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Abstract:

This dissertation presents my studies investigating the delivery of CD40 ligand (CD40L,
CD154) from helper T lymphocytes to antigen-presenting B lymphocytes. CD40L is a
type two transmembrane TNF superfamily cytokine made by T cells that engages CD40
on antigen-presenting cells, including B cells, initiating downstream signaling resulting in
B cell proliferation, differentiation, and antibody formation. Helper T cells can produce
CDA40L de novo upon antigen-specific interactions, but they also have an intracellular
secretory compartment containing a small amount of preformed CD40L that is brought to
the T cell surface rapidly upon antigen recognition. In the second chapter of the
dissertation, I investigate the function of preformed CD40L in the absence of de novo
CDA40L. Preformed CD40L is capable of fulfilling some functions previously assumed to
require de novo CD40L, including upregulation of costimulatory molecules, production
of cytokines by DCs, and antigen-specific proliferation of B cells. Therefore, this
secretory compartment of CD40L protein may play a significant role in the adaptive
immune response, especially when T cell/APC interactions are brief and not long enough
for de novo protein production. In Chapter 3 of this dissertation, I describe my novel
finding that CD40L does not remain on the T cell surface but is actually transferred to
antigen-presenting B cells. Transfer is much more efficient to antigen-bearing than to
bystander B cells, a finding that may explain the phenomenon of affinity maturation of
the antibody response, a process that is required for generation of the high affinity
antibodies that protect us from infectious agents and their toxins. In the germinal center

reaction, rare somatic mutant B cells with higher affinity for antigen are selected for
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survival and eventually exported as long-lived memory B cells and antibody secreting
cells. Selection is known to depend on acquisition of limited survival signals from helper
T cells. Transfer of CD40L proportional to the amount of antigen presented by individual
B cells may allow T cells to selectively deliver a sustained signal required for survival of
higher affinity mutant B cells. In the fourth Chapter of this dissertation, I investigate the
functional significance of differences between the Th1 and Th2 helper T cell subsets in
the segregation of molecules at the area of interaction between the helper T cells and
APCs, called the immunological synapse. I found that despite distinct immunological
synapse structures, preformed CD40L is delivered in an antigen-specific manner by both

Thl and Th2 helper T cells.
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Chapter 1: Introduction

I. The Antibody Response

T and B cells are two of the main immune cells involved in T-dependent antibody
production during an immune response. Both of these cell populations are derived from
lymphoid progenitor cells during hematopoiesis, though they develop in different organs
of the body prior to entry into the bloodstream. T cells develop in the thymus through a
process of positive and negative selection, while B cells undergo a similar selection
process in the bone marrow. Once these cells have undergone this selection, they leave
these primary organs and join the circulating lymphocytes. Each T or B cell has cell
surface receptors of a single specificity that are capable of binding foreign proteins. The
B cell receptor includes a membrane form of the unique antibody molecule that its
descendants will secrete. The T cell receptor (TCR) and B cell receptor (BCR) differ in
how they detect antigens. B cell receptors recognize foreign antigens directly according
to their three-dimensional structure, while TCRs recognize peptides derived from the
antigen and bound to surface molecules encoded by the major histocompatibility complex
(MHC) on antigen-presenting cells (APCs), including B cells, dendritic cells, and
macrophages. Once T and B cells encounter antigen in secondary lymphoid structures,
lymph nodes and spleen, they either participate in an extrafollicular antibody response or
migrate to the B cell follicles within the secondary lymphoid structures to form
specialized structures called germinal centers (1, 2). The extrafollicular antibody response

produces antibody much more rapidly and without the T and B cell maturation and



differentiation processes that are involved in the germinal center reaction (3). Within
germinal centers, T and B cells interact with each other, and through these cellular
interactions some of the B cell descendants are selected to secrete the high affinity

antibodies necessary for pathogen clearance.

Jacques Miller and Graham Mitchell discovered in 1968 that antibody formation requires
collaboration of T and B cells (4, 5). A few years later, Rajewsky (6) and Mitchison (7)
showed that T and B cells needed to recognize the same particle of antigen, giving rise to
the concept of an antigen bridge between the two cells. It was not until the concepts of
antigen-processing and presentation and MHC restriction had been discovered that it was
proposed that B cells get help by acting as antigen-presenting cells (APCs) for helper T
cells (8), an idea that was demonstrated experimentally some years later by Lanzavecchia

(9) and Parker (10).

MHC molecules are surface proteins that bind to foreign or self-peptides and are
recognized by T cells through their TCR. There are two different classes of MHC
molecules, MHCI and MHCII, recognized by CD8 and CD4 T cells respectively. MHCI
molecules are synthesized in the endoplasmic reticulum (ER) where they are retained by
the chaperone protein calnexin. The MHCI molecule then associates with 3,
microglobulin and calnexin is exchanged for calreticulin. The MHCI molecule then
interacts with tapasin, ERp57, and the transporter associated with antigen processing
(TAP) to form the peptide loading complex. Peptides generated in the cytosol by the

proteosome are transported by TAP into the endoplasmic reticulum. These peptides bind



MHCI molecules and then are processed by ER trimming amino peptidases (ERAPs) into
the optimal size. MHCI molecules bound to peptides are then packaged into COPII
coated vesicles and transported via the secretory pathway to the cell surface (11, 12).
CDS8 T cells recognition of peptide in the context of a MHCI molecule often results in
release of cytolytic granules which triggers a signaling cascade resulting in apoptosis of
the cell recognized. Antigens in the MHCI pathway are usually derived from a cell
endogenous source, as is the case with viral proteins synthesized within the cell. However
during cross-presentation exogenous antigens are presented on class I molecules. Cross-
presentation was discovered by Bevan in 1976 when he showed that CD8 T cells
responding to minor histocompatibility antigens of a graft were restricted to host as well

as graft MHC (13).

Antigens presented on MHC class II are usually from an exogenous source and reach the
cell surface using a different pathway from antigens presented on class I molecules.
Newly synthesized MHCII molecules are made in the ER where they are bound by a
transmembrane protein called the invariant chain. The invariant chain associates with
MHCII at the peptide-binding groove within the ER so that newly synthesized proteins
and unfolded proteins cannot bind the class II molecule. The invariant chain also targets
the transport of the MHCII molecules to the endosomal compartment where peptide
loading occurs. In the endosomal compartment the invariant chain is cleaved by acidic
proteases into a short fragment known as the class II-associated invariant-chain peptide
(CLIP) which binds the class II molecule within the peptide-binding groove. B cells

recognize exogenous foreign proteins through their antigen-specific receptor triggering



endocytosis of the protein. In the endocytic pathway, the foreign protein is processed into
peptides by the proteolytic enzymes. In order for exogenous peptides to bind MHCII
molecules in the endosomes, these molecules must bind another protein called H-2M
(HLA-DM in humans) which triggers the release of CLIP. The peptide-loaded MHCII is
then brought to the cell surface where it is recognized by CD4 T cells through the TCR.
Antigen processing by B cells and other cells is an active process that requires a living
cell. In landmark experiments, Unanue and Grey and coworkers showed that small
antigenic peptides could be loaded into MHCII molecules on fixed, dead cells, short-
circuiting the requirement for antigen processing, and illuminating its basic nature (14,

15).

Upon antigen recognition through cell surface receptors along with engagement of
costimulatory proteins, including constitutively expressed CD28 on T cells that engages
with CD80 and CD86 on APCs, T cell become activated. Downstream signaling during
activation results in both B and T cell production of proteins called cytokines necessary
for their mutual activation. An essential T cell cytokine necessary for antibody
production is CD40 ligand (CD40L) (16). CD40L is a type II transmembrane cytokine
that is synthesized once signaling downstream of TCR activation results in translocation
of CD40L’s transcription factors, AP-1 and NFAT, to the nucleus (17, 18). Upon TCR
stimulation, CD40L is expressed at the T cell surface, where it interacts with the
constitutively expressed CD40 on the surface of the B cell. This interaction leads to the
production of cytokines and upregulation of CD80 and CD86 on B cells leading to the

production of interleukin-2 (IL-2), IL-21, and other cytokines by T cells. These cytokines



bind to cytokine receptors on T cells and B cells resulting in their expansion via

proliferation.

Signaling downstream of CD40 results in activation of multiple pathways, including the
mitogen-activated protein (MAP) kinase pathways as well as both the canonical and non-
canonical NF-kB pathways. These pathways result in the production of cytokines,
proteins necessary for APC survival, and prolonged pMHC presentation. Engagement of
CD40 by CD154 leads to the clustering of CD40 and recruitment of the TRAF (tumor
necrosis factor receptor-associated factor) molecules to the cytoplasmic domain of CD40.
Canonical NF-«B signaling is rapid and results from degradation of IKBa, which is part
of the catalytic subunit of the IKK complex (inhibitor of NF-kB kinase). Activation of
IKK results in the phosphorylation of the subunit IkBa which triggers its ubiquitination
and proteosomal degradation. This leads to translocation of the NF-kB complexes,
pS0/RelA or p5S0/c-Rel to the nucleus leading to transcription of inflammatory mediators.
Non-canonial NF-kB pathway activation is slower than canonical as it requires new
protein synthesis. In this pathway, binding of TRAFs to engaged CD40 interferes with
constitutive degradation of NIK (NF-kB inducing kinase) by TRAF2/3/cIAP (cellular
inhibitors of apoptosis) complex, such that NIK accumulates in the cytoplasm. NIK
phosphorylates the IKKa complex and IKKa then phosphorylates p100. This targets p100
for processing by the proteasome resulting in the production of p52 dimers (p52/Rel-B,
p52/p65, and p52/c-Rel) that then translocate to the nucleus resulting in the production of

inflammatory genes products. (19, 20)



The T cell, through activation of signaling downstream of CD40L and CD40, is capable
of inducing all the costimulatory signals it needs from the APC to become fully activated
and proliferate during an immune response. Since this T cell/APC inflammatory pathway
is self-amplifying, it is necessary to have checks in place to make sure the immune
response does not respond in a manner that would be harmful towards a host. These
checkpoints exist in many forms. For example, recognition of pMHC by a TCR without
costimulation results in an anergic or unresponsive T cell state. Additionally there are
inhibitory receptors on T cells, including cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) and programmed cell death protein 1 (PD-1) that can engage with receptors on
APCs and inhibit the activation of an immune response (21). Specifically CTLA-4 has a
higher affinity for CD80 and CD86 on APCs than CD28, and therefore CTLA-4
outcompetes CD28 for interaction with CD80/86 and blocks productive interactions
between these two cell types. PD-1 is another inhibitory molecule that suppresses the
activation of T cells when engaged by PD-L1 on APC (22). There is also subset of T cells
called regulatory T cells (Tregs) whose main role during an active immune response is to
dampen the inflammatory response. Tregs have many mechanisms to suppress the
activation of other T cells and APCs (23, 24). They interact with APCs and downregulate
costimulatory molecules on their surface (25) via transendocytosis dependent on CTLA-4
(26). Tregs also produces cytokines, such as IL-10 and TGFf, which are known to
dampen immune responses (27). These inhibitory molecules may be the reason why T
cells may be unresponsive to tumor antigens, and recently they have proven to be very
effective therapeutic targets for neutralizing antibodies in some patients with some kinds

of cancer (28, 29).



Despite the numerous checkpoints in place to prevent deleterious immune responses
towards self-proteins, productive immune responses against foreign pathogens usually
develop, and increased knowledge about how these responses occur may lead to
improved vaccines. During an immune response to infection or vaccination, a small
group of activated T cells and B cells that have received appropriate signals from other
cells differentiate into memory cells (30, 31). These memory cells can more rapidly
proliferate and respond to a secondary challenge with the same foreign antigen. Each
person has a unique pool of memory cells based on the pathogens and vaccines that they
have been exposed to during their lifetime. Immune responses also result in the
differentiation of long-lived plasma cells. They secrete large quantities of protective
antibodies that have undergone the processes of affinity maturation and class switching.
Affinity maturation is the process by which antibodies acquire mutations that have an
increased ability to bind antigen. Class switching is the process by which an antibody
changes its class allowing it to interact with different effector molecules while retaining
specificity for antigen. A better understanding of the molecules involved in immune
responses will allow immunologists to design more effective vaccines, as well as gain a

more thorough understanding of the basic immunology of antibody development.

IL. T cell help for B cells

A. In vivo



In vivo studies of T cell help for B cells have mainly focused on reactions occurring
within germinal centers in mice. The germinal center is divided into light and dark zones
due to the cellular composition and density in these areas. The light zone of the germinal
center is where T cells interact with B cells to deliver CD40L (32). B cells with the
highest affinity receptors are able to outcompete other B cells for survival signals,
migrate into the dark zone, and proliferate. The dark zone of the germinal center has the
highest density of proliferating B cells (33). The result of the selection processes in the
germinal center is the production of high affinity antibodies that can effectively and
rapidly resolve a pathogenic challenge upon future exposure. Selection of high affinity
antibodies depends upon somatic hypermutation, or the acquisition of random mutations
by B cell antibody due to the expression of activation-induced cytidine deaminase (AID).
AID has been detected mostly in the dark zone, so somatic hypermuation has been
thought to occur at this location (34-36). However these studies are inconclusive as far as
the location of the process of affinity maturation, because AID is also detected in the light
zone and differences in cell densities and the movement of cells between zones make

such calculations difficult (37-41).

Prior to the development of knock-out mice, many of the studies investigating the role of
T and B cells in vivo during immune responses were performed using irradiation and
antibodies to deplete specific lymphocyte populations. Lymphocytes are sensitive to
radiation, therefore irradiation of mice depletes all lymphocyte populations. Either B or T
cells were then transferred back into these mice and T cell help was assessed by the

ability to make antibody responses to the antigen presented during the response. As



mentioned earlier, these experiments determined that both T and B cells were required for
a productive antibody response. These early experiments also led to the discovery of the
importance of MHC in the development of antibodies (42-44). CD4 helper T cells
recognize peptide displayed on MHC class II on APCs. When blocking antibodies are
added against MHC II molecules, productive interaction cannot occur between T and B
cells and antigen-specific antibodies are not produced. This was shown in vivo with the
injection of antibodies against MHC Class Il molecules (45). Although these early
experiments were essential to discovering the nature of T cell/B cell collaboration in
antibody development in vivo, due to the early timing of the response investigated, they
often did not involve germinal center formation, but instead the extrafollicular responses

mentioned in the beginning of this chapter.

Recent technological advances in fluorescent microscopy and mouse models have
allowed for in depth study of cellular interactions within germinal centers. Two photon
microscopy techniques allow cells to be imaged in real time during different time points
of an immune response. Differential fluorescent labeling of T and B cells undergoing
antigenic challenge has allowed immunologists to determine that interaction times within
germinal centers are actually much shorter than previously thought (46-49). Using
antibodies for different markers of the light and dark zone and differences in B cell
densities in the light and dark zone of the germinal centers, it has become possible to
track individual cells as they move between different zones of the germinal center (37,
46). Knock-out mouse models have also provided essential information as to which

molecules are required for the development and maintenance of T and B cell interactions



during germinal center formation. These models have determined that the adhesion
molecules SLAM (Signaling lymphocyte activation molecule) and SAP (SLAM
associated protein) are necessary for T/B collaboration and germinal center formation

(50-53).

B. In vitro

In vitro studies advanced the basic understanding of the way in which T cell recognized
B cells for the production of antibodies. The capability of B cells to efficiently process
and present antigen bound to their antigen receptors was first demonstrated in vitro using
a polyclonal model for antigen. In this experiment, rabbit anti-mouse immunoglobulin
(Ig) was used in place of antigen because it binds to all mouse B cell receptors and is then
processed and presented to helper T cells. The T cells had been primed against the rabbit

Ig, so they were able to recognize and respond to B cells presenting this antigen (54).

Early experiments also showed that there were differences in the requirements for T cell
help in vivo and in vitro. In contrast to in vivo situations, under non-antigen limiting
concentrations, both bystander (cells not displaying antigen) and antigen-specific cells
are helped in vitro. This was shown to be due to cytokines produced by helper T cells and
the high concentration of antigen available to cells in in vitro culture conditions (55, 56).
Activation of B cells has also been hypothesized to be due to non-specific uptake of
antigen by B cells and their ability to present this antigen to T cells as the ability to

interact with T cells was necessary for antigen-specific antibody production (57).

10



Although under certain circumstanced bystander B cells are helped in vitro, this response

is usually less than antigen-specific interactions within the same culture.

Activation of bystander B cells continues to be an active area of research as this type of
activation may be the cause of certain inflammatory diseases like autoimmune diseases.
The immune system must maintain the ability to respond to foreign antigens, while
preventing inflammatory responses to self-proteins. Recent studies suggest that the
activation and expansion of memory B cells that are solely antigen-specific may be due to
the limited amount of antigen that is available in vivo (58). It has also been suggested that
there may be transfer of antigen from the antigen-specific to bystander B cells which
could potentially trigger bystander activation (59). Further understanding of the signals
involved in activation and selection of memory B cells is needed to understand

development of antibodies.

I11. CD40L

Although antigen processing and presentation by B cells explained how T cells and B
cells could recognize the same antigen leading to changes in both lymphocyte
populations, CD40L, the main helper molecule involved in this response, was not
discovered until much later. Early investigations in T cell help for B cells lead to the
discovery that something present in activated plasma membranes of effector T cells could
trigger proliferation of B cells (60). Finally in 1992, the main cytokine necessary for this

B cell proliferative response was determined to be CD40L (61). CD40L was identified

11



using CD40-Ig to probe the activated T cell membranes. CD40-Ig is a fusion protein
created from the extracellular domain of CD40 bound to the Fc region of human IgG
During the same time, an antibody against CD40L was developed by creating antibodies
against antigens differentially expressed on the activated T cell membranes compared to
resting T cells (61). This antibody was capable of blocking the B cell proliferation
induced by interactions with helper T cells. During the same year, Armitage et al
discovered murine CD40L by using CD40-Ig to probe the murine thymoma cell line EL-
4 (62). mRNA was extracted from EL-4 cells that had been sorted for their ability to bind
CDA40 and used to create an expression library that CD40L was cloned from using the
CD40-Ig probe. Cells were then transfected with CD40L and they were shown to have
the ability to induce B cell proliferation and IgE secretion in the presence of exogenous

IL-4.

CDA40L also plays a vital role in the development of germinal centers. Without CD40L,
somatic hypermutation, the process by which B cell antibodies acquire mutations that
allow for selection of higher binding affinity for an antigen, does not occur. In both CD40
(63) and CD40L knock-out mice, germinal centers do not develop (64-66). Additionally,
if a mouse is allowed to develop germinal centers and then is injected intravenously at
day 6, 8, and 10 post-immunization with a blocking antibody against CD40L, by day 12
post-immunization the germinal centers completely dissolved (67). This is suggested to
be due to the fact that CD40L is a necessary survival signal for the germinal center B
cells. CD40L is also known to be important in human germinal center development,
because people who cannot produce this protein have to be treated with immunoglobulin

replacement therapy to reverse their susceptibility to a wide range of respiratory, fungal,

12



and bacterial infections (68-71). The gene encoding CD40L is found on the X-

chromosome so these deficiencies often appear in young boys (71).

Due to crucial role of CD40L in the development of an adaptive immune response,
regulation of CD40L mRNA has been an active area of study. Regulation of CD40L
mRNA is often described as biphasic (72). During the initiation of CD40L transcription,
there is rapid production as well as degradation of CD40L mRNA. The peak production
of CD40L mRNA is at 6 hours following TCR stimulation. During this peak mRNA
production, mRNA stability is the lowest due to high rates of degradation. After 12 hours,
the RNA binding protein, polypyrimidine tract-binding protein (PTB), stabilizes CD40L
mRNA expression in both the nucleus and cytoplasm (73) by binding the CU-rich
elements in the 3’ untranslated region and blocking adjacent signals that promote RNA

degradation (74).

IV. Preformed CD40L

Although it is generally thought that CD40L has to be made de novo during each T cell
interaction with an APC, some studies have revealed an intracellular compartment of
preformed CD40L in memory and effector helper T cells that is rapidly mobilized to the
cell surface by TCR engagement (75, 76). This would allow for rapid delivery of CD40L
during the short interactions between T and B cells recently determined to occur in
germinal centers, and previously shown to be necessary for the survival of antigen-
specific B cells at these sites. This is similar to how CD107a (LAMP-1) is rapidly

expressed at the surface of CD8 cytotoxic T lymphocytes during degranulation following

13



TCR stimulation. During recognition of antigen on a target cell, degranulation also results
in the release of cytotoxic granules necessary to kill target cells. Using antibodies against
different subcellular markers, the intracellular compartment containing CD40L was
further characterized as a secretory lysosome within both effector and memory CD4 T
cells (76). Intracellular CD40L within this compartment colocalized with the proteins
lysosomal-associated membrane protein-2 (LAMP-2), Cathepsin D, and Fas Ligand
(FasL), but not with CTLA-4 (76). Both FasL and CTLA-4 can be delivered to the T cell
surface following TCR stimulation and calcium flux, much like CD40L (77-83). Due to
similarities in how these effector molecules are delivered to the T cell surface, they might
follow similar paths to the cell surface, using some of the same molecular motors and
trafficking proteins. Trafficking of CD40L to the T cell surface upon stimulation through
the TCR as well as the functional significance of preformed CD40L is further

investigated in Chapter 2 of this dissertation.

V. Immunological Synapse

The immunological synapse is the area of interaction between a T cell and an APC. These
cellular interactions are the basis for many of the effects of the adaptive immune response,
thereby giving much value to the study of formation of this specialized structure. The
study of the immunological synapse has made been more accessible with the

development of the planar lipid bilayer system with fluorescently labeled proteins (84,

85). The lipid bilayer mimics an APC in that once a T cell recognizes foreign peptides in

14



the context of MHC on the bilayer, an immunological synapse is formed. The lipid
bilayer consists of lipid and proteins tethered to the lipid membrane via glycosyl-
phosphatidylinositol (GPI) linkage. This allows for the proteins to move laterally within
the lipid bilayer. The minimal membrane proteins necessary for T cell synapse formation
were determined to be the adhesion molecule, ICAM-1, and peptide-loaded MHC
(pMHC). T cells added to the lipid bilayer recognize peptide engaged MHC molecules
and then adhere to the bilayer through the adhesion molecules, LFA-1 (present on the T
cells) and ICAM (the adhesion molecule present on the lipid bilayer). After this
interaction occurs, an immunological synapse with distinct zones of interacting proteins
forms. The immunological synapse consists of cSMAC (central supramolecular
activation cluster), pPSMAC (peripheral), and dSMAC (distal) (86). The cSMAC is the
area of TCR and pMHC interactions; pPSMAC is the area of interaction of adhesion
molecules and where larger molecules that are excluded from the cSMAC accumulate;
and the dSSMAC is most external ring of the immunological synapse (87, 88). TCR
signaling precedes synapse formation and actively signaling TCR microclusters initiate
peripherally but migrate towards the cSMAC, where signaling stops and TCR is thought

to be degraded (89).

Since the discovery of the immunological synapse, much research has been devoted to
determining its function. It has been suggested that such a structure could function in
asymmetrical division of effector and memory T cells, delivery of effector molecules, or
signaling (90-93). Different signaling proteins are known to accumulate in the different
areas of the immunological synapse, therefore one could imagine that the immunological

synapse functions as a scaffold to recruit appropriate proteins necessary for its function

15



(93). For example, CD45, which is known to have an inhibitory function in regards to T
cell signaling, is excluded from the cSMAC while TCR and activating kinases and
associated downstream signaling molecules accumulate there (94, 95). Furthermore, since
TCR is degraded at the cSMAC, it has also been suggested to be the site responsible for
the modulation of TCR signaling activity during immune responses. It was shown that at
high antigen concentrations of antigen TCR is degraded within the synapse, but it also
amplified TCR signaling at lower antigen concentrations (96). It has also been suggested
that immunological synapse could function in directional secretion of soluble cytokines
and cytolytic molecules toward the APC (97). The example often provided is the
restricted delivery of cytolytic granules by cytotoxic T lymphocytes to infected targets
through the cCSMAC in the center of the adhesion ring (98-100). The synapse has also
been investigated in terms of asymmetrical cell division (101). The microtubule
organizing center and many other proteins including fate-determining transcription
factors are recruited to the proximal or distal side of the T cell associated with APC
contact. When the cell divides, this segregation allows for the daughter cells to assume
different fates: the proximal cell ends up with more effector proteins (effector T cells),

while the distal cell may become a precursor of the memory cells.

Recently the immunological synapse has also been compared to intraflagellar transport
machinery (102, 103). Although T lymphocytes lack cilia, they have all the major
signaling components necessary for this transport system and a few intraflagellar
transport proteins and associated motor proteins. Knock-down of these proteins results in
impaired T cell activation and accumulation of phosphorylated tyrosine (104). The

intraflagellar proteins in the T cell associate with the TCR, and formation of this protein

16



complex has been shown to be necessary for exocytosis that occurs at the synapse (102).
Both cilia and the immunological synapse involve the recruitment of trafficking proteins,
motors, microtubules, and signaling molecules necessary for exocytic events that occur at
these specialized structures. Therefore the immunological synapse may be a functional

homolog to cilia used by non-hematopoietic cell types (102, 103).

Although none of these proposed theories regarding the function of the immunological
synapse excludes the others and synapses may have multiple functions as well as others
not yet proposed, I describe my investigation of the function of the immunological
synapse in the delivery of effector cytokines and induction of signaling in the target
APCs in Chapter 4 of this dissertation. Griffiths has shown that the cytotoxic T
lymphocytes form an immunological synapse that functions to deliver molecules
involved in the processes of killing target cells. Limiting the delivery of cytotoxic
effector molecules to the contact area between the cytotoxic T cell and the APC allows
the T cell to selectively target individual APCs, and allows bystander, uninfected cells, to
escape cell death. We and others propose that CD40L may be delivered in a similar
restricted manner to limit help to solely antigen-specific B cells, thereby limiting
activation of bystander B cells. As mentioned above, it was thought that cytokines had to
be made de novo following APC interaction, but Koguchi et al. showed that CD40L is
stored in an intracellular compartment and is brought to the T cell surface rapidly
following TCR engagement (76). The ability to deliver CD40L rapidly may be necessary
during immunological synapse formation between T and B cells in germinal centers,
where interaction times are relatively short. The delivery of cytokines within the

immunological synapse has been proposed and studied for a few other cytokines, but the
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delivery of the transmembrane cytokine CD40L to the APC has not been investigated in
detail. Huse et al. showed that IL-2 and IFNy are delivered in a restricted manner towards
antigen-specific cells, while other cytokines including IL-4 and TNFa are delivered
multidirectionally, away from the synapse (105). However the precise molecular details
involved in this delivery were not investigated in this study, and CD40L was not
investigated, so much remains to be revealed about how effector proteins are delivered to
APCs. Huse et al. showed that the cytokines that were delivered multidirectionally used
different trafficking molecules compared to those delivered in an antigen-specific manner.
Rab3d and Rab19 were shown to colocalize with IL-2 and IFNy, while syntaxin 6
colocalized with TNFa. Other trafficking molecules colocalized with both groups of
cytokines. Rho GTPases have also been shown to play an important role in immune
synapse formation and delivery of cytokines at the immunological synapse (106, 107).
Cdc42 was necessary for actin remodeling and clearance at the immunological synapse,

without which IFNy release at the synapse is inhibited (108, 109).

Inhibiting both T cell polarity and actin clearance at the immunological synapse has been
shown to affect the delivery of effector molecules to APCs. A few groups have
investigated how actin clearance impacts the release of lytic granules and killing of
targets cells by cytotoxic T and NK cell at synapses (110, 111). Similarly, delivery of
cytokines by T helper cells is also affected. CD40L-mediated production of IL-12 by the
APC was inhibited at the immunological synapse when T cell polarity was blocked (112)
It has also been shown that there are different exocytic compartments for delivery of
different signaling proteins to the synapse. Lymphocyte-specific protein tyrosine kinase

(Lck), a signaling molecule downstream of TCR activation, and linker for activation of T
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cells (LAT) are distributed in distinct secretory compartments prior to delivery to the
immunological synapse (113). Each depends on different trafficking proteins to be
expressed at the immunological synapse. Lck depends on myelin and lymphocyte protein
(MAL), while LAT depends on synaptotagmin-7 and calcium. Therefore, it will be
important to determine each protein’s distinct exocytic compartment and the proteins
involved in regulation of different compartments prior to delivery at the immunological
synapse. The previously mentioned colocalization study shows that CD40L is contained

in a secretory vesicle distinct from CTLA-4 (76).

VI. Immunological Synapse Structure of different Helper T cell Subsets

The immunological synapse structure depends on the subset of CD4 helper T cell
engaging with the APC (25, 94, 114). Th1 cells have a bull’s eye synapse structure, with
the adhesion molecules forming a ring around the central interaction of TCR and pMHC,
while Th2 cells have a multifocal synapse structure with multiple TCR-pMHC interaction
sites surrounded by zones of interactions of adhesion molecules (Figure 1, (94)).
Regulatory T cells also have a distinct immunological synapse structure. Usually they
form a motile synapse, which has been termed kinapse in studies of other T cell subsets
(85). In this immunological synapse structure the ICAM molecules form a horseshoe
structure in the leading edge of the T cell while the TCR molecules trail behind in the
uropod (25). The reason for the difference in immunological synapse structure between
the Th1 and Th2 cell subsets is not known, and could potentially have to do with the

different functional roles that Th1 and Th2 cells play in adaptive immune responses and
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affect the delivery of effector molecules, like CD40L. This hypothesis is investigated in

Chapter 4 of this dissertation.

Many new subsets of T helper cells have been described recently, the most relevant for
antibody development and T/B cell interaction being T follicular helper cells (Tth). These
cells reside in germinal centers owing to expression of the surface receptor CXCRS (115).
Prior to the discovery of Tth, Th2 were traditionally thought to be the T cell subset
involved in activation of B cells due to fact that these cells secreted 1L-4, IL-5, IL-10, and
IL-13, all of which promote B cell growth. Therefore it was assumed that Th2 cells were
most likely the T cell subset involved in antibody production, while Thl cells were
necessary for clearance of intracellular pathogens like viruses due to the cytokines they
produced, including IFNy and the T cell growth factor, IL-2, and help for cytolytic CD8
T cells. However, this theory was quickly modified with the discovery of T follicular
helper cells (Tths) in 2005 (116). These effector T cells express the master transcription
factor Bcl-6 (117, 118) and are the T cell subset that exists in germinal centers. The
development of an IL-21 reporter mouse made further investigation of Tths in vivo
possible because IL-21 is the main cytokine expressed by this T cell population shown to
be vital for both Tth and antibody development (118-121). Interestingly, this subset
seems to be heterogeneous in nature in that there are both Th1-like and Th2-like Tth cells
(122). T regulatory follicular helper cells have also been detected in germinal centers and
have been shown to be involved in the downregulation of costimulatory molecules on B
cells in germinal centers (123). However it still remains to be determined which

immunological synapse structure Tth cells form upon interaction with APCs, which may
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provide clues as to the delivery of CD40L within germinal centers, the primary site of T

cell dependent antibody development.

VII. Transfer of CD40L upon T cell/APC interaction

Recently the idea of transfer of molecules leading to active signaling in APCs has
become an active area of investigation in studies involving the immunological synapse.
The center of the immunological synapse was thought to be a region of TCR degradation
and limited active TCR signaling. However Michael Dustin’s group has shown that TCR
microvesicles exocytosed in the synapse and transferred to the B cell membrane are
capable of triggering active calcium signaling in antigen-specific B cells (124). This led
us to hypothesize that this may also be true for CD40L signaling at the immunological
synapse. Transfer of CD40L in a vesicle to antigen-specific B cells would allow those B
cells expressing more antigen to outcompete others expressing less antigen. This would
explain how antigen-specific B cells are able to quantify the signal they receive from T
cells as proposed by Michael Dustin in a recent review (125). This hypothesis is
investigated in Chapter 3 of this dissertation. Discoveries in this chapter could greatly
modify our ideas about how active CD40L signaling occurs within the immunological
synapse, and would be particularly important in the germinal center where interactions
are thought to occur over brief periods of time, allowing short interactions to translate
into sustained signaling events in B cells resulting in selection of high affinity B cells for

differentiation into long-lived plasma cells and memory B cells.
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Figure:

I-EX ICAM-1 Merge

I-E* ICAM-1 Merge

This figure is from Thauland, T.J., Y. Koguchi, S.A. Wetzel, M.L. Dustin, and D.C.
Parker. 2008. Th1 and Th2 cells form morphologically distinct immunological synapses.
J. Immunol. 181:393-399

Figure 1. Th1 and Th2 cells have distinct immunological synapse structures. A, Thl
cell have a bull’s eye synapse structure. B, Th2 cells have a multifocal synapse structure.
The left panels show 3 Thl cell synapses (A) and 4 Th2 cell synapses (B, 2 in each
frame). The three panels to the right in A and B show a single Th1 (A) or Th2 cell
synapse (B). The panel labeled I-E* shows the accumulation of the fluorescently labeled
I-E* (MHC) molecules within each synapse. The panel labeled ICAM-1 shows the
accumulation of fluorescent ICAM-1 within the synapse of Th1 (A) and Th2 (B)
synapses. The panel labeled merged shows both fluorescent ICAM and I-E* within the
same synapse.
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Chapter 2: Cyclosporine-resistant, Rab27a-independent
Mobilization of Intracellular Preformed CD40L Mediates
Antigen-specific T Cell Help In Vitro

This chapter was published in the July 15, 2011 issue of the Journal of Immunology (126).
I am second author and performed and analyzed experiments which resulted in Figures 2,
3, 4A, 5, and 6 as numbered in this dissertation. I was also involved in the editorial

process prior to acceptance of the final manuscript.

Abstract: CD40L is critically important for the initiation and maintenance of adaptive

immune responses. It is generally thought that CD40L expression in CD4" T cells is
regulated transcriptionally and made from new mRNA following antigen recognition.
However, recent studies with two-photon microscopy revealed that the majority of
cognate interactions between effector CD4 T cells and APCs are too short for de novo
synthesis of CD40L. Given that effector and memory CD4 T cells store preformed
CD40L (pCD40L) in lysosomal compartments and that pCD40L comes to the cell surface
within minutes of antigenic stimulation, we and others have proposed that pCD40L might
mediate T cell-dependent activation of cognate APCs during brief encounters in vivo.
However, it has not been shown that this relatively small amount of pCD40L is sufficient
to activate APCs, owing to the difficulty of separating the effects of pCD40L from those
of de novo CD40L and other cytokines in vitro. Here we show that pCD40L surface
mobilization is resistant to cyclosporine or FK506 treatment, while de novo CD40L and
cytokine expression are completely inhibited. These drugs thus provide a tool to dissect

the role of pCD40L in APC activation. We find that pCD40L mediates selective
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activation of cognate but not bystander APCs in vitro and that mobilization of pCD40L
does not depend on Rab27a, which is required for mobilization of lytic granules.
Therefore, effector CD4'T cells deliver pCD40L specifically to APCs on the same time

scale as the lethal hit of CTLs but with distinct molecular machinery.

24



Introduction:

CD40L (CD154), a member of the TNF superfamily, mediates T cell help for APCs
during humoral and cellular immune responses (127-130). It is generally thought that
CDA4O0L is synthesized from new mRNA (de novo CD40L) and delivered while effector
CD4" T cells are engaged in intimate interactions with cognate APCs in the time frame of
a few hours. However, we and others have demonstrated that human and mouse effector
and resting memory CD4" T cells retain preformed CD40L (pCD40L) intracellularly, and
that pCD40L can come to the cell surface within a few minutes of antigenic stimulation

(75,76).

Given that the interactions between effector CD4"T cells and APCs are typically brief in
vivo (46, 51, 131-133), we propose that pCD40L is rapidly delivered to cognate APCs on
a time scale of minutes. Our previous study (76) showed that pCD40L is stored in
lysosome- related organelles known as secretory lysosomes, a category of secretory
vesicles which includes the lytic granules in CTLs and NK cells (134). Lytic granules are
secreted through the center of adhesion ring of the immunological synapse formed
between the T cell and target cell (135), indicating that the immunological synapse may
serve to ensure efficient delivery of effector functions to specific targets but not to
bystanders (114, 136). Although the findings mentioned above suggest that effector CD4"
T cells may selectively activate cognate APCs by directional delivery of pCD40L, it
remains to be shown that pCD40L is delivered to the cell surface in sufficient amounts to

activate APC, and is not merely in the process of being degraded in lysosomes following
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CDA40 engagement and internalization (137). Also, it has not been addressed whether
compartments containing pCD40L use the same trafficking machinery used by lytic

granules in CTLs and NK cells, such as the small GTPase, Rab27a (138).

In the present study, taking advantage of selective suppression of de novo CD40L and
cytokine expression by the calcineurin inhibitors, cyclosporine A (CsA) and FK506, we
show that pCD40L from effector CD4"T cells is sufficient to activate APCs and provide
help selectively to cognate APCs. We also show that the delivery of pCD40L by effector
CD4'T cells depends on distinct molecular machinery from that required for delivery of

lytic granules to target cells by CTLs and NK cells.

26



Materials and Methods:

Mice:

Mice were housed under specific pathogen—free conditions. These studies were approved
by the Institutional Animal Care and Use Committee at Oregon Health & Science
University. BALB/c, C57BL/6, C.B-17 (Igh”), Cd40lg, CD45.1 congenic, and DO11.10
mice were from Jackson Laboratories (Bar Harbor, ME). Cd40lg” DO11.10 mice were
bred in-house. DO11.10 Rag2”" and BALB/c nu/nu mice were obtained from Taconic
Farms (Germantown, NY). Ashen mice on a C57BL/6 background were obtained from
Dr. Miguel Seabra (Imperial College London, United Kingdom). SMARTA mice, which
have a transgenic TCR specific for a lymphocytic choriomeningitis virus

(LCMV) epitope (139), were obtained from Dr. J. Lindsay Whitton (The Scripps
Research Institute). ash/+ or ash/ash SMARTA mice were bred in-house. Cd40” spleens

were provided by Dr. David Hinrichs (Veterans Affairs Medical Center, OR).

Antibodies and reagents:

PE-Cy7-anti-Fas was purchased from BD Biosciences (San Jose, CA). FITC-PNA was
from Vector Lab. Inc. (Burlingame, CA). All other antibodies for flow cytometry were
purchased from eBioscience (San Diego, CA). Recombinant cytokines were purchased
from Peprotech (Rocky Hill, NJ). Anti-IL-4 was from Bio X Cell (West Lebanon, NH).

Easy Sep mouse CD4" enrichment and B cell enrichment kits were from Stemcell
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Technologies (Vancouver, Canada). Papain was from Calbiochem (San Diego, CA).
Endotoxin-free OVA protein was from Profos AG (Regensburg, Germany). OV A peptide
(323-339) was from AnaSpec, Inc. (Fremont, CA). LCMV peptide gp67 was from New
England Peptide (Gardner, MA). lipopolysaccharides (LPS [L6761]), phorbol myristate
acetate (PMA), ionomycin, CyclosporinA (CsA), and FK506 were from Sigma-Aldrich

(St Louis, MO).
In vitro-generated Th1 cells:

In vitro-generated Th1 cells were prepared by culturing spleen cells from DO11.10 mice
in the presence of 1 uM of antigenic peptide (OVA 323-339) for 4 days in the presence of
I ng/ml IL-12 and 10 pg/ml anti-IL-4. To prepare ash/+ and ash/ash polyclonal Th1 cells,
purified CD4 T cells were incubated with Mouse T-Activator CD3/CD28 beads

(Invitrogen, Carlsbad, CA) at a 1:1 ratio for 4 days in Thl conditions.
In vivo-generated effector CD4" T cells:

In vivo-generated effector CD4 " T cells were obtained from the draining lymph nodes
(dLNs) of BALB/c nu/nu recipients which had received 5 x 10° naive purified CD4™ T
cells from DO11.10 Rag2”" mice followed by subcutaneous immunization with OVA
protein (50 pg) plus papain (50 pg) (140). For Fig.7, antigen-specific in vivo Th1 cells
were recovered on day 8 post-infection from LCMV (i.p. infection with 2 x 10° PFU of
LCMV Armstrong 53b)-infected recipient C57BL/6 mice given 2 x 10* ash/+ or ash/ash

SMARTA cells (76).

Flow Cytometry:
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The surface mobilization assay was described previously (76). Briefly, in the surface
mobilization assay, fluorochrome-labeled anti-CD40L mAb is included in the culture
during the activation of cells at 37 °C. Compared to the “snap shot” nature of
conventional staining at 4 °C after completion of stimulation, the mobilization assay
captures CD40L that has been delivered to the cell surface during stimulation while
blocking CD40- dependent internalization, thereby providing the “long exposure” view

of CD40L expression. By limiting the stimulation period to 30 minutes, we were able to
exclude the expression of de novo CD40L as shown previously (76). Data were obtained
with an LSR II (BD Biosciences) and analyzed with FlowJo software (Tree Star, Ashland,

OR).
In vitro and ex vivo T helper assay for B cells:

In vitro Th1 cells and in vivo effector CD4" T cells were generated as described above.
WT or Cd40™" spleen cells were differentially labeled with CFSE (141) or the CellTrace
Violet dye (Invitrogen) to distinguish cognate (peptide-pulsed) and bystander (unpulsed)
populations. Antigenic peptide was pulsed at 1 uM concentration at 37 °C for 2 hours
followed by extensive washes. WT or Cd40lg”" in vitro-generated Thl or in vivo-
generated effector CD4" T cells were pretreated with 1 uM CsA at 37 °C for one hour
and co-incubated with a mixture of cognate and bystander spleen cells from WT or Cd40
" mice in the presence of CsA throughout the assay. After the indicated hours of
incubation, B cell activation was evaluated by staining for CD86, MHC class II, ICAM-1,
CD62L, and IL-21 receptor. For analysis of cell division, cognate and bystander B cells
were labeled with the same concentration of CFSE and were distinguished by IgM

allotype (IgM* versus IgM"), and cell division was measured by CFSE dilution. For
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analysis of differentiation, cognate and bystander B cells were labeled with the same
concentration of CFSE and were distinguished by the CD45 congenic allelic marker
(CD45.1 versus CD45.2). The T helper assay was conducted in the presence of IL-4 for 3
days to assess proliferation by CFSE dilution, and in the presence of IL-4 (day 0-4) plus
IL-21 (day 2-4) to assess B cell differentiation by staining for Fas, GL7, and CD138.
Alternatively, cognate and bystander B cells were distinguished by differentially labeling

them with CFSE or CellTrace Violet dye.
In vitro T helper assay for dendritic cells (DCs):

Bone marrow-derived DCs (BMDCs) were generated as previously described (142).
Drug pretreated or untreated WT or Cd40lg”" in vitro-generated Th1 cells were co-
cultured with BMDCs in the presence or absence of antigenic peptide, CsA (1 uM ) or
FK506 (0.1 uM ), and isotype control Ab or anti-CD40L for 18 hours. The level of CD70
on DCs was analyzed by flow cytometry. IL-6 production from DCs was analyzed by

ELISA (eBioscience).
Statistics:

p values were determined by the unpaired Student’s t test. All results are shown as the
mean and the standard deviation of the mean. A p value of < 0.05 was considered

significant.
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Results:

Calcineurin inhibitors block de novo CD40L and cytokine synthesis but do not

interfere with pCD40L surface mobilization

We proposed that pCD40L has a physiological role to selectively activate cognate APCs
during brief encounters often observed in vivo. Because de novo CD40L and cytokines
can cause general activation of APCs regardless of antigen-specificity in vitro, we sought
culture conditions in which de novo CD40L and other cytokines made by Th1 cells are
blocked, but surface mobilization of pCD40L is preserved. Although we used
cycloheximide to block de novo CD40L and cytokines but to preserve pCD40L in the
previous study (76), cycloheximide could not be used in the present study because it
inhibited the upregulation of activation markers on APCs, as expected (data not shown).
We also conducted experiments with the irreversible protein synthesis inhibitor, emetine.
However, we found that T cells pretreated with emetine and extensively washed released
sufficient emetine to inhibit APC activation (data not shown). We then tested the
calcineurin inhibitors, CsA or FK506, known to inhibit de novo CD40L expression (143).
CsA does not interfere with CD40-mediated B cell activation by fixed, activated CD4T *
cells (144) or agonistic anti-CD40 (data not shown). These drugs also inhibit T cell
production of IFN-y and IL-4 (145). Upon stimulation with PMA plus ionomycin, Thl
cells showed evident pCD40L mobilization at 30 minutes (Fig. 2A, left) as well as robust
induction and surface expression of de novo CD40L at 120 minutes (Fig. 2A, right). CsA

or FK506 pre-treatment completely inhibited activation-induced expression of de novo

CD40L but had no effect on surface mobilization of pCD40L (Fig. 2B). The efficacy of
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CsA and FK506 was confirmed by complete suppression of [FN-y production

throughout this study as shown in Fig. 2C.

pCD40L in Th1 cells selectively activates cognate B cells and promotes their

proliferation and differentiation in vitro

To determine whether surface mobilization of pCD40L is sufficient for antigen- specific
T cell help for B cells, we measured B cell activation. Cognate (antigenic peptide-pulsed)
and bystander (unpulsed) B cells were differentially labeled with CFSE, and were
cultured with Th1 cells in the presence of CsA. Cd40™ B cells were used as a negative
control in separate cultures. CsA was maintained in the culture medium throughout the
incubation period. CD40L-dependent up-regulation of CD86, MHC class II, and ICAM-1
(CD54), and down-regulation of CD62L were observed in cognate butnot in bystander B
cells after overnight culture (Fig. 3A). Increased size (forward scatter) and granularity
(side scatter) were also observed in cognate B cells only (data not shown). By day 2,
cognate but not bystander B cells up-regulate IL-21 receptor (IL-21R) in a CD40-
dependent manner (Fig. 3B). By these measures of B cell activation, the stimulatory
capacity of pCD40L (with CsA) was comparable to that of de novo CD40L (no drug). We
also observed a weak but noticeable level of bystander activation of B cells by de novo

CD40L, but not by pCD40L, when assessed by ICAM-1 and IL-21R levels.

To determine whether pCD40L is sufficient to initiate T cell-dependent B cell
proliferation, IL-4 was added to WT or Cd40lg” Thl cells co-cultured with B cells for 3
days in the presence of CsA, and CFSE dilution was analyzed for both cognate and

bystander B cells. Cognate and bystander B cells were differentiated by IgM allotype.
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The data show that Th1 cells promote proliferation of cognate but not bystander B cells
in a CD40L-dependent manner in the presence of CsA (Fig. 4A). We obtained the same
result when the IgM allotypes of cognate and bystander B cells were switched (data not
shown). Both cognate and bystander B cells responded well with anti-CD40 plus 1L-4
stimulation (Fig. 4A far right). When antibody was used to neutralize CD40L instead of
using Cd40lg”" Thl cells, we obtained a similar result (data not shown). The ability of
pCD40L to induce B cell proliferation in the presence of IL-4 is slightly inferior to that of
de novo CD40L (no drug). We also tested whether pCD40L is sufficient to induce B cell
differentiation in cultures containing IL-4 (added on day 0) and IL-21 (added on day 2).
Cognate B cells but not bystander B cells acquired surface markers of germinal center
(GC) B cells (Fas"GL7") and plasma cells (CD138") in a CD40-dependent manner (Fig.
4B,C). The ability of pCD40L to induce germinal center and plasma cell markers is
comparable to that of de novo CD40L. These results clearly show that pCD40L in Th1
cells is sufficient to mediate antigen-specific B cell activation and promote proliferation

and differentiation of cognate B cells in concert with IL-4 and IL-21.

In vivo-generated effector CD4'T cells can selectively activate cognate B cells via

pCD40L

Although we observed that pCD40L in Thl cells generated in vitro can mediate cognate
B cell activation, we were concerned that this finding could be an artifact of T cells
activated in vitro. Therefore, we conducted a similar experiment using in vivo-generated
effector CD4'T cells. To generate effector CD4'T cells in vivo, purified naive CD4" T
cells from DO11.10 Rag2”" mice were transferred into nude mice, followed by

subcutaneous immunization with papain plus OVA. Six days after immunization, cells
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from dLNs showed a robust expansion of effector CD4 T cells as well as a vigorous GC
reaction in an immunized mouse (Fig. 5SA) compared to an unimmunized nude mouse
(Fig. 5B), indicating that in vivo-generated effector CD4 T cells are capable of helping B
cells in vivo. The expanded CD4T" cells are CD44™ effector cells and possess abundant
pCDA40L (Fig. 5C and data not shown). Highly purified (> 95%) in vivo-generated
effector CD4 T cells were used in an ex vivo T helper assay in the presence of CsA. Like
in vitro-generated Th1 cells, in vivo-generated effector CD4'T cells are capable of
activating cognate, but not bystander, B cell activation in a pCD40L-dependent manner

as shown by increased ICAM-1 expression (Fig. 5D).
pCDA40L can trigger DC activation

Another important function of CD40L is licensing of DC, which is crucial for generating
effective CD4" and CDS8" T cell responses (130). Taking advantage of the fact that in
vitro-generated Th1 cells do not produce detectable IL-6 (data not shown), we measured
IL-6 production from bone marrow-derived DCs (BMDCs) to evaluate the ability of
pCDA40L to activate DCs. WT or Cd40lg” DO11.10 Thl cells were co-cultured with
BMDC:s in the presence or absence of antigenic peptide and CsA or FK506 for 18 hours.
Although the magnitude of IL-6 production is significantly lower in the CsA- or FK506-
treated groups than the untreated group, treated Th1 cells still clearly induce IL-6
production from BMDC:s in a peptide dose- and CD40L-dependent manner (Fig. 6A).
CsA or FK506 treatment did not inhibit IL-6 production from DCs upon LPS stimulation
(data not shown). To exclude potential differences between WT and Cd40lg” Thl cells
other than CD40L itself, we conducted similar experiments using WT in vitro-generated

Thl cells in the presence of either control Ab or neutralizing anti-CD40L. This
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experiment yielded a similar result (Fig. 6B). We also evaluated expression of CD70,
which is known to be upregulated by a CD40 signaling and facilitates primary and
secondary CD8" T cell responses (146). We observed that Th1 cells induced upregulation
of CD70 on DCs in the presence of antigenic peptide in a CD40L-dependent fashion in
the presence of CsA or FK506 to levels comparable to the drug untreated group,
suggesting that pCD40L is sufficient to efficiently induce CD70 upregulation on DCs
(Fig. 6C). The efficacy of CsA and FK506 was confirmed by complete suppression of T

cell IFN- y production induced by DCs in the presence of antigenic peptide (Fig. 6D).

Together, these results show that pCD40L can also mediate T cell-dependent DC

activation.
The mobilization of pCD40L uses distinct machinery from that of lytic granules

Our previous study indicated that pCD40L exists in secretory lysosomes, a category of
secretory vesicles which includes the lytic granules of CTLs and NK cells (76). To
investigate the molecular mechanism of pCD40L mobilization from cytoplasm to cell
surface, we used ashen mice, which are defective in release of lytic granule contents due
to a mutation in the small GTPase Rab27a (138). First, we compared the surface
mobilization of pCD40L with CD107a in polyclonal Th1 cells generated with CD4'T
cells from ash/+ or ash/ash mice. The mobilization of CD107a to the cell surface is an
indication of the release of lytic granules (147). As expected, ash/ash Thl cells have
defective CD107a mobilization following all three stimuli tested (Fig. 7A). However, the
mobilization of pCD40L is unimpaired in ash/ash Th1 cells (Fig. 7B). To confirm this

phenotype using in vivo-generated effector CD4'T cells, ashen mice were bred with
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SMARTA TCR transgenic mice. WT recipient mice of ash/+ or ash/ash SMARTA CD4"
T cells were infected with LCMV. On day 8 post-infection, splenocytes from infected
animals were used ex vivo for evaluation of pCD40L mobilization (Fig. 8A, B). While the
mobilization of CD107a is clearly impaired in ash/ash SMARTA effector CD4" T cells
following antigenic stimulation (Fig. 8C), pCD40L mobilization is maintained (Fig. 8D).
We conclude that effector CD4" T cells use distinct machinery for the mobilization of

pCD40L from that of lytic granules.
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Discussion:

In vivo studies using CD40L knockout mice and neutralizing anti-CD40L antibody have
firmly established that CD40L mediates T cell help (128). In the classic model, effector
CD4'T cells deliver de novo CD40L, along with cytokines, to cognate APCs during
prolonged interactions lasting hours. However, recent imaging studies with two-photon
microscopy show clearly that effector CD4" T cells do not usually have enough time to
synthesize de novo CD40L. Given that effector CD4" T cells also store intracellular
pCD40L and mobilize it to the cell surface immediately after TCR stimulation, we
proposed that pCD40L can mediate cognate APC activation during the brief antigen-
specific interactions that dominate in vivo. In the current study, we blocked the synthesis
of de novo CD40L and soluble cytokines while preserving the surface mobilization of
pCDA40L in effector CD4" T cells, and demonstrated that pPCD40L can selectively deliver

T cell help to cognate B cells and trigger DC activation.

We speculate that effector CD4" T cells deliver help to antigen-specific B cells using
pCD40L at the T zone-B zone boundary, at extrafollicular sites, and in the GC (129). In
situ staining studies have detected CD40L staining in all of the locations listed above (75,
148). Studies with neutralizing anti-CD40L clearly show that CD40L is indispensable not
only for the initiation but also for the maintenance of GCs, as well as the differentiation
and affinity maturation of GC B cells (149, 150). However, we think that pCD40L plays
a minor role during stable interactions between effector CD4" T cells and cognate B cells
owing to the opportunity for abundant delivery of de novo CD40L and cytokines. B cells

undergoing stable interaction with T cells seem to be poised to differentiate into plasma
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cells. Several studies have shown that high affinity B cells preferentially become plasma
cells (1, 151, 152). It is believed that high affinity B cells gather, process, and present
more antigen (38, 153). The immunological synapse formed by T cells is a versatile
structure which can be re-oriented from APCs bearing fewer peptide/MHC to those
bearing more peptide/MHC (154). A study with two-photon microscopy estimated that
each cognate GC B cell encounters as many as 50 T cells per hour (46), allowing T cells
to form stable interactions with rare high affinity GC B cells (37). During stable
interaction, GC B cells would receive a prolonged CD40 signaling as well as cytokines
including IL-21 (155). Since IL-21 induces both the transcriptional factors necessary for
maintaining GC B cell phenotype (Bcl-6) and plasma cell differentiation (Blimp-1) (156-
158), and these two transcriptional factors counter-regulate each other (159), it is likely
that a prolonged CD40 signaling owing primarily to de novo CD40L would promote
plasma cell differentiation of GC B cells by repressing Bcl-6 via upregulation of IRF-4

expression (160).

We propose that pCD40L plays a major role in facilitating the affinity maturation process
during brief interactions between low affinity GC B cells and T cells in the light zone of
GCs, as suggested previously (75). Compared to high affinity B cells, low affinity B cells
preferentially seed GC reactions (1, 151). Increased peptide/MHC expression on GC B
cells regardless of BCR affinity via DEC205-mediated Ag delivery enhanced plasma cell
differentiation and compromised affinity maturation (49). This result may be explained
partly by prolonged CD40 signaling owing to forced stable interactions between low
affinity GC B cells and T cells. Similarly, heightened CD40 signaling caused by agonistic

anti-CD40 or a CD40L transgene in B cells also resulted in skewed short-lived plasma
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cell differentiation of GC B cells accompanied by premature termination of GC reactions,
compromised affinity maturation, and diminished generation of long-lived plasma cells
(161-163). A recent study suggested a model that explains how transient CD40 signaling
facilitates affinity maturation of GC B cells by deletion of cells with damaged DNA (164).
Brief CDA40 signaling can induce temporary disruption of Bcl-6 repressor functions,
promoting rapid, transient expression of DNA checkpoint genes and subsequent
apoptosis of GC B cells with unrepaired DNA lesions (164). In fact, one quarter of T
cells in GCs are associated with blebs from dead GC B cells (46). In this scenario,
surviving GC B cells may undergo further affinity maturation by rapidly recovering Bcl-6
function (165). Whether a low avidity T cell-B cell interaction is sufficient to induce the
mobilization of pCD40L, as has been reported for preformed Fas ligand (pFasL) in CTLs
(79), needs to be addressed experimentally. A recent study showed that a transient BCR
signaling increases B cell sensitivity to CD40L (166). This mechanism may also play an
important role for optimizing a pCD40L-mediated selection process. Enrichment of both
BCR and CDA40 signaling signatures in the light zone compared to the dark zone of GC
by microarray analysis further supports this notion (49). Although our data showed that
pCDA40L could promote acquisition of plasma cell markers by cognate B cells, this may
simply reflect favorable conditions for T cell help in vitro owing to the lack of the
germinal center environment that enforces intermittent CD40 signaling. Nevertheless, our

data reveal the competence of pCD40L for B cell activation.

Another important function of pCD40L may be DC licensing. Two-photon microscopy
shows predominantly brief interactions of effector memory CD4' T cells with APCs in

target tissues (132), suggesting a role for pCD40L during the effector phase of
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inflammation, probably through promoting cytokine secretion and upregulation of
costimulatory molecules in DCs. Importantly, pCD40L has been implicated in the
pathogenesis of theumatoid arthritis (167). In this study, peripheral blood CD4" T cells
and synovial fluid CD4" T cells from patients with theumatoid arthritis, but not healthy
donor CD4" T cells, stored and mobilized pCD40L. Why healthy donor CD4" T cells
lacked pCD40L in this study is unknown, although it is possible that the sensitivity of the
assay and/or human-mouse differences are contributing factors. The authors further
showed, using stimulated and fixed patient CD4" T cells, that the amount of pCD40L that
came to the cell surface upon stimulation with PMA plus ionomycin was sufficient to
trigger IL-12 production from DCs. CsA-insensitive CD40L, presumably pCD40L, has
been detected on CD4" T cells from systemic lupus erythematosus patients (168, 169).
These findings suggest a role for dysregulation of pCD40L in autoimmune settings.
Possible regulatory functions of pCD40L (for example, induction of IL-10 production
from macrophages (170) or dampening innate immune responses by inhibiting
inflammasomes (171) should also be included in considering pCD40L as a therapeutic

target for autoimmune or inflammatory diseases.

The mobilization of pCD40L is Rab27a-independent, indicating that pCD40L is stored in
compartments distinct from lytic granules. Since the acquisition of lytic granules is
limited to effector T cells (134), our recent finding of pCD40L expression in CD4 single
positive thymocytes, naive CD4" T cells, and resting memory CD4" T cells provides
further evidence that the pCD40L-containing compartment is distinct from lytic granules
(76)Koguchi et al., manuscript in preparation). Although pFasL has been observed in

lytic granules (172), recent reports indicate that pFasL also resides in compartments
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distinct from lytic granules because surface expression of pFasL is resistant to a
microtubule inhibitor that blocks release of lytic granules (77) and occurs at a lower
stimulation threshold than that of lytic granules (79). Our previous study showed that
pCD40L is colocalized strongly with FasL in Thl cells (76). Together, these results
suggest the existence of a distinct trafficking mechanism for rapid delivery of pCD40L
and other TNF family members to the cell surface in CD4" T cells. Evidence is
accumulating that other TNF superfamily members are stored in secretory compartments
in hematopoietic cells, including CD70 and CD40L in DCs (173, 174) and pCD40L and
LIGHT in platelets (175, 176). Investigation of this trafficking machinery will provide
methods to dissect the functions of preformed versus newly synthesized CD40L in vivo
through the generation of knockout and transgenic mice lacking one or the other. It might
also offer insight into the regulation of the many biological functions mediated by other
TNF family members. Such efforts will provide new therapeutic targets for
immunosuppression, including methods to further increase the efficacy of calcineurin
inhibitors for established inflammatory conditions by blocking residual T cell-dependent

APC activation triggered by pCD40L.
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Figure 2. Calcineurin inhibitors block de novo CD40L expression and cytokine
secretion but not surface mobilization of pCD40L. A, Levels of CD40L mobilization
during a 30-min incubation (left, preformed CD40L) and a 120-min incubation (right,
preformed plus de novo CD40L) upon PMA plus ionomycin stimulation. B, The effect of
CsA (left) or FK506 (right) on the levels of CD40L mobilization upon 30- or 120-min
PMA plus ionomycin stimulation. C, WT or Cd40lg”" Th1 cells were incubated with or
without PMA plus ionomycin overnight in the presence or absence of CsA or FK506.
IFN-g production was measured by ELISA with a detection limit of < 0.06 ng/ml. Each
bar represents the mean 6 SD for triplicates. Data are representative of three independent
experiments (A, B) or at least five independent experiments (C). N.D., not detected.
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Figure 3. pCD40L in Th1 cells is sufficient to mediate selective activation of cognate
B cells. For the in vitro T helper assay, CsA-pretreated Th1 cells were mixed with
cognate (peptide-pulsed) and bystander (unpulsed) spleen cells for 18 h (A) or 2 d (B). As
a control, Cd40™" spleen cells were used. The levels of CD86, MHC class 11, ICAM-1
(CD54), CD62L (A), and IL-21R (B) in control, bystander, and cognate B cells are
shown. Data are representative of five independent experiments.
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Figure 4. pCD40L in Th1 cells can mediate T cell-induced selective proliferation and
differentiation of cognate B cells. Exogenous helper cytokines were added to assess the
potential of pCD40L to support B cell proliferation and differentiation. A, CsA- treated
WT or Cd40lg”” Thl cells were incubated with CFSE-labeled bystander (IgM®) plus
cognate (IgM”) B cells in the presence of IL-4. CsA was added daily throughout the
culture period. As a positive control, B cells were stimulated with anti-CD40 plus IL-4 in
the presence of CsA. On day 3, CFSE dilution was evaluated. B and C. CsA-treated Thl
cells were incubated with CFSE-labeled bystander (CD45.2") and cognate (CD45.1") B
cells in the presence of IL-4 (days 0—4) and IL-21 (days 2—4). As a control, Cd40”" B

cells were used. CsA was added daily throughout the culture period. As a positive control,
B cells were stimulated with anti-IgM, anti- CD40, IL-4, and IL-21 in the absence of CsA.
On day 4, GC markers (GL7 and Fas, B) and the plasma cell marker (CD138, C) were
evaluated. Data are representative of four independent experiments.
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Figure 5. pCD40L in ex vivo effector CD4'T cells is sufficient to mediate selective
activation of cognate B cells. A and B, Naive CD4'T cells from DO11.10 Rag2” mice
were transferred into BALB/c nu/nu recipient mice followed by s.c. immunization with
papain plus OVA to obtain in vivo-generated effector CD4'T cells. The percentages of
CDA4'T cells, B cells, and GC (Fas’, PNA") B cells in dLNs from a BALB/c nu/ nu
immunized recipient on day 6 after immunization (A) or from a naive BALB/c nu/nu
mouse (B) are shown. C. The mobilization assay for pPCD40L in donor CD4'T cells from
a BALB/c nu/nu immunized recipient. D, Purified CD4'T cells from BALB/c nu/nu
immunized recipients were incubated overnight in the presence of CsA with cognate and
bystander WT B cells, or cognate Cd40”" B cells, differentially labeled with CFSE.
ICAM-1 expression on each B cell population was analyzed. Numbers in histograms
indicate the percentage of cognate B cells that upregulate ICAM-1. Data are
representative of two independent experiments.
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Figure 6. pCD40L in Th1 cells is sufficient to activate DCs. A and B. IL-6 production
from BMDCs cocultured with in vitro-generated WT or Cd40lg” Th1 cells for 18 h in the
presence or absence of antigenic peptide, CsA or FK506, and isotype Ab or anti-CD40L
was measured by ELISA. Note that different y-axes were used for the groups with drug
(CsA or FK506) and without. C, CD70 upregulation was assessed after overnight culture
of DCs with Th1 cells in the presence or absence of antigenic peptide, CsA or FK506,
and isotype Ab or anti-CD40L. Raw geometric mean fluorescent intensity (GMFI) of
CD70 staining from two representative experiments is shown. D, WT Thl cells were
incubated with BMDCs in the presence or absence of OVA peptide overnight. CsA and
FK506 were kept in the media throughout the culture. [IFNy production was measured by
ELISA with a detection limit of 0.06 ng/ml. Each bar represents the mean 6 SD for
triplicates. Data are representative of three independent experiments. *p , 0.01. N.D., not
detected.
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Figure 7. Surface mobilization of pCD40L in Th1 cells is Rab27a-independent. /n
vitro-generated polyclonal Thl cells from ash/+ and ash/ash CD4" T cells were analyzed
for mobilization of CD107a (A) and pCD40L (B) upon stimulation with PMA plus
ionomycin, anti-CD3 plus anti—-LFA-1, or anti- CD3 plus anti-ICOS for 30 min. Numbers
in histograms indicate the percentage of stimulated cells that mobilize CD107a or CD40L.
The mobilization assay was conducted in the absence of either CsA or FK506 treatment.
Data are representative of three independent experiments (n = 2—3/group).
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Figure 8. Surface mobilization of pCD40L in ex vivo effector CD4" T cells upon
antigenic stimulation is Rab27a-independent. A, CD4" T cells from ash/+ or ash/ash
SMARTA TCR transgenic mice were transferred into WT mice. Recipients were i.p.
infected with 2 x 10° PFU LCMV. On day 8 postinfection, spleen cells were collected for
the mobilization assay. B, Gating strategy for in vivo-generated ash/+ and ash/ash
SMARTA effector CD4" T cells (CD4'CD45.1"). C and D, In vivo-generated ash/+ and
ash/ash SMARTA effector CD4'T cells were analyzed for mobilization of CD107a (C)
and pCD40L (D) upon incubation with Ag-unpulsed APCs (unstimulated) or Ag-pulsed
APCs (stimulated) ex vivo for 30 min. Numbers in histograms indicate the percentage of
stimulated cells that mobilize CD107a or CD40L. The mobilization assay was conducted
in the absence of either CsA or FK506 treatment. Data are representative of two
independent experiments (n = 2—3/group).
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Chapter 3: Antigen-specific transfer of CD40L to B cells by
helper T cells

Jennifer Gardell and David Parker planned submission.

Abstract: It has been known for decades that the delivery of T cell help for B cells is

antigen-specific, MHC-restricted, and depends on CD40L. However the mechanisms by
which CD40L, a transmembrane cytokine, is delivered to the T cell surface and engages
CDA40 on antigen-presenting B cells remain to be determined. Huse et al. (105) showed
that a subset of cytokines is delivered directionally to the point of contact between the T
cell and the antigen-presenting cell, also known as the immunological synapse, but
CD40L was not among the cytokines investigated in that study. Although CD40L, like
other cytokines, is made de novo following T cell activation, Koguchi et al. (76, 177)
showed that CD40L protein is stored in effector and memory CD4 T cells in intracellular
vesicles that come to the cell surface rapidly following antigen recognition in sufficient
amounts to activate antigen-presenting B cells. Productive signaling has been proposed to
be the result of T cell recognition of an antigen-presenting B cell, CD40L expressed on
the T cell surface engages with CD40 on the surface of B cells for a period long enough
to lead to productive signaling. Here I show for the first time that CD40L does not remain
on the surface of the T cell, but is actually transferred to the B cells. This transfer is
nearly absent from bystander B cells that are not presenting antigen, and may be partially
dependent upon the presence of CD40 on the antigen-presenting B cells. My data
suggests that CD40L might be deposited in some type of membrane vesicle on antigen-
presenting B cells. This transfer may allow for sustained CD40L-CD40 signaling after a

very brief (46, 48, 49) interaction with helper T cells in the germinal center. If delivery of
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CDA40L is proportional to the amount of antigen on the B cell, transfer of CD40L could
be the mechanism by which B cells with higher affinity for antigen following somatic
hypermutation are selected in the germinal center reaction, as recently proposed by

Dustin (125).
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Introduction:

T cell/ B cell collaboration is essential to the development of an effective antibody
response. CD40L is the central cytokine produced by T cells and delivered to B cells that
contributes to changes in B cells that promote cell division and production of higher
affinity antibodies, allowing for more rapid pathogen recognition and removal. Germinal
centers are specialized areas in secondary lymphoid organs where follicular B cells that
recognize and present antigen become activated and receive T cell help signals necessary
for survival, differentiation, and antibody maturation. CD40L is the limiting factor
delivered by helper T cells in germinal centers, determining which B cells will be chosen
to survive and proliferate versus those B cells that do not receive this signal and die (178,

179).

Upon recognition of antigen on an antigen-presenting B cell, a T cell undergoes extensive
subcellular reorganization (180). The microtubule organizing center or centromere
polarizes along with all the cellular machinery necessary for secretion of proteins towards
the area of T cell/B cell interaction, or immunological synapse. As described in the
introduction of this dissertation, some cytokines produced by T cells, IL-2 and IFNy, are
secreted towards the immunological synapse, while others are released multidirectionally,
even towards the pole opposite the synapse (105). CD40, which engages with CD40L to
initiate B cell signaling, has been shown to accumulate on the B cell within the
immunological synapse (181), and effective CD40L signaling to DC requires T cell

polarization (112, 182). However the molecular details of CD40L delivery to the T cell
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surface and what happens next pre- and post-engagement with CD40 on B cells has not
been determined. CD40L is downmodulated from the T cell surface after interaction with
CD40 on B cells (137), but to what extent the CD40L is internalized and degraded (183)
or recycled by the T cell, cleaved by metalloproteases (184) and released as a soluble
protein (185), or internalized by the B cell in a signaling complex in an endosomal

compartment as shown for endothelial cells (186), is unknown.

Michael Dustin has recently shown that within the immunological synapse, TCRs are
released from the plasma membrane in microvesicles for delivery to APCs (124). These
TCRs are engaged with MHC and the transferred microvesicles initiate calcium signaling
in B cells by direct signaling through MHC class 11, a signaling pathway described years
ago by Cambier and colleagues (187). This led us to hypothesize and investigate whether
CD40L may be delivered in a similar manner to antigen-specific B cells. This delivery
would allow B cells to receive a quantifiable sustained signal from T cells during brief
antigen-specific interactions, as was proposed by Dustin in a recent review (125). B cells
are selected in the germinal center by the limited signals that they receive from T cells
(178, 179), but how the B cell quantifies signals during these interactions and the exact
molecular mechanisms involved in this selection are not known and are further

investigated in this section of the dissertation.
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Materials and Methods:

Mice:

B10.A and B10.A-Rag2tmi1Fwa H2-T18a Tg (5CC7 TCR transgenic mice on a
B10A.RAG knock-out background), specific for a pigeon cytochrome ¢ peptide, amino
acids 81-104, and reactive against moth cytochrome ¢ were purchased from Taconic
(188). B6.129P2-Cd40tm 1 Kik/J (CD40 knock-out mice on a B6 background) were
purchased from Jackson and bred to B10.A mice (63). Heterozygous mice from this
breeding were crossed to produce I-E* homozygous CD40 knock-out mice. 5CC7 TCR
transgenic male mice were crossed to female B6.129S2-Cd40igtm 1Imx/J (65) (CD40L
knock-out mice on a B6 background, purchased from Jackson) to produce SCC7 CD40L
knock-out male mice. Mice were housed in specific-pathogen free conditions at Oregon

Health and Science University according to institutional standards.

Antibodies and labels:

The antibodies and reagents used for flow cytometry experiments were as follows: anti-
CD4 PeCy7, anti-CD19 PerCP, anti-CD19-FITC, ICAM-biotin, ICAM-APC
Streptavidin-APC, anti-CD40L-PE, anti-CD40L-APC, hamster IlgG-APC and hamster
IgG-PE. All were from eBiosciences. Cells were differentially labeled with
carboxyfluorescein succinimidyl ester (CFSE) or Cell Trace Violet (Invitrogen) to mark

Ag-pulsed or bystander cells in individual assays.
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In vitro T cell polarization:

Th1 conditions:

Spleens were harvested from SCC7 TCR transgenic mice. Red blood cells were removed
by hypotonic lysis. Cells were suspended in RPMI 1640 medium, 1%
glutamine/penicillin/streptomycin, 10% Tumor Cocktail pH 7.0 (S-MEM (630 ml, Gibco
11385036), Dextrose (7.5 g, Sigma G7021), Essential Amino Acids (75 ml, Invitrogen
11130-05), Non-Essential Amino Acids (140 ml, Gibco 10001), Sodium Pyruvate
(100ml, Gibco 03844), Sodium Bicarbonate (8.5g, Mallinckrodt 7412), Penicillin G
(600mg, Sigma P-3032), Gentamycin (10ml, Gibco 3755), Streptomycin Sulfate (1g,
Gibco 1010574), and 2-Mercaptoethanol (34 pl, Sigma M-3148)), 10% Fetal Bovine
Serum (FBS), and 1% 2-Mercaptoethanol (2-ME) (Sigma M-3148) at 5 x 10° cells/ml.
For polarization to Thl, cells were incubated with .1 pM moth cytochrome ¢ peptide
(MCC) [ANERADLIAYLKQATK] and 10 pg/ml anti-IL-4 (11B11 [eBioscience]) for

four days.

Th2 conditions:

Spleens were harvested from SCC7 TCR transgenic mice. CD4+ T cells were purified
using the EasySep system (STEMCELL technologies). CD4+ T cells were suspended in
RPMI medium with 1% glutamine/penicillin/streptomycin, 10% Tumor Cocktail, 10%
FBS, and 1% 2-ME at 1.7 x 10° cells/ml (2x). Splenocytes were prepared from B10A

mice and irradiated at 15 Gray using a cesium irradiator. These irradiated splenocytes
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were suspended at 8.3 x 10° cells/ml (10x) to act as APCs for the CD4+ T lymphocytes.
CD4+ T cells and irradiated APCs were mixed together and pulsed with MCC peptide at
2.5 uM and polarizing cytokines and antibodies: IL-4 (50 ng/ml eBioscience) and anti-
IFNy (20 pg/ml XMG 1.2[BioXcell]). On day two of culture, IL-2 (derived from
supernatant of T cell hybridoma cell line) was added to these cells at 80 U/ml. On day 4
of culture, cells were centrifuged with Lympholyte M (Cedarlane) to remove dead cells
and restimulated with new APCs. During this secondary culture, anti-IL-4 was added at

10 pg/ml instead of IL-4 to ensure expression of preformed CD40L in these cells (177).

Intracellular CD40L stain:

After overnight T cell/B cell incubation at 37 °C, cells were fixed (BD Biosciences
Cytofix/Cytoperm)and permeabilized (BD Biosciences Perm/Wash Buffer) and stained
with PE-labeled CD40L or hamster IgG-PE control antibody (eBioscience). These

samples were then analyzed on LSRII flow cytometer (Becton Dickinson).

In vitro overnight assay:

Thl and Th2 cells cultures were harvested on day four after stimulation, or restimulation
in the case of Th2 cells. Lympholyte M was used to remove dead cells. Cells were then
counted and resuspended at 2 x 10° cells/ml either with or without 2 puM Cyclosporin A
(CsA) (Sigma-Aldrich) to block de novo TCR-induced cytokine production. Spleens were

harvested from SCC7 CD40L knock-out, B10-A and B10-A CD40 knock-out mice and
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target splenocytes were prepared by hypotonic lysis. Antigen-bearing splenocytes were
labeled with CFSE or Cell Trace Violet (following manufacturer’s protocol) and pulsed
with 2.5 puM MCC peptide for two hours at 37° C. The splenocytes were then were
washed three times and combined with 1 x 10° T cells, either with or without CsA (final
concentration 1 pM) treatment. Overnight assays were performed in the presence or
absence of unlabeled or fluorescently labeled anti-CD40L antibody and with or without
addition of Fc receptor (FcR) blocking antibody anti-CD16/CD32, clone 2.4G2 from
BioLegend. After overnight incubation, cells were stained with antibodies for CD4,
CD19, and ICAM, and analyzed on the LSRII flow cytometer. Proliferation was assessed

based on the dilution of CFSE or CTV.

Transwell Experiment:

1 x 10° Th1 cells and 8 x 10 target splenocytes (4 x 10° Ag+ and 4 x 10° Ag-,
differentially labeled) were placed in the top chamber of the transwell system separated
by a 0.4 pM cell impermeable membrane from 8 x 10° splenocytes (Ag+ and Ag-).
Following overnight incubation, cells were stained with antibodies for CD4, CD19, and
ICAM and analyzed by flow cytometry.

Fluorescent Cell Microscopy:

Imaging of CD40L on antigen-pulsed and bystander cells after overnight incubation with

T cells in the presence of APC labeled anti-CD40L antibody was performed on a Zeiss
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LSM 780 laser-scanning confocal microscope. The Zeiss LSM 780 is mounted on a fully
motorized AxioObserver Z1 inverted microscope stand and has a 32 channel GaAsP
detector for capturing spectral information for linear unmixing. The LSM 780 stage is
motorized in X, Y to acquire images of area larger than the field of view through tiling of
individual image stacks. Overnight cultured T and B cells were stained with CD19-FITC,
fixed, and placed into a single chamber of a 1 % poly-I-lysine (Sigma #P8920) treated 8
chambered glass slide (Lab-Tek®). Eleven z stack images were acquired for each
microscopy field analyzed. An image was acquired every 0.25 pm movement in the z
axis, allowing for the entire cell to be visualized from the point of cell attachment to the
glass to the cell surface opposite the point of attachment. Images and movies were

developed and analyzed using Imagel.

Selection criteria and quantification of CD40L on B cells in microscopy images:

B cells were selected for quantification based on positive CD19-FITC staining. Cells
were excluded from quantification if they were not attached to the glass surface and
mobile at any point during acquisition of z stacks, if it was not possible to distinguish
which cell in the image was positive for CD40L (cells were too close in proximity or
overlapping), if cells appeared dead, or CD19 staining did not correspond to only the cell
surface. The CD19 surface stain was used to differentiate the B cell surface from inside
the B cell, serving as a marker to distinguish between surface CD40L and intracellular

CD40L on selected B cells.

57



Results:

All effector and memory CD4 helper T cells with the exception of T regulatory cells
express a small amount of intracellular CD40L that can be brought to the cell surface
within minutes of T cell receptor (TCR) engagement (177). Only during longer periods of
antigen-specific TCR engagement, for instance during T cell priming, are large amounts
of CD40L produced de novo. Intravital, two-photon microscopy of murine lymph nodes
has determined that germinal center T cell/B cell interactions are brief and last only a few
minutes (46, 47). Koguchi et al. showed that the small amount of intracellular CD40L in
DOI11.10 T helper cells (BALB/c TCR transgenic T cells specific for OVA peptide in the
context of I-A%) is capable of inducing upregulation of activation markers as well as
proliferation of peptide-pulsed B cells as measured by dilution of CFSE (126). In order to
further investigate delivery of CD40L during antigen specific interactions, I performed
preliminary experiments to determine if these results hold true for a different TCR
transgenic mouse line and different MHC restriction. SCC7 Thl or Th2 cells were
incubated with Ag-pulsed and bystander B cells overnight at 37 degrees (Figure 9A). In
order to differentiate between the Ag-pulsed and bystander B cells they were
differentially labeled with different concentrations of CFSE. I could then gate on either
cell population following incubation and determine expression of activation markers by

each B cell population (Figure 9B).

5CC7 TCR transgenic mice are on a Recombination Activating Gene (RAG) knock-out

background, therefore all their T cells express a TCR that recognizes the MCC peptide in
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the context of the MHC class II molecule, I-E*. After in vitro polarization, SCC7 Thl and
Th2 cells were treated with cyclosporine A (CsA) to block de novo CD40L synthesis as
shown in Chapter 2 and prevent accumulation of large amounts of surface CD40L after
stimulation with PMA/ionomycin. Similar to the DO11.10 T cells, both CsA-treated
5CC7 Thl and Th2 incubated overnight with antigen-pulsed and unpulsed bystander B
cells resulted in upregulation of ICAM-1 only on the antigen-pulsed B cells (Figure 10A
and B). The bystander B cells had ICAM levels equal to that of B cells in a well to which
peptide was not added. Upregulation of ICAM by Th2 cells varied more among
experiments when compared to Th1 cells. This may have been due to variable reversal of
inhibition of CD40L expression by the high levels of IL-4 added during the first culture
under Th2 polarizing conditions (189). These results show that CD40L is delivered in a
directed manner specifically to antigen-pulsed B cells under conditions in which de novo
CDA40L synthesis is blocked and only stored CD40L protein is available, as shown

previously in the DO11.10 system in Chapter 2.

Upregulation of ICAM on B cells by CsA-treated T cells was also evaluated in culture
conditions more favorable for bystander activation, in which the cells were forced into
close contact. I combined the CsA-treated Th1 or Th2 cells with peptide-pulsed and
bystander B cells in wells of a 96 well plate, and pelleted these cells by centrifugation
prior to overnight incubation. Despite the forced close contact between T and B cells,
only the peptide-pulsed B cells upregulated ICAM when compared to the B cells in the
control well in which no antigen was added, similar to previous results (Figure 10C and

10D). The upregulation of ICAM by Thl and Th2 cells is caused by CD40-CD40L
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engagement, and not just the presence of antigen on these B cells or other molecules on
the T cells, because Ag-pulsed CD40 knock-out B cells did not upregulate ICAM when

cultured with helper T cells (Figure 10D).

Helper T cells produce large amounts of CD40L de novo during antigen-specific
interactions when the engagement is longer than 30 minutes (76). Although it has been
shown in vivo that germinal center interactions between B cells and T cells are brief, the
significance of the large amount of CD40L produced during long TCR stimulation is not
known. It is thought that CD40L may be constantly downmodulated from the surface of
T cells after interactions with CD40" cells (137). Therefore, the large amount of CD40L
that accumulates on the surface of T cells after two hours of TCR or PMA/Ionomycin
stimulation may be an in vitro artifact due to the paucity of CD40+ B cells in the four day
polarized Th1/Th2 cell cultures. I also wanted to evaluate delivery of CD40L in the more
physiological situation when CD40L synthesis is not blocked and production of new
protein is possible. In order to further study the specificity of delivery of CD40L by
helper T cells, I wanted to determine if there were differences in induction of ICAM
upregulation on antigen-presenting and bystander B cells by helper T cells that were
capable of production of de novo CD40L. Therefore I performed the in vitro overnight
assay with Th1 cells that had not been treated with CsA and could produce large amounts
of CD40L upon TCR stimulation (Figures 11-26). Under these conditions, both bystander
and antigen-pulsed B cells upregulate ICAM (Figure 11A and 11B). In each experiment,
and in the case of both Th1 and Th2 cells, upregulation of ICAM on the antigen-pulsed B

cells was greater than that of bystanders, indicating some preference towards antigen-
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specific delivery of CD40L. This antigen-specific ICAM upregulation increases with
increasing number of Th2 cells in culture with B cells (Figure 12). Delivery of help is
also dependent upon T cell contact. When the antigen-pulsed and bystander B cells were
separated from the T cells by a protein-permeable membrane in a Costar Transwell, the B
cells did not upregulate ICAM (Figure 13). Only the cells in the upper chamber that were
able to contact T cells received T cell help, indicating that upregulation of ICAM on
bystander B cells is dependent upon their ability to contact T cells, and not owing to a
soluble factor. This contact dependent help is also dependent upon the presence of CD40
on these B cells, because Ag-pulsed CD40 knock-out B cells did not upregulate ICAM
upon interaction with T cells, although they were able to stimulate the T cells to activate
CDA40-sufficient bystander B cells (Figure 13). In summary, when de novo synthesis of
CD40L by Thl or Th2 cells is not blocked, both antigen-presenting and bystander B cells
receive contact- and CD40-dependent T cell help, although the response of the antigen-

presenting B cells is greater.

Further evidence of the directional delivery of CD40L was seen upon addition of a
CD40L blocking antibody to these cultures. At 10 pg/ml, a concentration that was more
than sufficient to eliminate bystander activation, antigen-specific ICAM upregulation by
Thl (Figure 14A) and Th2 (Figure 14B) cells was still present, though attenuated. This
difference between the antigen-presenting and bystander B cells becomes more apparent
upon titration of the anti-CD40L blocking antibody. Antigen-specific help is much less
affected while bystander activation is completely eliminated at 1pg/ml of anti-CD40L

(Figure 15). These results suggest that there is some fundamental difference in the
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delivery of CD40L to the antigen-pulsed cells that makes this help less sensitive to
antibody inhibition. Upregulation of ICAM on antigen-pulsed and bystander B cells by
Th2 cells did not reach statistically significance in these experiments, but this may be due
to inhibition of CD40L expressed by Th2 cells due to IL-4 production. It is possible that
the CD40L that helps the bystander cells may need to accumulate on the T cell surface
and is more readily available for neutralization by the anti-CD40L antibody in

comparison to directed delivery of CD40L during antigen-specific interactions.

Engagement of CD40 via CD40L on B cells initiates signaling which in the presence of
soluble T cell cytokines, such as IL-4 or I[L-21, induces B cell proliferation (61, 115). I
next investigated antigen-specific delivery of CD40L in terms of B cell function by
measuring proliferation following 48 hours of incubation with Th1l or Th2 cells. In this
assay, the antigen pulsed B cells were labeled with CFSE, while the bystanders were
labeled with Cell Trace Violet or vice versa. After 48 hours in the presence of Thl or Th2
cells, antigen-pulsed B cells had a larger proportion of cells that divided compared to the
bystanders (Figure 16). Antigen-pulsed CD40 knock-out B cells had almost no cells that
divided following incubation with Th1 or Th2 cells (Figure 16). These results indicate
that B cell proliferation in this assay requires CD40-CD40L engagement, and the
presence of antigen on CD40-sufficient B cells causes them to receive a larger CD40L
signal than the bystander B cells. When blocking antibody is added to the T/B cell
cultures at the low concentration of 0.1 pg/ml, bystander proliferation is completely

inhibited, while antigen-specific proliferation is largely unaffected (Figure 16A and 16

62



B). Therefore CD40L seems to be delivered in a directed manner towards antigen-
presenting B cells, and when these cells express CD40, it is capable of inducing

proliferation.

I hypothesized that CD40L may be deposited on antigen-bearing B cells during
interactions with helper T cells. To test my hypothesis, I investigated the possible
presence of CD40L protein on antigen-pulsed and bystander B cells in an overnight in
vitro assay. Following overnight incubation with helper T cells, I surface stained both
antigen-pulsed and bystander B cells for CD40L. I found that there was a small amount
of CD40L staining on the surface of a small percentage of antigen-pulsed B cells that was
not present on bystander or antigen-pulsed CD40 knock-out B cells (Figure 17). However
since B cells are capable of producing CD40L (190), it was necessary to determine if this
CD40L was being produced by the B cells or actually originating from the helper T cells.
Therefore I set up the overnight assay with CD40L knock-out antigen-pulsed target B
cells. These CD40L knock-out B cells did not display the same small amount of CD40L
on their cell surface after overnight incubation. This indicated that the small amount of
CDA40L present on the surface of the antigen-pulsed B cells was actually produced by the
B cells (190) or that the CD40L knock-out cells were deficient in other ways necessary to

detect this transfer.

It has been proposed that CD40L engages with CD40 on the B cell surface long enough

to initiate signaling in the B cell and then is downmodulated from the T cell surface (137,

191). However the specific mechanisms of CD40L downmodulation from the T cell
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surface are not known. One group suggested that CD40L engagement with CD40 may
trigger endocytosis along with recruitment of downstream signaling molecules in
endothelial cells (186). If endocytosis of CD40L-engaged CD40 sustains B cell signaling,
it may provide a way in which B cells are able to quantify the CD40L signal they receive
from brief encounters with T cells in the germinal center, and thereby determine which
cells are selected for affinity maturation (125). I performed intracellular staining on the
different B cell populations after in vitro overnight incubation with Th1 cells to
determine if the engaged CD40L is internalized by the antigen-pulsed B cells.
Intracellular staining of CD40L knock-out antigen-pulsed B cells shows an increase in
intracellular CD40L above bystander B cells and hamster IgG control stained antigen-
pulsed B cells (Figure 18), indicating that they do receive more CD40L than B cells not
pulsed with antigen. Internalized CD40L also depends on CD40 on the B cells (Figure
18). This result suggests that during antigen-specific T-B cell interactions, T cell-derived

CD40L engages with CD40 and is internalized which may induce signaling in that B cell.

When measuring CD40L expressed by CD4 T cells in the presence of CD40+ cells
following antigenic or PMA/lonomycin stimulation, more CD40L is detected when the
fluorescently labeled anti-CD40L antibody is added during the stimulation at 37 degrees
(76, 191-193). Therefore, I set up an overnight in vitro assay in which I included the
fluorescently labeled anti-CD40L antibody during the overnight T/B incubation. Due to
the differential CFSE labeling of the antigen-pulsed and bystander cells in this assay, I
was able to detect CD40L transferred to each B cell population within the same well.

After overnight incubation with T cells, a large percentage of Ag-pulsed B cells were
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brightly CD40L positive, while bystander B cells were mostly CD40L negative (Figure
19A, 19B, and 19D). This transfer was dependent upon CD40L expression by T cells
because when the B cells were incubated with CD40L knock-out T cells, Ag-pulsed B
cells did not obtain CD40L after overnight incubation (Figure 19A and 19B). This signal
was not entirely dependent on CD40 expression by B cells, as antigen-pulsed CD40
knock-out B cells had about a third of the number of CD40L positive cells after overnight
incubation with CD40L- sufficient T cells when compared to CD40-expressing antigen-
pulsed B cells (Figure 19C and 19D). However there does seem to be a difference in the
fluorescence intensity of CD40L staining between CD40-sufficient and CD40 knock-out
cells, indicating that CD40-sufficient cells may obtain more CD40L on a per cell basis, so
effective transfer to antigen-specific B cells may still depend upon CD40-CD40L
interaction (Figure 19C). This CD40L was made by the T cells because CD40L knock-
out B cells had almost equal transfer of CD40L compared to CD40L-sufficient B cells
(Figure 20A). B cells are known to express Fc receptors (FcRs), therefore it is important
to determine that the transfer of CD40L to the antigen-specific B cells was not entirely
due to FcR-mediated internalization of the fluorescently labeled antibodies. This was not
the case, because when a blocking anti-FcR antibody was added during overnight culture,
Ag-pulsed B cells were still largely positive for CD40L expression (Figure 20B).
However, the antigen-specific transfer to CD40 knock-out B cells appears to be more
dependent upon FcRs because when the FcR blocking antibody is added, antigen-specific
transfer is more severely reduced compared to CD40-sufficient cells (Figure 20B).
Therefore, it is possible that transfer or persistence of transferred CD40L complexed with

fluorescent anti-CD40L may depend on the presence of either CD40 and/or FcR on the B
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cell. However, I was able to perform this experiment with CD40 knock-out antigen-
specific B cells with addition of FcR blocking antibody only once, and I will need to do it

a few additional times to see if this conclusion holds.

As discussed in the introduction of this dissertation, most T/B cell germinal center
interactions last only a few minutes (46-49). Therefore I wanted to investigate CD40L
transfer to antigen-pulsed B cells with a shorter T/B cell incubation time. I evaluated
CDA4O0L transfer after only two hours of T/B cell incubation. As expected, two hours of T
cell/B cell interaction was not long enough to induce antigen-specific ICAM upregulation
(Figure 21A). T cells transferred CD40L to antigen-specific B cells and not bystanders
during this time period (Figure 21B and 21C). CD40 knock-out antigen-pulsed cells
obtained CD40L to the same extent as the antigen-pulsed cells during this time period.
Therefore it appears that the transfer at two hours as detected by inclusion of
fluorescently labeled anti-CD40L antibody during the two hour T/B cell incubation is
largely CD40-independent (Figure 21B and 21C). The CD40L present on the antigen-
specific B cells was not produced by the B cells because CD40L knock-out B cells had
just as many CD40L positive cells after the two hour incubation (Figure 21D). However
further experimentation with a FcR blocking antibody during the two hour T/B
incubation revealed that much of this early Ag-specific transfer is FcR dependent, 40% in
the CDA40 sufficient B cells and over 75% in the CD40 knock-out Ag-pulsed cells (Figure
21E). This experiment will have to be repeated a few additional times to enable a

thorough statistical analysis. As shown in Figure 20B, the antigen-specific transfer to
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CD40-sufficient B cells after overnight incubation also seems to be less dependent upon

the presence of available FcR.

Due to the large amount of CD40L transfer during this short period of 2 hours, I was
interested in determining if the CD40L transferred by T cells is functional in the antigen-
specific B cells. I performed experiments to try to determine if the CD40L transferred at
this early time point is capable of inducing proliferation. CD19+CD4-CD40L+ and
CD19+CD4-CD40L- antigen-pulsed B cells were sorted after two hours of incubation
with T cells and exogenous IL-4 was added to these cells. 48 hours after the separation of
these two B cell subsets from the T cells, proliferation was assessed by dilution of cell
trace violet. If the cells had divided, the violet dye would dilute out from the original
concentration according to the number of divisions of B cells. This experiment was
performed two times, but despite CD40L transfer to the antigen-pulsed cells, I was
unable to detect cell division over background levels in the Ag-pulsed B cells (data not

shown).

To further characterize the CD40L that is transferred to the antigen-pulsed B cells, I used
confocal laser scanning microscopy. Antigen-pulsed splenocytes were labeled with a cell
permeable dye (cell trace violet) and expression of CD40L on these cells was visualized
through the use of an APC-labeled antibody added during the overnight culture of these
cells with unpulsed splenocytes and T helper cells. B cells were surface stained with a
CDI19-FITC labeled antibody following overnight incubation. I then assessed the

presence of CD40L on antigen-pulsed versus bystander B cells by laser scanning
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microscopy using CD19 and cell trace violet. For each image I took, I numbered the B
cells (CD19 positive) and then determined if they were antigen-pulsed or bystander by
positive or negative cell trace violet staining and scored them as CD40L (APC) positive
or negative (Figure 22 and 23). I then used the surface CD19 stain and z-stack images
through the entire cell to determine if the CD40L was surface or intracellular. Many more
of the Ag pulsed B cells had CD40L compared to the bystander cells (Figure 22-25).
Figures 23 and 24 depict cells under high magnification. Antigen-pulsed B cells had both
intracellular and surface CD40L as assessed by z-stacks and CD19-FITC surface staining
(Figure 23 and 25). Microscopy results were consistent with samples from the same
cultures analyzed by flow cytometry (Figure 26). Cells incubated overnight with a control
hamster IgG APC labeled antibody did not have positive APC fluorescence after
overnight incubation. As expected, Ag-pulsed B cells had a large population of cells that
had transferred CD40L, while bystanders did not. There were very few CD40 knock-out
cells that were seen to be CD40L-APC positive via microscopy compared with flow
cytometry: one of these, a CD40L-APC positive CD40 knock-out cell, is shown in Figure
24. The difference between the percentage of CD40 knock-out CD40L-APC positive
cells detected by microscopy as compared to flow cytometry could be due to a difference
in detection sensitivity using the microscope versus flow cytometer, as the mean
fluorescent intensity of the CD40L label in the CD40 knock-out B cells is lower that than

of the CD40-sufficient B cells (Figure 26).

Additional experiments were performed incubating the T cells with fluorescent anti-

CDA40L to label CD40L in the T cells prior to incubation with antigen-pulsed B cells.
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These labeled T cells and antigen-pulsed B cells were imaged for two hours using wide
field microscopy to try to capture live delivery of CD40L. However only a small amount
of CD40L was labeled on the unstimulated T cells, as expected, and although T cells
could be seen to interact with B cells, I was unable to capture live transfer of CD40L.
Most of the CD40L staining was in the trailing edge of the T cells as they moved and
interacted with B cells, away from the area of immunological synapse formation (data not

shown).

69



Discussion:

In this chapter I analyze the antigen-specific delivery of CD40L to B cells in an in vitro
overnight assay. I hypothesize that CD40L is delivered in vesicles to the outer membrane
of antigen-specific B cells where it engages with CD40 and initiates signaling in these B
cells. Prior work suggests that CD40L engages with CD40 on the B cell surface for a
period long enough to induce B cell signaling and then is downmodulated from the T cell
surface, however the exact subcellular mechanism by which this occurs is not known. In
this chapter I show that CD40L is actually transferred to and present in and on antigen-
specific B cells following overnight incubation. If this CD40L is engaged with CDA40, it
could be that the transferred CD40L provides the signal necessary for antigen-specific
proliferation, although I have not been able to demonstrate this. The transferred CD40L
may be the way in which antigen-specific B cells quantify the signal they receive from T
cells. The ability to quantify T cell signal may be particularly important in the germinal
center where antigen-specific B cells with higher affinity antibodies outcompete those of
lower affinity. Future work will be needed to further characterize the transfer of CD40L
and determine if the transferred CD40L engages with CD40 to promote activation and
proliferation of the antigen-specific B cells. This may be accomplished by staining and
visualization of CD40 together with CD40L, as well as downstream signaling

components, on the antigen-specific B cells by microscopy.

Although Michael Dustin recently proposed that CD40L may be delivered to antigen-

specific B cells in a review article (125), this theory was not tested experimentally prior
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to the experiments performed in this chapter. This antigen-specific delivery would allow
B cells to quantify the signals that they receive from T cells during limited interactions
within the germinal center. Overnight incubation of T and B cell cultures while including
a fluorescently labeled anti-CD40L antibody allows both for accumulation of labeled
CDA40L on the T cell surface, as shown previously (191), and, in this dissertation, a
method for detection of transferred CD40L in and on the helped B cells. When the
fluorescently labeled anti-CD40L antibody is added to the overnight cultures, CD40L,
rather than being downmodulated by CD40+ cells may accumulate on the T cell surface.
The presence of the fluorescently labeled antibody may also allow for detection of
CDA40L transfer to antigen-presenting B cells during formation of an immunological
synapse. CD40L transfer did not occur in the absence of antigen, indicating that despite
intermittent T cell interaction with bystander cells in vitro, CD40L transfer occurs only
during productive T cell/B cell interaction. I propose that upon immunological synapse
formation following T cell recognition of peptide in the context of MHC on a B cell,
CDA40L is deposited in vesicles on antigen-presenting B cells. After the CD40L engages
CDA40, it is internalized and productive signaling leads to activation and proliferation of

the B cell.

Presence of the anti-CD40L antibody during the overnight in vitro assay may also allow
for longer persistence of CD40L in or on the antigen-specific B cell following transfer
explaining the large increase in CD40L positive antigen-specific B cells following
overnight incubation with the antibody compared to traditional methods of staining post

overnight incubation. B cells may need to accumulate a certain threshold amount of
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CDA4O0L prior to induction of signaling downstream of the CD40L-CD40 interaction
(194). Since the anti-CD40L antibody is a blocking antibody, much more CD40L may be
required to initiate signaling downstream of CD40 in the presence of anti-CD40L. This
suggests that the some delivered CD40L is in a trimeric form and available for active
signaling, while other CD40L is engaged by the antibody and incapable of engaging with
CDA40. Alternatively it may be that the fluorescent label (APC or PE) on the CD40L
antibody is more resistant to degradation by the B cell than CD40L allowing the CD40L
signal to be detected for a much longer period of time. However antigen-specific transfer
was further verified by fluorescent microscopy and the more traditional method of
staining intracellular CD40L in antigen-specific B cells that were fixed and
permeabilized following overnight incubation with T cells. Future work will be needed to
characterize the compartment in B cells that stores CD40L following antigen-specific
interactions, and whether or not transferred CD40L is engaged with CD40. CD40L bound
by the fluorescently labeled anti-CD40L blocking antibody may be destined for
degradation through the lysosomal pathway. This could be determined by measuring
CDA40L on antigen-specific B cells with and without addition of bafilomycin, an inhibitor
of lysosomal acidification, by flow cytometry. If the CD40L is destined for degradation,
then upon addition of the inhibitor, the presence of CD40L on the antigen-presenting B

cells should increase.

Antigen-specific transfer of CD40L was also shown to be partially dependent on CD40.

CD40 knock-out antigen-presenting B cells accumulate a smaller amount of CD40L

following overnight incubation with T cells compared to CD40-sufficient B cells, and
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T/B interaction did not result in upregulation of ICAM on the B cells. CD40L
engagement with CD40 may be required for CD40L persistence on the B cell surface in
order to block internalization and degradation of unbound CD40L or even removal by
other CD40+ cells. Transfer of CD40L to CD40 knock-out cells also seems to be much
more sensitive to the addition of a FcR blocking antibody during overnight culture than
CDA40 sufficient antigen-bearing B cells, indicating that fluorescently labeled anti-CD40L
uptake to CD40 knock-out cells could be through FcRs, dependent also on CD40L from
the T cell. The questions regarding transfer dependence upon B cell FcRs will be
addressed in additional experiments with the blocking antibody and potentially with a

FcR knock-out mouse.

Many questions remain regarding the form of the transferred CD40L. Although the
transferred CD40L appeared as punctate spots in and on B cells via microscopy, further
resolution, perhaps using electron microscopy, will be needed to further classify the
structures containing CD40L. It is not known whether the CD40L is delivered to antigen-
presenting B cells in microvesicles, exosomes, patches of T cell membrane, or through B
cell trogocytosis or transendocytosis. Since it is known that peptide-MHC engaged TCR
is delivered in microvesicles to antigen-presenting B cells (124), I stained antigen-
specific B cells for both TCR and CD40L to see if these two proteins colocalized within
the same cells by flow cytometry. Preliminary results suggest that delivery of TCR

microvesicles is distinct from that of CD40L (data not shown).
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These in vitro results suggest a new perspective on how antigen-specific B cells secure
signaling from limiting CD40L available from T cells. Transferred CD40L may provide a
means of sustained signaling in antigen-specific B cells, despite short germinal center
T/B cell interaction times. It is therefore important to determine if this transfer is
associated with a biological function in B cells in vivo. Future experiments with the
ability to distinguish between active signaling downstream of CD40 in CD40L positive
compared to CD40L negative antigen-specific B cells will be needed to address this
hypothesis. Active signaling could be evaluated by assessing processing of p100 in the
NF-kB2 pathway in these two B cell populations (195), or by measuring nuclear
localization of NF-kB components (196). Transfer of ligands during antigen-specific
interactions may be a common means of B cell activation, or even inhibition, during
antigen specific interactions. In addition to CD40L, there are other tumor necrosis family
members involved in both T cell proliferation and death, including Fas Ligand, which

could potentially be delivered to antigen-specific B cells by a similar mechanism (197).

74



Figures:

A. Overnight incubation at 37°
Thlor Th2: 1x 108
A. B Target cells: Ag+: 400,000
Ag-: 400,000
a0 o> =
Experimental Well No Antigen Control CD40 KO Control
Gating Scheme
Live Cell Gate B cell gate Target cell gate
S oA % ) - [
@ W Ag+
E 3‘3 § 3 & 10* 4 ¢
8 v Q ©
A T O A Ag-
o g &
a @ < hr
3 v L\% 107
A' t“/- % 04
0 50K 200K 250K ! " ‘ 10 T! "'); ‘;3 |'DA ‘(;s
FSC-A <FL4-A>: CD4-PeCy7 <FL3-A>: CD19-perGP
Forward Scatter T cells B cells

Figure 9. Experimental set-up and gating scheme used for the in vitro overnight
assay. A, 5CC7 Thl or Th2 cells on day four of polarization were incubated overnight
with target B cells (Ag-pulsed (Ag+) or bystander (Ag-)) from B10A mice that were
differentially labeled with CFSE. A, The set up for no Ag control and CD40 knock-out
control wells are show to the right of the experimental well set-up. B, The gating scheme
used in the analysis to differentiate between Ag-pulsed (Ag+) and bystander (Ag-) in
each assay is shown.
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Figure 10. CsA-treated SCC7 Th1 and Th2 cells upregulate ICAM on Ag-pulsed B
cells and not bystanders after overnight incubation. A-B, Representative histograms
of ICAM upregulation on Ag+, Ag-, and no Ag control B cells after overnight incubation
with CsA-treated SCC7 Th1 cells (A) or Th2 cells (B). C-D, Representative histograms
of ICAM upregulation on Ag+, Ag-, and no Ag control B cells (C) or Ag+ CD40KO
control B cells (D) after pelleting and overnight incubation with CsA-treated SCC7 Th1
or Th2 cells in a 96 round bottom plate. Graphs show the fold increase in ICAM MFTI (+/-
SD) on each of the B cell populations for individual experiments. The fold increase in
MFT for the well with no antigen (A and B) or Ag+ CD40KO (D) was set to 1.
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Figure 11. Non-CsA treated SCC7 Thl and Th2 cells upregulate ICAM on Ag-
pulsed and bystander B cells. A and B, Representative histograms of [ICAM
upregulation on Ag+, Ag- and no Ag control B cells after overnight incubation with
5CC7 Thl (A) and Th2 (B) cells. Graphs show the fold increase in ICAM MFI after
overnight incubation with helper T cells in each B cell population for three individual

experiments (+/- SD). The fold increase in ICAM MFI for the no Ag control B cell was
set to 1.
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Figure 12. Ag-specific help increases with increasing SCC7 Th2 cell number. ICAM
upregulation was measured on Ag-pulsed (Ag+) and bystander (Ag-) B cells following
overnight incubation with non-CsA treated SCC7 Th2 cells. Histograms show ICAM
expression on each B cell population following overnight incubation with the number of
5CC7 Th2 cells listed to the right of the histogram. The bar graph shows the fold increase
in ICAM MFI on each B cell population (Red- Ag+ and Blue- Ag-) compared to no
antigen control well (grey, set to 1).
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Figure 13. Antigen-specific (Ag+) and bystander (Ag-) T cell help is dependent on
CD40L and direct cell-cell contact. Non-CsA treated SCC7 Thl cells were added along
with the B cell populations depicted below the histograms to the top and bottom
chambers of the transwell overnight. ICAM upregulation was measured on the B cell
populations in both the top and bottom chambers of the transwell. Listed on top of the
histograms are the cell populations in the top chamber of the transwell. Both antigen-
pulsed (Ag+) and bystander (Ag-) B cells were added to the bottom chamber of the
transwell for each experiment and their corresponding ICAM histograms are shown
below the histograms for the B cells in the top chamber of the transwell. The grey
histogram on each graph is the no antigen control. n= 3 independent experiments.
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Figure 14. Antigen-specific help but not bystander help is resistant to neutralizing
anti-CD40L blocking antibody. A and B, Non-CsA treated SCC7 Thl and Th2 cells
were incubated with antigen-pulsed (Ag+) and bystander (Ag-) B cells in the presence of
absence of neutralizing anti-CD40L antibody (10 pg/ml). Activation of Ag+ (left
histogram) and Ag- (right histogram) B cells was accessed by ICAM upregulation.
Representative histograms show the levels of ICAM for indicated B cells. A and B,
Graphs shows the fold increase in ICAM MFI for each B cell population (Ag+ and Ag-)
in the presence of absence of neutralizing anti-CD40L antibody compared to a no Ag
control for each of three independent experiments performed (+/- SD). Dotted line on the
graph indicates no upregulation of ICAM (y=1).
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Figure 15. Bystander help is sensitive to low concentrations of anti-CD40L that only
partially inhibit antigen-specific help. Graphs show the fold increase in ICAM on
antigen-specific (Ag+) and bystander (Ag-) B cells after overnight incubation with non-
CsA treated 5SCC7 Thl (A) and Th2 (B) cells with the addition of different concentrations
of anti-CD40L. For each experiment the ICAM MFI on B cells in a well with no antigen
was set to 1.
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Figure 16. Bystander proliferation is completely blocked at low concentrations of
anti-CD40L that have little effect on proliferation of antigen-pulsed B cells. A and B,
Differentially labeled (Cell Trace Violet or CFSE) Ag-pulsed (Ag+) and CD40KO Ag+
along with Ag- B cells were incubated with 5SCC7 Thl (A) or Th2 (B) cells and
proliferation was assessed after 48 hours by dilution of these dyes. The top row of
histograms in A and B show B cell proliferation without the addition of anti-CD40L
antibody. The bottom rows in A and B show proliferation of B cell populations with the
addition of 0.1 pg/ml anti-CD40L blocking antibody. The percent of divided cells is
labeled on each histogram.
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Figure 17. Limited levels of CD40L are detected on the surface of antigen-pulsed B
cells after overnight incubation with SCC7 Th1 or Th2 cells. A and B, The presence
of CD40L detected by surface staining of target B cells following overnight incubation
with SCC7 Th1 or Th2 cells appears dependent on the target B cell’s ability to produce
CDA40L. Dot plots show surface CD40L on the target B (CD19+) cell populations listed
above the plots following overnight incubation with SCC7 Th1 (A) or Th2 (B) cells. The
graph shows percentage of each B cell population that is positive for surface CD40L
following overnight incubation with SCC7 Th1 cells for 3 independent experiments (+/-
SD). Th2 experiment was not quantified because it was only performed once.
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Figure 18. Ag-pulsed B cells (Ag+) internalize CD40L following overnight
incubation with SCC7 Th1 cells. CD40L KO Ag+, CD40 KO Ag+, and CD40L KO Ag-
B cell populations were incubated with SCC7 Th1 cells overnight, then fixed,
permeabilized, and stained with anti-CD40L-PE antibody. Listed and depicted below
each histogram are the cells added to corresponding well. The control histogram (solid
grey) and is obtained from intracellular staining with a hamster IgG-PE antibody of
CD40LKO Ag+ B cells incubated with Ag- B cells and 5SCC7 Thl cells. The experiment
with CD40L KO Ag+ and CD40 KO Ag- B cells was performed twice. The experiment
with CD40L KO Ag+ and CD40L KO Ag- B cells was performed 3 times.
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Figure 19. CD40L is transferred to antigen-pulsed B cells and not bystander B cells
following overnight incubation with SCC7 Th1 or Th2 cells. A and B, Each FACS
plot shows the percentage of B cells that have acquired CD40L following overnight
incubation with 5SCC7 Th2 (A) or Thl (B) cells in the presence of fluorescently labeled
anti-CD40L antibody. Thl results are representative of 5 experiments and Th2 results are
representative of 2 experiments. C, Percentage CD40 KO Ag+ and Ag+ B cells positive
for CD40L following overnight incubation with SCC7 Th1 or Th2 cells in the presence of
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anti-CD40L-PE. Thl (n=2) Th2 (n=1) D, Graph shows the results from individual
experiments with Thl cells. Th1 Results were statistical analyzed by an unpaired, two-

tailed t-test. P values were calculated as follows: Ag+ vs. Ag- p =.0035, Ag+ vs.
CD40KO Ag+p=0.0122, and Ag- vs. CD40KO Ag+ p = 0.0004.
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Figure 20. Antigen-specific CD40L transfer is not dependent on B cell-derived
CD40L and is mostly independent of FcR on B cells. A, Dot plots show CD40L
transferred to Ag-pulsed (Ag+), bystander (Ag-), and CD40L KO Ag+ B cells following
overnight incubation with SCC7 Th1 cells in the presence of fluorescently labeled anti-
CDA40L antibody. B, Percentage of B cells (Ag+ or CD40 KO Ag+) transferred CD40L
following incubation with SCC7 Thl cells in the presence or absence of FcR blocking
antibody (10 pg/ml). Graphs shows the percentage of B cells transferred CD40L in the
presence of absence of FcR blocking antibody for three individual experiments (+/- SD).
Addition of FcR blocking antibody with CD40 KO Ag+ cells was only performed once.
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Figure 21. CD40L is transferred equally to antigen-pulsed B (Ag+) and CD40
knock-out antigen-pulsed B cells (CD40 KO Ag+) B cells following a two-hour
incubation in the presence of PE-anti-CD40L with SCC7 Th1 cells. A, Histogram
shows ICAM levels on the B cell populations listed in the legend after two hours of T/B
cell incubation. B and D, CD40L transfer detected during two hours on B cell populations
listed above FACS plot. C, Graph shows the percentage of B cells positive for CD40L
transfer following 2 hour incubation with SCC7 Th1 cells in the presence of PE-anti-
CDA40L for two individual experiments. E, Transfer of CD40L to the B cell populations
listed above FACS plots in the absence (top) or presence (bottom) of FcR blocking
antibody (10 pg/ml) during the two-hour incubation time. This experiment was only

performed once.
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Figure 22. Antigen-pulsed B cells and not bystander B cells are positive for CD40L
following overnight incubation with SCC7 Th1 cells in the presence of anti-CD40L
antibody as assessed by laser scanning microscopy. The microscopy image shows B
and T cells following overnight incubation in the presence of anti-CD40L-APC antibody
that were then stained for CD19-FITC (B cell marker, shown in green), fixed, and added
to a single chamber of a poly-I-lysine treated 8 chambered dish. Prior to overnight
incubation Ag+ B cells were Cell Trace Violet (CTV) labeled, shown in blue. CD40L
presence on both T and B cells is detected by anti-CD40L-APC and is shown in red in the
image. Numbers label B cells in the image that fit requirements for quantification as
described in the methods of this chapter.
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Figure 23. Transferred CD40L is found intracellularly and on the surface of Ag-
pulsed B (Ag+ B) cells following overnight incubation with SCC7 Th1 cells.
Representative images of high magnification Ag+ B cells (green (CD19) and blue (CTV))
and bystander B (Ag-) cells (green only (CD19)) together with T cells are shown in the
top of A. and B. with and without DIC following overnight incubation. White arrows
point to each B cell and a few CD40L expressing T cells are labeled in the DIC image.
Shown in the lower images in A. and B. is a frame from a movie created from 0.25 pM z
stacks through the cells shown in the images above. CD40L-APC positive cells are
shown in red in these images. Intracellular CD40L is detected in the Ag+ B cell in A. An
example of surface CD40L is shown in B.
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Figure 24. CD40L is present on Ag-pulsed CD40 knock-out (CD40 KO Ag+) B cells
following incubation with SCC7 Thl1 cells. A, Representative high magnification image
of T and B cells following overnight culture in the presence of anti-CD40L-APC
antibody, stained with CD19-FITC, and placed into a poly-l-lysine treated glass chamber.
A, White arrows point to a CD40 KO Ag+ containing CD40L (shown in red) and a CD40
KO Ag+ B cell negative for CD40L following overnight culture. Bystander B cells (Ag-)
are stained with CD19 (green only) and CD40 KO Ag+ B cells are both CTV (blue) and
CD19 (green) positive. A few T cells are also labeled in the image. B, Same image as in
A but with the DIC turned off in order to better display fluorescent labeling. C, A frame
from a movie created from 0.25 pM z stacks through the cells in A and B.
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Figure 25. Transferred CD40L is detected both at the surface and intracellularly on
antigen-pulsed B cells. Quantification of data from the Ag+ and Ag- B cells from two
microscopy experiments as shown in Figures 15 and 16. The graph shows the percentage
Ag+ and Ag- B cells positive for presence of CD40L following incubation with SCC7
Th1 cells in the presence of anti-CD40L-APC antibody for two individual experiments.
Pie charts show the relative numbers of B cells positive for surface, intracellular, or both
surface and intracellular CD40L following overnight incubation with SCC7 Th1 cells.
Intracellular versus surface CD40L was assessed via z-stacks using CD19 as a surface
marker on B cells. There were 281 B cells analyzed in Experiment 1 (128 Ag+ and 153
Ag-) and 193 total B cells for Experiment 2 (88 Ag+ and 105 Ag-).
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Figure 26. Microscopy cultures analyzed by flow cytometry confirm percentages of
CD40L transfer to antigen-pulsed B cells by SCC7 Thl1 cells after overnight
incubation in the presence of APC-anti-CD40L antibody as determined by
microscopy. The top row shows B cell populations stained with control hamster IgG-
APC during overnight incubation with SCC7 Thl cells in the presence of this antibody.
The bottom row shows B cell populations following overnight incubation of T and B
cells with addition of an APC-labeled CD40L antibody. Results are comparable to the
statistics determined from laser scanning microscopy experiments and quantified in the
graph in Figure 18.
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Chapter 4: Despite disorganized synapse structure, Th2 cells
deliver CD40L to antigen-expressing B cells with the same
efficiency as Thl cells

Jennifer Gardell and David Parker planned submission.

Abstract: Thl and Th2 cells, upon recognition of peptide displayed on MHC

molecules, form distinct immunological synapse structures (25, 114). Thl cells have a
bull’s eye synapse structure with the TCR and MHC interactions occurring central to
adhesion molecules, while Th2 cells have a multifocal synapse with small clusters of
TCR/MHC interactions throughout the area of T cell/APC interaction. The function of
this difference in immunological synapse structure has yet to be determined. Abraham
Kupfer was the first to describe the immunological synapse which he observed in natural
killer cells, cytotoxic T lymphocytes, and helper T cells interacting with antigen-
presenting target cells (198). These studies were originally pursued investigating the
question of how NK and CTLs could lyse their targets cells after antigen recognition
while leaving their own cellular membranes intact. Kupfer saw that upon interaction with
antigen-presenting cells there was a reorganization of microtubule organizing center in
the T cells followed by an accumulation of actin at the area of interaction with the APC.
He proposed that the immunological synapse structure may be important for the delivery
of cytotoxic granules, as well as T cell help in the case of T helper cells. Therefore I
hypothesized that the Th1/Th2 difference in immunological synapse structure maintains
functional differences in the delivery of cytokines between these two T cell subsets.

CDA40 ligand (CD40L) is an essential membrane bound cytokine delivered by helper T
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cells after recognition of foreign antigens displayed on the MHC molecules of antigen-
presenting cells. It has been shown that CD40 accumulates at the immunological synapse
(181), but whether or not CD40L is mobilized to the cell surface at this point of contact to
induce changes in the antigen-presenting cell is not known. In order to evaluate the
delivery of CD40L within different immunological synapse structures, I used the in vitro
overnight assay described in Chapter 3 in which Th1 and Th2 cells were incubated with
antigen-specific and bystander B cells. Results from these experiments suggest that
despite differences in immunological synapse structure, Th1 and Th2 cells preferentially
activate antigen-specific APCs. When Th1 and Th2 cells synthesize large amounts of
CDA40L, both the antigen-specific and bystander APCs are activated. Despite significant
differences in immunological synapse structure between Thl and Th2 cells, differences in
bystander and antigen-specific activation and inhibition of activation by anti-CD40L

were not revealed by the methods employed in this Chapter.
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Introduction:

CDA40L is essential to the development of an adaptive immune response. Once an effector
T cell enters a secondary lymphoid structure, it first interacts with a B cell at the
boundary between the T cell zone and B cell zone (199). Some T cells are then brought
into the follicle or B cell area by the B cells and these T/B interactions lead to the
formation of a germinal center. The T helper cells involved in T/B interactions expresses
CDA40L on their surface which can engage with CD40 and activate B cells to proliferate
and produce antibodies specific for the immunizing antigen. If CD40L is lacking during
this response, as in CD40LKO mice or after addition of anti-CD40L antibody, antibody
formation is suppressed, and germinal centers do not develop (64, 149). Due to the
essential nature of this cytokine in development of adaptive immunity, it is important to
learn more about how this cytokine is delivered during the initiation and course of this

response.

Cytokines are known to be released using two different pathways upon interaction with
an APC. Some cytokines, including IL-2 and IFNY are delivered towards the center of the
immunological synapse, while others, including TNFa, are delivered multidirectionally,
and actually away from the immunological synapse (105). Delivery of CD40L to the cell
surface was not investigated in this study, so it remains to be determined if this cytokine
uses one of these two pathways and/or alternative means (granule exocytosis,
microvesicles, exosomes) to reach the cell surface upon interaction of a T cell with an

APC. I hypothesize that delivery of CD40L would be tightly regulated and directed
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towards the synapse. This directed delivery would ensure only antigen-specific B cells
would become activated and receive the signals necessary to proliferate in the germinal
center. This targeted release of CD40L is comparable to cytotoxic T lymphocyte’s
(CTL’s) delivery of lytic granules to induce killing of only virally infected target cells,
and not uninfected bystanders (99, 100). Similarly, targeted delivery of CD40L by helper
T cells could limit help to only the antigen-specific B cells, and thereby aids in the

selection process necessary to develop high-affinity antibodies against foreign pathogens.

T cells express CD40L on the T cell surface with two different kinetics (76). First, there
is a small amount of preformed, intracellular CD40L expressed in all T helper cell
subsets, excluding T regulatory cells, that can be brought to the cell surface rapidly
following brief TCR stimulation (177). Additionally, like other cytokines, CD40L can
also be produced de novo upon longer interaction with an APC. This interaction induces a
signaling cascade in which CD40L’s transcription factors, AP-1 and NFAT, translocate
to the nucleus initiating transcription of CD40L mRNA (17, 18). Since in vivo imaging of
germinal centers has proven that most T cell/B cell interactions are brief and not long
enough for production of de novo protein (46-49), I was interested in the delivery of
preformed, intracellular CD40L, and how this delivery might be affected by differences

in immunological synapse structure.

Thl cells have a more organized bull’s eye synapse structure, while Th2 cells have a less

organized, multifocal synapse (94). I hypothesized difference in immunological synapses

may allow for differences in delivery of effector cytokines between these two subsets.
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Thl and Th2 cells play very different roles in adaptive immunity. Th1 cells specifically
activate dendritic cells in a process called dendritic cell licensing, a maturation process
necessary for upregulation of costimulatory molecules and production of cytokines
necessary for CD8 T cell activation and survival. Th1 cells are also involved in specific
activation of antigen-presenting B cells and have the ability to differentiate to a more
CTL-like cell and induce the killing of target cells through the release of cytotoxic
granules. Th2 cells, on the other hand, are involved in more diffuse inflammatory
responses like allergies and asthma (200). Therefore Th1 cells need a way to deliver their
cytokines in a restricted manner, while Th2 cells need to send signals to activate many
cells in a tissue at once. Delivery of effector molecules to the immunological synapse is
dependent on the extent of actin clearance in this interaction zone (110, 201). Th2 cells,
when compared to Thl cells, appear to have less actin clearance within the center of the
immunological synapse (94). Therefore I proposed that Th2 cells may have less directed
delivery of CD40L and be less efficient at activating solely antigen-pulsed cells, inducing
bystander B cells activation as well. Unfortunately techniques to polarize the most
relevant subset involved in B cell help, T follicular helper cells, have not been developed
(202), so the immunological synapse structure of Tth cells could not be investigated in

these studies.
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Materials and Methods:

Mice:

AD10 TCR transgenic mice on a B10.BR background, specific for pigeon cytochrome ¢
88-104 and reactive against moth cytochrome c 88-103 were provided by S. Hedrick
(University of California at San Diego, La Jolla, CA) by way of P. Marrack (National
Jewish Center, Denver, CO) B10A, 5CC7 TCR transgenic, and BIOA CD40 knock-out

mice were purchased and generated as stated in Chapter 3 of this dissertation.

Antibodies and labels:

The antibodies and reagents used for flow cytometry experiments were as follows: anti-

CD4 PeCy7, anti-CD19 PerCP, ICAM-biotin, Streptavidin-APC, anti-CD40L-PE, anti-

CD40L-APC. All were from eBiosciences. Cells were differentially labeled with

carboxyfluorescein succinimidyl ester (CFSE) or Cell Trace Violet (CTV) (Invitrogen) to

mark Ag-pulsed and bystander cells.

In vitro T cell polarization:

Thl and Th2 cells were generated using the same conditions as stated in Chapter 3.
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Intracellular Cytokine Stain:

Thl cells and anti-IL-4 treated Th2 cells were tested for production of IL-4 and IFNy by
intracellular cytokine stain. One million T cells were suspended in 100ul media treated
with brefeldin A (eBioscience) and phorbol 12-myristate 13-acetate (PMA) (Sigma-
Aldrich) and ionomycin (Sigma-Aldrich) for 5 hours in a 96 well plate at 37 °C. Cells
were fixed and permeabilized (eBiosciences kit) and stained with anti-IL-4-PE
(eBioscience) and anti-IFN y-APC (eBioscience). These samples were then analyzed on

BD LSRII flow cytometer.

In vitro overnight assay:

Assay was performed using the same conditions as stated in Chapter 3 of this

dissertation.

Supported planar lipid bilayers:

GPI-linked forms of Oregon Green 488 labeled I-E* (200 molecules/ pm?) and Cy5-

labelled ICAM-1 (300 molecules/ pm?) were incorporated into dioleoylphatidylcholine

bilayers as described (84, 85). 100 uM MCC was loaded to the bilayers for 24 hours in a

PBS/citrate buffer pH 4.5 at 37° C. These bilayers were supported on a coverslip in a
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Bioptechs flow cell (http://www.bioptechs.com/Products/FCS2/fcs2.html) closed

chamber system.

Live Cell Microscopy:

10" Th2 or anti-IL-4 treated Th2 in 1ml HBS buffer with 1% human serum albumin were
injected onto the bilayers at 37°C. Imaging was performed with a 60 X objective using
the DeltaVision CoreDV Widefield Deconvolution System. This system includes an
Olympus IX71 inverted fluorescent microscope, Nikon CoolPix HQ cooled CCD camera,
and a motorized stage is controlled by XYZ nanomotors, and the DeltaVision SoftWorx
software package. Images were analyzed and developed using ImagelJ, and differences in

immunological synapse structure were evaluated by a blinded observer.
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Results:

Prior work in the Parker lab showed that Th1 and Th2 cells have very different
immunological synapse structures (94). Whether this was due to the artificially high
levels of IL-4 in in vitro culture of Th2 cells or truly reflective of a difference between
these cell subsets had not been investigated. I compared the immunological synapses
generated by the Th2 cells that received anti-IL-4 upon secondary stimulation to those
that had been restimulated in the presence of IL-4 on the planar lipid bilayer. I found that
both the IL-4 treated and anti-IL-4 treated Th2 cells displayed the characteristic
multifocal synapse structure (Figure 27A and 27C). This allowed me to further
investigate the delivery of CD40L within two distinct immunological synapse structures

generated by the two helper T cell subsets.

All CD4 helper T cell subsets, with the exception of T regulatory cells, have an
intracellular compartment of preformed CD40L, which can be expressed rapidly on the
cell surface following TCR activation (177). Expression of preformed CD40L is inhibited
in in vitro generated Th2 cells due to the concentrated IL-4 in the in vitro cultures (189).
After secondary culture with anti-IL-4, the expression of preformed CD40 ligand was
restored in these cells. These experiments were performed with I-A%restricted DO11.10
T cells. In order to further investigate delivery of CD40L using the lipid bilayer system, I
had to determine if I-E*-recognizing Th2 cells also expressed performed CD40L upon
secondary restimulation and treatment with anti-IL-4. AD10 Th2 cells were polarized

with IL-4, anti-IFNy, irradiated splenocytes, and MCC for their primary stimulation. Four
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days after this primary simulation, cells were restimulated with anti-IL4 instead of IL-4 to
restore preformed CD40L expression. As with the DO11.10 Th2 cells (Chapter 2, (177)) I
saw restoration of CD40L expression (Figure 28A). Now that CD40L expression had
been restored in these cells, I had to determine that Th2 cells, after culture in anti-1L-4,
continued to express IL-4, the main cytokine indicative of Th2 cell polarization. As

expected, the anti-1L-4 treated Th2 cells did produce IL-4 and no IFNy (Figure 28B).

The reason for the difference in synapse structure between Th1 and Th2 cells is not
known. I hypothesized that the ring structure is required for specific delivery of CD40L
to antigen-bearing B cells. Therefore Th2 cells, with a multifocal synapse, would be
more likely to activate bystander B cells (B cells in the same cultures not bearing antigen)
than Th1 cells. This hypothesis was tested in an in vitro overnight bystander assay. In this
assay, ICAM is upregulated in those B cells that have received a CD40L signal. CD40
knock-out B cells cannot engage CD40L and therefore do not upregulate ICAM when
compared to CD40 sufficient B cells (Chapter 3, Figure 10D). Some of the B cells in this

assay were pulsed with antigenic peptide, while others (bystanders) were not pulsed.

I was particularly interested in the delivery of preformed CD40L, because it could be
delivered in less than 30 minutes of TCR stimulation. /n vivo imaging studies have shown
that this is the time period of most T/B interactions in the germinal center (46-49, 203),
where CD40L is know to be an essential player in the generation of high affinity
antibodies necessary for the clearance of a pathogen (149, 178). Results show that when

CDA40L is limited to a small, intracellular amount equivalent to that of preformed CD40L
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which can be delivered rapidly to B cells, both Th1 and Th2 cells provide solely antigen-
specific activation (Chapter 3, Figure 10A and 10B). Thus, despite differences in
immunological synapse structure, there is no difference in bystander activation between
Thl and Th2 cells. Even when T cells and APCs were spun down together in a round-
bottom 96 well plate overnight, increasing the likelihood of bystander activation, both
Th1 and Th2 cells only activated the antigen-pulsed APCs and not bystanders (Chapter 3,

Figure 10C and 10D).

To further explore delivery of antigen specific help, I evaluated antibody inhibition using
a CD40L specific blocking antibody. I thought antigen-specific help may be harder to
block in the case of Thl cells due to their bull’s eye synapse structure, where the ring of
the adhesion molecules or the mode or speed of delivery may limit exposure to the
neutralizing antibody, while the Th2 cells have a much more disorganized synapse that
may allow for more efficient blocking of the delivery of help. In the presence of CsA to
prevent new CD40L synthesis, when only small amounts of intracellular CD40L is
present, blocking antibody completely blocks all antigen-specific activation in the case of
both Thl and Th2 cells (Figure 29). Both antigen-specific and bystander help occur when
T cells are not treated with CsA and CD40L is expressed in large amounts (Chapter 3,
Figure 11A and 11B). The CD40L delivered from Th2 cells to the antigen-pulsed B cells
may be more easily blocked, as shown by the slightly greater inhibition of ICAM
upregulation on Ag-specific B cells (Chapter 3, Figure 14) at comparable anti-CD40L
concentrations (Figure 15 and 30). However this result may be due to differences in the

amount of CD40L produced by Th1 and Th2 cells in these experiments, so a difference
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between these subsets in sensitivity to antibody inhibition or antigen-specific versus

bystander activation was not ascertained in the experiments presented in this Chapter.
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Discussion:

Despite their different roles in the development of an immune response, Th1 and Th2
cells both deliver CD40L in a directed manner to antigen pulsed cells (Results
summarized in Figure 31). Although I did not detect differences in delivery of CD40L
due to differences in immunological synapse structure among Th1 and Th2 cells, T cells
produce a wide variety of other cytokines and proteins that influence the immune
response at the point of T cell/APC contact. It may be that differences in immunological
synapse structure are necessary for the proper release of other cytokines or chemokines.
Specifically, the classic cytokine released by Th1 cells is IFNy, while Th2 cells release
IL-4. This difference in cytokine expression is a defining difference between these
subsets, and perhaps differences in immunological synapse structure are to ensure
differences in the delivery of other cytokines, and not CD40L. Huse et al. showed that
IFNy is released towards the point of T cell/APC contact, while IL-4 release was
multidirectional (105). As stated in the introduction, Th2 cells are involved in more wide-
ranging immune responses, like allergies and asthma, and therefore Th2 cells may release
IL-4 within the multifocal synapse to activate many cells in a tissue at one time.
Alternatively, Th1 have the potential under some circumstances to produce cytotoxic
granules, so the function of the bull’s eye synapse may be to direct the release of lytic
granules and not cytokines. The release of CD40L and lytic granules were shown to

involve different trafficking machinery by experiments with the ashen mouse in Chapter

2.
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T follicular helper cells are the most relevant subset to evaluate when analyzing T/B
interaction (179, 204, 205). This subset of T helper cells interacts with B cells in the
specialized areas of lymph nodes and spleens called germinal centers. This is the area
where the processes of somatic hypermutation and isotype switching occur, allowing for
pathogen clearance. It has been shown that tumor infiltrating Tth cells may help to
maintain CTLs at tumor sites, though they do not differentiate into cells that produce
cytotoxic granules (206, 207). Therefore if the bull’s eye synapse is necessary to ensure
delivery of cytolytic granules, I would predict that Tth have a multifocal synapse
structure like Th2 cells. I did not analyze T follicular helper cells specifically because
effective conditions for inducing them in vitro have not been discovered (202). Future
work will have to be completed to determine the immunological synapse structure of Tth

cells and delivery of CD40L within this structure.

Due to the essential role of CD40L in the development of an adaptive immune response,
understanding the delivery of CD40L to antigen-presenting cells could provide a means
to design better treatment for individuals with deficiencies in this protein. Deficiencies in
CDA4O0L results in hyper-IgM syndrome in humans, and the only treatments available to
these patients are immunoglobulin replacement therapy, which does not restore resistance
to macrophage-dwelling pathogens, or stem cell replacement (68, 69, 71). Identifying the
trafficking molecules involved and pathways used by CD40L for expression on the T cell
surface may offer an alternative means to manipulate CD40L expression and further
inform the design of gene therapy for such individuals. It will be necessary to understand

the regulation of CD40L, both at the level of protein and transcriptionally, to ensure
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proper expression of a transgenic CD40L. Overexpression of CD40L in transgenic mice
leads to disruption of thymic architecture and lymphoproliferative disease (208, 209).
Transduction of a retroviral vector containing CD40L into CD40L deficient cells that
resulted in constitutive, low level expression of CD40L transferred into CD40L knock-

out mice also resulted in a lymphoproliferative disease (210).

Future studies will be needed to determine if Th1 and Th2 cells release CD40L within the
cSMAC at the points of TCR-pMHC interactions. Using the planar lipid bilayer system,
it should be possible to determine if CD40L is released only at the points of pMHC-TCR
interaction, or whether it is also released into areas where the adhesion molecules are
interacting. Further knowledge of where within the immunological synapse CD40L is
released could allow for better targeting of CD40L in patients lacking or expressing too
much CD40L. Similar to bystander killing, activation of the non-antigen specific cells
may be harmful to the host, triggering non-specific inflammation or autoantibody
formation which may lead to the destruction of healthy host tissues. Lupus patients’
helper T cells have been shown to have increased expression of CD40L when compared
to healthy controls leading to the production of pathogenic autoantibodies (211). It has
been suggested that this is due to increased activation of signaling pathways downstream
of TCR activation as well as increased CD40L mRNA stability. Further understanding
these processes and the molecules involved in regulation of CD40L will allow us to better
understand and manipulate the immune response in cases of immune deficiencies or

overstimulation in the case of autoimmune diseases.
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Figures:
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Figure 27. The anti-IL-4 treated Th2 cells retain a multifocal immunological
synapse structure. A, Representative images of AD10 Th2 and anti-IL-4 treated AD10
Th2 immunological synapses. AD10 Th2 and anti-IL-4 treated AD10 Th2 cell synapses
were imaged on a widefield microscope after addition to a lipid bilayer containing GPI-
linked Oregon Green labeled I-E* and Cy5 labeled ICAM. Cells were evaluated for
presence of the structures depicted in B. C, Anti-IL-4 treated AD10 Th2, similar to non-
anti-IL-4 treated AD10 Th2 cells, have immunological synapses without an ICAM ring
and are multifocal. The percentage of ICAM ring verses no/partial ICAM ring and
unifocal verses multifocal synapses in AD10 Th2 and anti-IL-4 treated AD10 Th2 cells
are shown in the bar graphs in C. Cells were analyzed and pooled from three different
experiments. (Experiment 1: 132 cells (Th2: 82, anti-IL-4 Th2: 50), Experiment 2: 928
cells (Th2: 650, anti-IL.-4 Th2: 278), and Experiment 3: 492 cells (Th2: 255, anti-IL-4
Th2: 237))
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Figure 28. Anti-IL-4 treated SCC7 Th2 cells express preformed CD40L and secrete
IL-4 and no IFNy upon PMA/Ionomycin stimulation. A, Upon secondary culture with
anti-1L-4, in vitro generated SCC7 Th2 cells express preformed CD40L in similar
amounts as SCC7 Th1 cells. SCC7 Th2 or anti-IL-4 Th2 cells were stimulated (black) or
not (grey) with PMA/Ionomycin for 30 minutes or 2 hours and expression of CD40L was
measured by anti-CD40L-PE. B, Stimulated anti-IL-4 treated SCC7 Th2 cells continue to
express IL-4 and do not express IFNy after 5 hours of PMA/Ionomycin stimulation by
intracellular cytokine staining.
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Figure 29. Activation of antigen-pulsed B cells by CsA-treated SCC7 Thland Th2
cells is completely blocked by addition of anti-CD40L blocking antibody. Histograms
are representative of three independent experiments and show ICAM uregulation on each
B cell population listed following overnight incubation with SCC7 Th1 or Th2 cells in the
presence or absence of 10 pg/ml anti-CD40L blocking antibody.
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Figure 30. Th1 help for antigen-pulsed B cells is not more resistant to antibody
inhibition than help provided by Th2 cells. Non-CsA treated SCC7 Thl or Th2 cells
were incubated overnight with Ag-pulsed (Ag+) and bystander (Ag-) B cells in the
presence of anti-CD40L blocking antibody at the concentrations listed. ICAM levels were
measured on Ag+ B cells after overnight incubation. Results suggest that there is no
difference in inhibition of ICAM upregulation by SCC7 Thl and Th2 cells at all
concentrations of anti-CD40L blocking antibody tested. Grey filled histograms represent
ICAM levels on no Ag control B cells in a well with either SCC7 Th1 (left histogram) or
Th2 (right histogram) cells.
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Figure 31. The delivery of help to B cells by T cells is independent of immunological
synapse structure. Despite distinct immunological synapse structures, Th1 and Th2 cell

delivery of CD40L to B cells is similar. When Th1 and Th2 cells are treated with
Cyclosporin A (CsA), they deliver only Ag-specific help. When CD40L synthesis is not
inhibited, Th1 and Th2 help both Ag-pulsed and bystander B cells, but the Ag-pulsed
cells receive more help as measured by ICAM activation levels on these B cells.
Bystander help by non-CsA treated T cells is completely blocked by an anti-CD40L
blocking antibody, while Ag-pulsed B cells still receive help.
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Chapter 5: Summary and Conclusions:

I. Summary

The experimental results presented in this dissertation provide new insights regarding the
delivery of T cell help during antigen-specific reactions. Specifically the experiments
presented address the mechanism of CD40L delivery by helper T cells that results in
productive signaling and selection of antigen-specific B cells during brief interactions in
the germinal center. CD40L does not have to be made de novo following helper T cell
recognition and engagement of antigen in the context of MHC on an antigen-specific
APC, but can be delivered rapidly to the T cell surface from a intracellular storage
compartment. This preformed CD40L is sufficient to fulfill many of the functions
traditionally thought to require synthesis of de novo protein (Chapter 2 and (126)). In this
dissertation, I show for the first time that CD40L is deposited on the B cell following
antigen-specific interactions. Microscopy experiments revealed that the deposited CD40L
exists both intracellularly and on the surface of B cells following overnight incubation of
T cells. Since CD40L engages CD40 molecules on B cells, deposition of CD40L on the B
cells may provide a means for T cells to initiate sustained productive signaling despite
brief interactions in germinal centers. Future experiments will be necessary to determine
if the transferred CD40L is functional to induce productive B cell signaling. This could
be accomplished by sorting out the cells that have received transferred CD40L and
comparing these cells to the antigen specific cells that have not received CD40L.
Signaling molecules downstream of CD40-CD40L interaction could then be measured in

CDA40L transfer positive B cells. Intravital imaging in a mouse with a fluorescently
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labeled CD40L may allow for visualization of transfer of CD40L to antigen-specific B
cells during an active immune response in vivo. Visual proof from intravital microscopy
that CD40L is delivered and deposited on B cells during the short interactions in germinal
centers would complement the in vitro studies presented in Chapter 3 of this dissertation.
It was also determined that despite distinct immunological synapse structures, Th1l and
Th2 cells deliver help to B cells in an antigen-specific manner, and not to bystander cells
in in vitro cultures. This directed delivery of T cell help may be a result of the deposition

of vesicles containing CD40L on antigen-pulsed B cells at the immunological synapse.

I1. Functional significance of preformed CD40L

The second chapter of the dissertation discusses the function of a newly described
intracellular secretory compartment containing CD40L. Prior to the discovery of
preformed CD40L, it was thought that cytokines had to be made de novo upon T
cell/APC interaction. The transcription and translation process necessary for de novo
protein synthesis takes one or more hours to be completed, so how CD40L could possibly
be delivered during the brief T/B interactions in the germinal center was not known.
Since preformed CD40L is delivered in minutes of TCR stimulation, it offers an
explanation as to how this occurs. Experimental results presented in this chapter also
show that the small amount of intracellular CD40L is capable of many of the functions
which were previously though to require the production of new CD40L protein, including
upregulation of costimulatory molecules and production of cytokines by APCs, as well as

induction of proliferation of antigen-specific B cells.

Cyclosporine A treatment of T cells in vitro allowed for assessment of the functions of
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preformed CD40L, but it remains to be determined if preformed CD40L is functional in
vivo, or if both preformed and newly synthesized CD40L pass through this regulated
secretory compartment on their way to the APC. Proof that performed CD40L is
functional in vivo would require a mouse model in which TCR stimulation does not
increase de novo CD40L production, and the amount of CD40L synthesized is limited to
the amount necessary to fill the intracellular secretory compartments of effector and
memory T cells. As part of my thesis work, I tried to generate such a mouse using a
tetracycline off system. This mouse was designed to produce CD40L from a transgene
with a promoter region dependent on a transactivator that could be inactivated when
tetracycline is given to the mouse in its drinking water. On a CD40L knock-out
background, the only CD40L produced by the mouse would be from the tetracycline
regulated transgene. This would allow for titration of the amount of CD40L that was
being produced by the T cells in the mouse, and uncouple CD40L synthesis from TCR
signaling. The construct behaved as expected in a transfected cell line, but I obtained
only three transgenic mouse lines from the OHSU transgenic facility, and none of them
expressed the transgene, whether or not the mothers were treated with tetracycline. This
may have been due to silencing of the inserted transgene by epigenetic factors or other
types of regulation. I planned experiments to examine this transgenic mouse for
deficiencies in germinal center formation and antibody production. The mouse would be
immunized with nitrophenyl conjugated ovalbumin, and at day 7, B cells would be
assessed with the germinal center markers, CXCRS5 and PNA. Antibodies would also be
assessed for affinity maturation by looking for known mutations in complementarity

determining regions by polymerase chain reaction and for class switching using
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antibodies specific for different classes of antibody. If preformed CD40L is sufficient for
these changes, then the deficiencies associated with the lack of CD40L during an
antibody response would be alleviated. This would indicate that the large amounts of
CDA40L seen on the surface of T cells in vitro upon two hours of TCR stimulation may
not be necessary for a germinal center response, and may be an in vitro artifact. CD40L
expression may be regulated by the availability of antigen during an immune response.
Perhaps during the brief antigen-specific interactions in vivo, CD40L can be produced de
novo as a result of summation of all the signals received during multiple antigen-specific
interactions. Following this rationale, the CD40L secretory compartment would be
continuously replenished when an antigenic challenge is occurring. Alternatively, de
novo CD40L production following TCR engagement may be necessary only during the
long interactions necessary for initial priming of the T cells and/or activation of naive B
cells. I planned to test this possibility by adding tetracycline to the CD40L transgenic
animals to turn down CD40L synthesis on days 2 or 3 following antigen exposure or
during the secondary response. These suggested experiments would add in vivo relevance

to the in vitro experimental results of Chapter 2.

The knowledge of the function of preformed CD40L that could be gained from the
suggested CD40L transgenic line would be complemented with a mouse lacking the
secretory compartment that allows preformed CD40L to be delivered to the cell surface
following TCR engagement. A Rab27a knock-out mouse (ashen mouse) was tested as a
potential candidate in Chapter 2 of the dissertation, and although this mouse lacked
surface expression of CD107a after TCR stimulation as reported (212, 213), it was not

deficient in rapid surface expression of CD40L. I tested other potential candidates for
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regulation of preformed CD40L including a double mutant p38 knock-in mouse (214)
that lacks an alternative signaling pathway to p38 downstream of the TCR, SAP knock-
out mice (52), and a mouse deficient for transcription factors thought to be associated
with transcription of CD40L (TFE3 and TFEB) (215). None of the mice tested were
deficient for stimulated surface expression of preformed CD40L. Other candidate genes
could be investigated in knock-out mice similar to the ashen mouse (Rab27a knock-out),
including beige-J (216) and VAMPS8-null (217). These mice have deficiencies in
exocytosis and also altered immune responses due to their inability to secrete proteins
necessary for T and NK cell killing. If I had been able to find or generate a mouse lacking
this function, I would test it in many of the same ways I proposed above for the mouse

which only had preformed CD40L.

Regulated exocytosis of effector proteins in cells of the immune system has been a
developing field of study in recent years (105, 218-220). These secretory pathways are
essential for the function of many immune cells including mast cells (associated with
allergic inflammation), macrophages, NK cells, and cytotoxic T lymphocytes. As an
alternative to mouse knock-out models, proteins involved in the trafficking and
exocytosis of effector proteins have been identified using siRNA technology. I attempted
these experiments in primary CD4 lymphocytes with some candidate proteins known to
be involved in vesicle trafficking in lymphocytes (syntaxin 11 (221, 222), vamp 8 (223,
224), and SNAP23 (222)), but unfortunately my attempts to knockdown trafficking
molecules by electroporation of siRNA into primary lymphocytes were unsuccessful.
Knockdown of the control surface molecule CD4 was efficient, but not of the candidate

trafficking molecules. New Crispr/Cas9 technology may allow for faster identification of
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novel trafficking pathways in immune cells both in vivo and in vitro (225).

II1. CD40L is transferred to antigen-presenting B cells by helper T cells

In Chapter 3 of my dissertation, I identified a new mechanism of delivery of CD4 T cell
help to antigen-presenting B cells. To my knowledge, this is the first time that the transfer
of CD40L to antigen-specific B cells or other APCs has been shown. Prior to this
discovery, it was assumed that T cell CD40L engages with CD40 on APCs and then
remained on the T cell surface for a period long enough to initiate productive downstream
signaling in the APC at which point it was downmodulated from the T cell surface (137).
However, transfer of CD40L suggests a different way in which delivery of CD40L can
induce signaling in antigen-specific B cells. Instead of a short engagement of CD40L on
the surface of the T cell with CD40 on the surface of the B cell, CD40L may engage with
CDA40 after it is deposited on the B cell. This would allow for continuing signaling from
CDA40 after the end of a short T cell-B cell engagement (Figure 32). As stated in Chapter
3, this idea has recently been proposed by Michael Dustin in a review (125), though it has
not yet been evaluated experimentally. Deposition of CD40L onto antigen-specific B
cells could provide a means by which B cells can quantify the amount of help they
received during multiple short interactions with T cells in the germinal center. The
CD40L deposited on the B cell may be essential for effective signaling necessary for

survival, proliferation, and differentiation to antibody secretion by the B cell.

The initial discovery of transfer of CD40L from helper T cells to antigen-bearing B cells
resulted from the method used to measure CD40L expression on T cells in the in vitro

overnight assay as discussed in Chapter 3 of the dissertation. The fluorescently labeled
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antibody was included during the incubation of the B and T cells allowing the existence
of transfer to be revealed. This may be due to the fact that the addition of the anti-CD40L
antibody to the T/B cell cultures allowed for accumulation of CD40L on the surface of T
cells without downregulation by CD40+ cells in the cultures (137). Therefore large
amounts of labeled CD40L may accumulate on the T cell surface and also be labeled
during delivery to antigen-specific B cells, allowing the process of antigen-specific
CDA4O0L transfer to be revealed. Despite the perhaps artificially high amounts of CD40L
labeled with a fluorescent antibody in these cell cultures, bystander transfer was still not
detected, indicating that the process of transfer is solely directed towards antigen-
presenting cells. The fluorescently labeled anti-CD40L antibody may also allow for
detection of antigen-specific transfer due to longer periods of stabilized expression on the
B cells following interaction with T cells. CD40L transfer to antigen-specific B cells was
also verified experimentally without the overnight inclusion of the fluorescently labeled
anti-CD40L antibody by fixing and permeabilizing CD40L knock-out B cells following
overnight incubation with helper T cells before staining with anti-CD40L (Figure 18).
Since the CD40L knock-out B cells were incapable of producing CD40L, this internal
CD40L found on antigen-presenting B cells had to be of T cell origin, further supporting
the existence of antigen-specific transfer. This also indicates that transfer is not just an

artifact of addition of anti-CD40L to the system.

Transfer of molecules and exosomes between activated T cells and APCs has been shown
previously and linked to T cell activation (226, 227). In vitro overnight incubation of T
cells with DCs results in the accumulation of APC derived MHC molecules on the T cells

(228-231). These transferred molecules can stay at high levels for up to two hours (232).
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In addition adoptive transfer of T cells into a mouse results in the surface of T cells being
coated with Ig molecules and non-T cell derived membrane fragments in a process called
trogocytosis (228-230). Therefore transfer does not just occur in environments created in
vitro. It will have to be determined if transfer of CD40L also occurs in vivo and if this is
necessary for selection of antigen specific B cells. As suggested in chapter 3, this transfer
may be a way for B cells to sustain CD40 signaling despite short interactions. However
productive signaling downstream of CD40 will need to be assessed in future proposed
experiments. This has been shown for other factors including TGFf (233) and NGF (234),
which are internalized and continue to signal. In addition MHC transfer to T cells has
resulted in increased signaling in T cells after APCs have been removed from the culture
(235). Through microscopy and fixing and permeabilizing the antigen-bearing B cells, I
was able to determine that CD40L accumulates intracellularly following interaction with
helper T cells. However whether transferred CD40L can engage CD40 and lead to
productive downstream signaling and whether this occurs on the B cell surface or needs

to be internalized in an endocytic compartment is not known. The form of CD40L also
has to be further characterized. Although transferred CD40L appears in punctate spots on
and inside B cells, whether this is in the form of an exosome, microvesicle, or patches of
transferred membrane that have fused with the B cell surface has not yet been determined.
Electron microscopy and markers which specifically defined these different extracellular

vesicles could be used in this characterization (236).

It has recently been recognized that extracellular vesicles provide a means of
communication among different cell types, and this subject has only recently been

investigated in terms of immune cells (237). Exosomes delivered between two different
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cell types contain proteins, mRNA, and microRNAs that can influence the protein
expression and function in the receiving cells. Recently it has been shown that another
means of suppression by regulatory T cells may be the delivery of microRNAs that can
downregulate inflammatory genes in interacting cells (238, 239). It seems like the
immunological synapse, which is contact zone between T cell and APCs upon
recognition of antigen may allow for communication and signals to be sent between these
two cell types, and therefore may offer a place for such short-range communication
events to occur during an immune response. Many more advances will probably be made
following this relatively new line of investigation in immunology in the areas of cellular
communication via extracellular vesicles, including both microvesicles and exosomes.
Delivery of extracellular vesicles within the immunological synapse would allow T cells
to deliver short-range antigen-specific signals capable of inducing sustained signaling in
target cells despite brief interactions. The transferred extracellular vesicles may be the
way in which highly motile cells, like T and B cells within the germinal centers, deliver
functional signals and communicate with their target cells. In fact, FasL. and CTLA-4,
which are known to be stored preformed in intracellular compartments like CD40L have
both been suggested to exist in functional membrane bound vesicles (240, 241).
Therefore, functional vesicles may be a common mechanism of delivery of membrane

bound effector proteins, like CD40L.

IV. Functional significance of Immunological Synapse

The function of the immunological synapse in terms of delivery of help to APCs was

investigated in Chapter 4 of this dissertation. It had previously been discovered in the
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Parker lab that different helper T cell subsets have different synapse structures, however
the function of these differences is not known. I hypothesized that the Thl ring structure
synapse is required for specific delivery of CD40L to antigen-bearing B cells, while Th2
cells, with a multifocal synapse, would be more likely to activate bystander B cells.
However, I was unable to uncover differences in delivery of CD40L to antigen-specific
and bystander B cells between Th1 and Th2 cells as assessed by the methods described in
Chapter 2. Thl and Th2 cells form stable synapses upon interaction with antigen-
presenting cells (94) as opposed to Tregs which form motile synapses as they move
rapidly over APCs. At high concentrations of CD80 on the APC, Tregs stop moving,
form a ring synapse, and modulate expression of surface molecules (25) or deliver
cytokines like IL-10, which is known to be necessary for some of the inhibitory
properties of Tregs and delivered directionally to APCs (105). Th1 cells (172) and Tregs
(242) can behave like cytotoxic T cells under certain circumstances, so it may be that the
bull’s eye synapse seen is solely necessary for the release of lytic granules. T follicular
helper cells are the main helper T subset involved in the selection processes necessary for
development of a memory B cell population and affinity maturation of antibodies. The
immunological synapse structure of T follicular cells has yet to be determined due to the
lack of knowledge of the signals required for consistent in vitro generation of Tth (202). I
would predict that if the immunological synapse is necessary solely for deliver cytolytic
granules, which are not produced by Tth cells, then Tth cells would have a multifocal

synapse structure similar to that seen with Th2 cells.

Future experiments will be necessary to assess the delivery of CD40L in the context of

the immunological synapse. My hypothesis is that CD40L is delivered at the points of
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TCR-peptide-MHC interaction within the synapse but not within the areas of adhesion
molecule interactions in the synapse. I generated a lentiviral pHlourin-CD40L construct
to approach this question. Phlourin is derived from GFP but has mutations which make it
non-fluorescent with GFP filters at low pH and fluorescent like GFP at neutral pH at the
cell surface (243). CD40L is stored intracellularly within a secretory lysosome, which is
an acidic compartment. Therefore pHlourin-CD40L which traffics to the appropriate
intracellular location should be non-fluorescent, and upon TCR stimulation when
pHlourin-CD40L is brought to the cell surface, it should become fluorescent similar to
GFP. I have transduced activated CD40L knock-out T cells with this construct and upon
PMA/Ionomycin stimulation I detect an increase in fluorescence in the GFP channel as
well as measurable expression of CD40L by flow cytometry. Since these T cells are
CDA40L knock-out, the only CD40L measureable in these cells would be of lentiviral
origin. In future experiments, I will add the transduced T cells to lipid bilayers to
visualize where within the immunological synapse CD40L is delivered allowing me to
address my proposed hypothesis that CD40L is delivered to the points of TCR-pMHC
interaction and not where adhesion molecules are interacting in the pSMAC. In addition
to the wide-field microscopy experiments proposed, using the pHlourin construct, I can
also measure delivery of CD40L at the T cell surface upon antigen recognition using
TIRF microscopy. TIRF microscopy allows for visualization of proteins at and just below
(200 nm) the cell surface (244). Therefore it should be possible to see the GFP
fluorescence as the CD40L is delivered upon interaction with antigen displayed in the
context of MHC on the lipid bilayer. Alternatively, this construct can also be imaged via

spinning disk microscopy which will allow all delivery of CD40L, even that opposite the
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source of stimulation to be measured and compared. I would hypothesize that CD40L is
delivered mostly towards the APC, but using this technique I could assess the opposite

pole of the cell as well.

It has recently been determined that the same signaling pathways involved in hedgehog
signaling and intraflagellar transport exist in T cells and function in the immunological
synapse (102, 103, 245). Hedgehog signaling is a primary mechanism of communication
and diversification between cells during the early developmental stages of an organism.
However the molecular details of delivery of this essential cellular signal to its target
cells have not been clearly defined. The centrosome reorganization and polarization of
proteins involved in the immunological synapse is similar to events that occurs in cilia
and flagella suggesting that these structures may be functional homologs for cellular
communication (246). Activation of the hedgehog signaling pathway has been shown to
be important in activation of Racl which is necessary for the actin remodeling needed for
efficient killing of target cells (247). This supports the idea that the immunological
synapse functions in communication between T cells and target APCs. The signaling
pathways involved in developmental biology may actually impact broader scientific
fields. Therefore a more generalized knowledge of the early developmental pathways in

biology may inform scientific discoveries in immunology.
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Figure:

1. TCR recognition of pMHC and delivery of 2. Initiation of signaling downstream of CD40-
CD40L containing vesicles at the immunological CD40L engagement after T cell engagement
synapse during brief T/B cell encounters

3. Proliferation of B cells with high-affinity BCRs /
pMHC
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Figure 32. CD40L is transferred to antigen-bearing B cells resulting in selection and
proliferation of B cells with high-affinity BCRs. T cells recognize peptide in the
context of MHC molecules on B cells through their TCR. This results in the formation of
an immunological synapse. Upon formation of the synapse, T cells release CD40L-
containing vesicles that engage with CD40 on B cells. The CD40L vesicle engaged with
CDA40 is internalize within the B cells and downstream signaling results in proliferation
of these high-affinity B cells.
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