to T cells stimulated by anti-CD3/28 antibodies reflects lower total
glycolytic metabolism.

Following activation through the TCR and CD28, T cells increase
glycolysis in part by increasing their expression and plasma membrane
localization of glucose transporter 1 (GLUT1) in a PI13-K/AKT-dependent fashion

(Chapter 1) (58, 59, 68, 69). This regulatory mechanism suggests that
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decreased rates of glycolysis in donor T cells as compared to T cells stimulated
by anti-CD3/28 antibodies could be due to decreased levels of GLUT1
expression. To test this hypothesis, total cellular GLUT1 expression in purified
donor T cells was evaluated by western blot (68). This method does not
discriminate between plasma membrane (i.e., active) and intracellular (i.e.,
inactive) GLUT1 (58, 68). However, this distinction requires methods
incompatible with the limiting number of primary cells available in our studies.
Such methods include physically separating the plasma membrane from other
cellular components, which requires 15 x 10° cells per analysis, (75) or using
cells that express a GLUT1 molecule genetically designed to contain an
extracellular FLAG or Myc tag (58, 68, 224, 514). However, mice do not
currently exist that express FLAG- or Myc- tagged GLUT1.

Donor T cells purified 7 d after induction of GVHD expressed
approximately 2-fold more GLUT1 compared to unstimulated T cells (Figure 3.20
B). This increased GLUT1 expression is similar to the increased lactate
production and glycolytic rate in alloreactive donor T cells (Figure 3.16 B, Figure
3.20 A). However, unstimulated T cells, host T cells and alloreactive donor T
cells all expressed approximately 5-fold less GLUTL1 than T cells stimulated with
anti-CD3/28 antibodies (Figure 3.20, B). This low GLUT1 expression in
alloreactive donor T cells compared to control stimulated T cells may account for
the disparate rates of lactate production and glycolysis between these two

groups.
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However, without direct measurements of cell surface GLUT1, we cannot
exclude the possibility that surface GLUT1 levels are equivalent between
alloreactive donor T cells and T cells stimulated with anti-CD3/28 antibodies (i.e.,
that most of the GLUT1 in CD3/28 cells is intracellular). This possibility is
unlikely because stimulation with anti-CD3/28 antibodies increases the surface
localization of GLUT1 (58, 69) and most GLUT1 expressed by mitogen-
stimulated T cells is located in the plasma membrane (60). If surface GLUT1
levels were equivalent in alloreactive donor T cells and T cells stimulated with
anti-CD3/28 antibodies, it would suggest other glycolytic enzymes such as
hexokinase or phosphofructokinase as possible mediators of the different
glycolytic rates between these two cell types (231).

While alloreactive donor T cells on d 7 after transplant have a decreased
glycolytic rate and GLUT1 expression compared to control stimulated T cells,
these observations do not preclude higher rates of glycolysis earlier during donor
T cell expansion. Purification of donor T cells earlier than d 5 is not an ideal
strategy for analyzing metabolic paramaters because 30-50% of donor T cells
have not yet divided by 2 d after transplant (Figure 3.18). Thus, measurements
of O, consumption, lactate production or GLUT1 expression would reflect both
alloreactive and non-reactive donor T cells and make interpretation difficult. To
separately analyze divided and undivided cells, we labeled donor T cells with
CFSE and measured total cellular GLUT1 by flow cytometry (Figure 3.21) (59,

510).
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Figure 3.20. Glycolytic rate and GLUTL1 expression of alloreactive donor T
cells. Donor (Thy1.1%) T cells were purified from F1 animals 7 d after i.v.
injection of allogeneic B6-Thy1.1 splenocytes (50 x 10°%). T cells were purified
from naive B6 or B6-Ly5.2 mice based on Thyl.2 expression immediately before
analysis (Unstim) or stimulated for 48 h with anti-CD3 and anti-CD28 antibodies
(0.5 pug/mL, soluble; CD3/28). All populations were > 85% pure. A. Unstim and
CD3/28 T cells are from 3 independent mice or cultures. Donor T cells were from
10 mice with GVHD (2 mice/data point). T cells were incubated with 5->H-
glucose for 1 h and the glycolytic rate was normalized to the cell number. *
p=0.01 vs. Unstim. ** p<0.0001 vs. Unstim or Donor. B. Donor and Host T cells
were purified from 3-4 independent mice 7 d after transplant. Lysates were
deglycosylated prior to gel electrophoresis and analysis in order to prevent
GLUT1 smearing. The GLUT1 band appeared at 45 kD as expected (58).
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Both CD4 and CDS8 divided donor T cells had approximately 2-fold more
GLUT1 staining than undivided T cells on d2, d4 and d7 after transplant (Figure
3.21 A, Table 3.9). These increases are consistent with the 2-4-fold increase in
GLUT1 expression and glycolytic rate observed in purified donor T cellsond 7
compared to unstimulated T cells (Figure 3.21). This 2-fold increase in GLUT1
expression contrasts with the 10-fold increase observed in control T cells
stimulated in vitro with anti-CD3/28 antibodies (CD4: 120 vs. 14, CD8: 154 vs.
14)) or allogeneic stimulator cells (CD4: 166 vs. 16, CD8: 192 vs. 20) (Figure
3.21 B). These results indicate that alloreactive donor T cells have 2-fold more
GLUT1 than undivided controls up to d7 during GVHD, but have 5-fold less
GLUT1 than T cells stimulated in vitro with anti-CD3/28 antibodies or alloantigen.
These results suggest that the lactate production and glycolytic rate of
alloreactive donor T cells will be increased in comparison to unstimulated T cells,
but decreased in comparison to control-stimulated T cells, even at early time

points during expansion (58, 69).
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Figure 3.21. GLUT1 expression of alloreactive donor T cells during in vivo
expansion. Numbers in the upper left quandrant indicate the GLUT1 MFI of
divided cells and numbers in the upper right quadrant indicate the GLUT1 MFI of
undivided cells. A. Donor splenocytes (B6-Ly5.2, 50 x 10°) were labeled with
CFSE and injected into F1 or B6 recipients. At the indicated timepoint,
splenocytes were stained for surface markers and total cellular GLUT1. Donor T
cells were identified as CD45.1" and CD4" or CD8". Flow plots are representive
of 3 animals analyzed per timepoint. For B6-Ly5.2—F1, numbers are averaged
from three mice, SEM values are in table 3.9. B. T cells (B6-Ly5.2) were labeled
with CFSE and cultured with syngeneic (Syn, B6) or allogeneic (Allo, F1)
splenocytes for 4 d and stained as in A. Alternatively, CFSE-labeled T cells were
stained and fixed prior to culture (Unstim) or following 48 h culture with anti-
CD3/28 antibodies (0.5 pg/mL).
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Table 3.9. GLUT1 expression of alloreactive donor T cells during in vivo
expansion. Donor splenocytes (B6-Ly5.2, 50 x 10°) were labeled with CFSE
and injected into F1 or B6 recipients. At the indicated timepoint, splenocytes
were stained for surface markers and total cellular GLUT1. Donor T cells were
identified as CD45.1" and CD4" or CD8". Data are averaged from 3 mice per
timepoint and numbers in parentheses indicate SEM. * p<0.001 for divided vs.
undivided within a given timepoint and cell type.

Day 2 Day 4 Day 7
Undivided Divided Undivided Divided Undivided Divided
CD4 13(1) 37 ()" 19 (2) 35 (2)* 16.9 (0.2) 25.2 (0.3)*
CD8 12.5(0.3) 34 (2)* 17 (1) 41 (L)* 21 (1) 50 (1)*

Donor T cell size during GVHD. In addition to its role in ATP production,
glycolysis provides carbon atoms and NADPH for biomolecule synthesis in
proliferating cells (78). Because alloreactive donor T cells have a relatively low
rate of glycolysis, one might expect their rate of proliferation to be similarly low
due to an inability to synthesize biomolecules. However, CFSE profiles analyzed
on d 2 after stimulation suggest that donor T cells proli