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The epithelial surfaces of the body, being constantly exposed to both innocuous
and potentially harmful substances and organisms, are protected by an array of
immune cells called Langerhans cells (LCs). As a bridge between the innate
(non-specific) and adaptive (specific) immune responses, LCs sense injurious
stimuli and contribute to tissue inflammation as well as initiate the antibody- or
cell-mediated specific responses to pathogenic organisms. These events represent
pivotal occurrences in the instigation of the immune response, and thus are

important targets for experimental investigatation. To explore the dynamic

iv



behaviors of LCs within the epithelial tissues, LCs in living corneal and epidermal
tissue were examined ex vivo and in vivo by multiphoton and confocal laser
scanning microscopy. LCs at baseline exhibit a unique behavior characterized by
rhythmic extension and retraction of the dendritic processes. To explore the
responses of LCs to tissue injury, LCs in the cornea and epidermis were examined
after pinpoint thermal or diffuse chemical injury. After these stimuli, LCs
displayed more active dSSEARCH and lateral movement through the tissue. These
behavioral responses were dependent on the inflammatory cytokines IL-1 and
TNFa, suggesting a requirement for these cytokines in LCs responses to injury.
After infection of the epidermis with pathogenic bacteria in vivo, LCs displayed
similar responses, showing increased dASEARCH and lateral migration. These
results indicate that LCs in different tissues react to varying pathogenic stimuli
with common behavioral responses and add a new dimension to our

understanding of LC biology.
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CHAPTER ONE
Introduction

DYNAMIC BEHAVIORS OF LANGERHANS CELLS IN SITU

Specific Aims of this Work

Unlike other types of dendritic cells (DCs), Langerhans cells (LCs) are
found at the very forefront of the body’s defenses against the external
environment, within the outermost layers of tissues like the epidermis and corneal
epithelium. While their functions as antigen presenting cells (APCs) have been
inferred from conventional assays and immunohistochemistry in various
experimental models, the dynamic behaviors of LCs within the tissues had yet to
be directly observed. Since understanding such behaviors would potentially lead
to a greater understanding of the complex and subtle nature of LC function, it was
the goal of this work to examine the behaviors of LCs within their native

environment where the critical steps in the initiation of immune responses occur.

To Study LC Behaviors Under Physiologic Conditions

To study LC behaviors, unique model systems were developed that
allowed for the multidimensional observation of LCs within living tissues for
extended time periods. Two-photon and confocal laser scanning microscopy were

used to examine LCs within living cornea and skin organ cultures, as well as live



animals, and the resulting four-dimensional image sets were used to quantify the

behaviors of the LCs using several different parameters.

To Study How Local Tissue Injury Affects LC Behaviors

Because LCs respond to tissue injury with alterations to their functional
characteristics, it was thought that such injury would also result in changes in LC
behaviors. Physical trauma was implemented to areas surrounding the LCs under
observation, and the changes in LC behaviors were recorded and analyzed. As
soluble mediators are thought to play a role in LC responses to injury, the roles of
two prototypic inflammatory cytokines, IL-1 and TNFa, in the LC behavioral

responses to pathologic tissue damage were examined.

To Study LC Behaviors During Infection by Pathogenic Organisms

One major role thought to be played by LCs is the initiation of
immunologic responses to pathogenic organisms. To investigate the behaviors
associated with LC responses to invading organisms, LCs were observed along
with bacterial cells by confocal microscopy. The resulting behaviors were

quantified using the parameters for dynamic movement as above.



CHAPTER TWO
Background

BASIC PRINCIPLES OF IMMUNOLOGY

The immune system is a complex collection of proteins, cells, and organs
that through a combined effort act to protect the body from injuries and insults
originating both from without and from within. It has evolved many arms to
achieve this goal, both effector and sentry. Within the epithelial tissues at the
external interfaces of the body, literally at the forefront of the immune system, are
sentinel cells known as Langerhans cells, which serve to alert and coordinate the
various effectors of the immune response. While much has been inferred
regarding the biology and function of these cells from previous studies, the
dynamic behaviors of these cells in their natural environs, which may be
important to our greater understanding of their biology, remain unknown. This
work will focus on the elucidation of the behaviors of Langerhans cells within the

epithelium and the ways in which they respond to pathogenic insults.

Innate Immune Responses

Considered the first line of defense against the myriad dangers to the

body, the innate arm of the immune response is evolutionarily very ancient, with



homologous components found across an incredibly diverse range of phyla and
species. In mammals, physical barriers, such as the epithelial tissues and secreted
antimicrobial compounds, make the most significant contribution, preventing the
vast majority of external threats from gaining access to the internal tissues of the
body. If a pathogen manages to circumvent these physical barriers, the immune
system is able to bring to bear an array of cellular and extracellular components to
contain and eliminate the incursion. Complement proteins present within the
extracellular fluid can spontaneously or specifically polymerize on the surface of
foreign particles, ranging from bacteria to viruses to the wooden fibers of a
splinter. The resulting protein complexes can disrupt the membrane potential of
bacterial cells and kill them directly, or, by coating their surface, make foreign
bodies more susceptible to phagocytosis by macrophages and polymorphonuclear
cells (PMNs). When viruses or certain bacteria enter the host cells, and thus
shield themselves from the complement and phagocytic cell systems, natural
killer (NK) cells are able to recognize the transgression and destroy the host cell

to prevent further growth or replication of the pathogen (1).

While the complement cascade can begin spontaneously on any surface,
the other important effector arms of the innate immune response are triggered
when the immune system is alerted to the presence of an invader—something that

is non-self. The ability of the immune system to distinguish self from non-self is



a central part of immunological dogma, and the innate immune response
accomplishes this task mainly through the use of pattern recognition receptors.

As life has evolved, certain classes of chemicals with unique structures have come
to be produced by or associated with specific groups of organisms. Examples
include lipopolysaccharide (LPS), a component of the outer membrane of Gram-
negative bacteria; CpG motifs, regions of unmethylated DNA found
predominantly in prokaryotic-, but not eukaryotic-, genomes; and double-stranded
RNA, the genetic component of some viruses. Such compounds are recognized
by families of proteins, including Toll-like receptors and C-type lectin scavenger
receptors, which bind to unique structural elements of the foreign material (2-4).
These receptors can be found on immune cells and non-immune cells, alike, and
upon binding their ligand can lead to or directly trigger the various effector
functions of the innate immune response, such as increased phagocytosis,

cytotoxicity, and cytokine and chemokine secretion (1).

As pathogens often bypass the physical barriers via physical disruption of
the tissues, we have evolved mechanisms by which injuries to the tissues alert the
immune system to possible incursion. The disruption of cellular membranes that
happens during acute trauma causes the release of intracellular materials into the
extracellular space, and both immune and non-immune cells posses receptors

capable of recognizing these unusual “danger signals.” Molecules like ADP,



ATP, and uric acid bind to cell surface receptors on neighboring healthy cells and
very rapidly trigger the release of proinflammatory cytokines like interleukin (IL)-
1 and tumor necrosis factor alpha (TNFa) (5-12). Moreover, many tissues,
especially the epithelial tissues where injury is likely to occur, contain pre-made
stores of inflammatory cytokines that are released upon injury (13-21). These
cytokines act in many ways to unleash the immune response—increasing blood
flow to the area, inducing the production of chemokines and adhesion proteins to
draw out leukocytes, activating immune cells, and causing a feed-forward
production of more inflammatory cytokines. These mechanisms act in concert to
draw the immune system to the site of injury and activate the effector cells so as

to destroy the invaders.

Adaptive Immune Responses

Over millions of years, the innate immune mechanisms have been honed
to recognize and destroy classes of potentially harmful organisms. Those
bacteria, viruses, and parasites did not sit idly by, however, and many have
evolved complex means to bypass, disrupt, or protect themselves from our innate
defenses. In turn we have developed a response to the increased threat posed by
these organisms—the adaptive immune response. Whereas the innate response

was characterized by germline-encoded receptors that recognize broad classes of



pathogen-associated molecules, the adaptive response employs polymorphic gene
segments that are rearranged to generate an incredibly diverse repertoire of
potential antigen (Ag) receptors. In addition, the rearrangement occurs in a clonal
manner, in that each cell possesses a single specific receptor, and only those cells
that possess a receptor recognizing the invading pathogen will divide and become
activated during the immune response. Thus the adaptive response is just that,
suiting the need of the immune system to specifically target and eliminate a

specific pathogen as the need arises (1).

Action on behalf of the adaptive immune response is carried out by two
families of cells, B cells and T cells, which differ in the type of specific Ag
receptors they express. The B cell receptor (BCR) is a membrane-bound form of
the immunoglobulin (1g) protein, which in its secreted form becomes the antibody
that is in fact the ultimate effector mechanism of the activated B cell. Antibodies
(Ab) are bivalent proteins composed of two identical heavy chains and two
identical light chains, each derived from a rearrangement of gene segments, and
are capable of initiating the complement cascade to kill pathogens, opsonizing
particles to make them better targets for phagocytosis, and blocking the active
sites of toxic proteins or viral attachment proteins. The T cell receptor (TCR) is a
monovalent protein that, unlike the BCR, can only recognize Ags when they are

present within specialized grooves in particular cell surface proteins called major



histocompatibility complex (MHC) proteins. T cells with the CD4 coreceptor
protein recognize Ags in the context of MHC class Il (MHC II) proteins; T cells
possessing the CD8 coreceptor recognize Ag within MHC class | proteins. This
difference in coreceptor expression amongst T cell subpopulations correlates with
the effector functions of the cells, in that CD4 T cells produce factors that recruit
other leukocytes to the sites of infection and license their effector function, while
CDS8 T cells possess the capacity to directly kill virus-infected or cancerous target
cells. Thus, once activated, the cells of adaptive immunity will respond in a
manner resulting in the specific neutralization of invasive particles or the

destruction of host cells harboring them (1).

ANTIGEN PRESENTING CELLS

The activation and expansion of the adaptive immune response takes time, and
thus it still falls on the innate response to rapidly meet the invading organisms and
defend the body against the attack. If the innate response is unable to clear the
infection, the increased Ag load and prolonged inflammation will eventually
result in the activation of T cells and B cells, the effectors of the adaptive
response. This activation is critically dependent upon the sentinels that coordinate
the innate response—the so-called antigen presenting cells (APCs)—principally

the tissue dendritic cells (DCs) and epithelial Langerhans cells (LCs), but in some



cases macrophages and B cells, as well. Once activated by their cytokine or
pattern recognition receptors, these cells develop the unique ability to present Ags
to the adaptive immune cells and activate them, and thus they serve as a crucial

link between the innate and adaptive immune responses.

Dendritic Cells

Background

The dendritic cell family comprises what many consider the prototypic
APC. DCs are found scattered throughout the body; in any tissue in which one
will find leukocytes there will undoubtedly be DCs, ready to take up Ags and alert
the rest of the immune system to arising threats. Like other leukocytes, they are
derived from CD34" hematopoetic stem cell progenitors and are continuously
generated throughout life (22-25). Anecdotal evidence from our lab, supported by
several recently published studies, indicates that the life span for DCs is relatively
short, with reconstitution of DC populations by donor-derived cells within a
matter of weeks after bone marrow transplantation (26,27). Some evidence has
suggested that DCs may arise from two different stem cell progenitors, the
granulocyte/monocyte progenitor and the lymphoid progenitor, and thus can be
described as myeloid DC and lymphoid DC, respectively (24,28-30). The

evidence for this division suggested that lymphoid DCs were more closely related
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to T cells than B cells and NK cells and that myeloid DCs could arise from
committed precursors or differentiated monocytes, suggesting a great deal of

plasticity in the DC lineage.

The hallmark identifiers of DCs have traditionally been the surface
molecules CD11c (DC-associated integrin-o chain) and MHC 11, although recent
efforts by investigators studying gene expression in DCs have identified proteins
such as DC-SIGN and DC-LAMP that are specifically expressed by DCs (22-
24,31). Moreover, investigators have discovered that DC can be divided into
subpopulations, each with unique functional characteristics, based on the
expression of key surface molecules. The CD8 surface protein, once thought to
be expressed exclusively by a subset of T cells, is expressed on a key subset of
DCs that are generally considered to induce TH1-type responses in T cells, versus
the TH2 phenotype induced by CD8" DCs (32,33). Plasmacytoid DCs are
identified as cells expressing traditional DC markers that also express the B cell
marker B220 and the granulocyte marker Gr-1 (Ly-6C/G) (34-36). These
plasmacytoid DC were found to be extremely potent producers of the type-1
interferons (IFNs), IFN-a and -, during certain viral infections. Since it was
later demonstrated that they express the TLRs for ligands expressed during
infection, these DCs most likely represent the primary source of the anti-viral

interferon produced in response to viral infection (37-40).
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Danger Signals and DC Maturation

As the sentinel cells of the immune system, DCs are well equipped to
monitor the tissues for the first signs of infection, inflammation, or injury.
Although there is currently still some discussion within the scientific community
regarding the extent of TLR expression by DCs between different species and
even between subpopulations within an individual organism, it is clear that DCs
as a whole possess a wide variety of TLRs recognizing many different classes of
pathogen-associated molecules (24,41-43). In addition, DCs express an array of
different cytokine receptors that enable DCs to detect inflammatory changes in
the tissues, of which IL-1 receptors and TNFa receptors are particularly
important, as these are the primary cytokines released by cells during acute
inflammation and tissue injury (22-24). Moreover, DCs are able to detect damage
to neighboring cells via receptors specific for proteins and compounds normally
found only in the intracellular space—exempla gratis, ATP and ADP by
purinergic type 2 receptors and uric acid by an as-yet unidentified mechanism

(5,44-46).

Ligation of any of these receptors results in a cascade of changes in the
gene expression and cellular behaviors of DCs that is designed to augment the

cells’ ability to regulate the innate and adaptive immune responses (47). One of
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the first changes that take place is the secretion of inflammatory cytokines such as
IL-1B, IL-6, TNFa, and the type-1 interferons, as well as chemokines like I1L-8
(22-24,48). This has the effect of propagating the inflammatory state, leading to
an autocrine activation of individual DCs and paracrine activation of DCs nearby.
It also ensures that the effectors of the innate response will arrive at the site of
inflammation, via increased blood flow and leakiness of the vasculature caused by

IL-1 and TNFa in addition to the direct chemotactic effect of I1L-8 (1).

Activation of DCs increases the capability of the innate response, but
importantly also provokes the initiation of the adaptive immune response (23,24).
When activated, DCs downregulate their ability to internalize Ags and instead
shuttle the Ags they have already internalized to the cell surface in context with
MHC molecules. Cellular motility is provoked concurrently with decreased
expression of the cellular adhesion molecules that bind them to the tissues in
which they reside. These changes coincide with upregulation of chemokine
receptors like CCR7 (49). This in turn draws the DCs to the lymphoid organs
through the lymphatics due to the constitutive expression of the chemokines
CCL19 and CCL21 by the cells of the lymphatic vessels and by stromal cells in
the T cell areas the of lymphoid organs. All the while, DCs begin to express

surface markers that are characteristic of the activated or “mature” state, notably
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CD40, CD80, and CD86. As a result, activation primes and relocates DCs for the

stimulation of the adaptive immune response (23,24).

Antigen Presentation

When at rest in the peripheral tissues, DCs are considered to be in
an immature state, in that their function as sentinels and coordinators of the
immune response has not been triggered. In this state, DCs are especially capable
of internalizing Ags, be they host proteins, innocuous environmental compounds,
or potentially harmful bacterial products. Antigens are internalized through
phagocytosis, pinocytosis, and/or receptor mediated endocytosis, after which they
are processed in specialized vesicular compartments and loaded onto either MHC
Il molecules or, through a process called cross-presentation, onto MHC |
molecules (23,24,50-54). In the steady state, small numbers of immature DCs
trickle into the lymphoid organs, where presentation of the MHC/Ag complexes
by the immature cells to naive T cells is thought to result in tolerance to those Ags
(55,56). Thus, this represents one way by which the immune system learns not to
attack targets, such as the body’s own cells or beneficial bacterial flora, to which a

response would be detrimental to the organism.

After activation, antigen presentation becomes the sine qua non of DC

function, and is absolutely crucial for the effective generation of adaptive immune
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responses. As stated above, the expression of Ag/MHC complexes on the surface
of DCs is increased post-activation. Drawn by chemokines, DCs enter areas rich
in T cells and are there scanned by the numerous lymphocytes for expression of
Ag/MHC complexes that are recognizable by the specific TCRs of those cells. If
a suitably specific TCR is present, the receptor, as well as the CD4 or CD8
coreceptor, depending on the type of T cell, binds to the anigen/MHC complex.
Ligation of CD80 or CD86 molecules on the DCs to CD28 on the T cells occurs
concomitantly with MHC/TCR binding, and, it should be noted, is essential for T
cell activation, for without the costimulatory signal generated through CD28 the T
cell will likely become unresponsive to antigenic stimulation. These two signals
are sufficient to activate CD4 T cells, which consequently express CD40 ligand
on their surface (57,58). This activating ligand binds to CD40 on the DCs and
triggers their utmost activation state, in which 4-1BB ligand and OX-40 ligand
expressed by fully mature DCs license the activation and expansion of the B cell

and CD8 T cell arms of the adaptive immune response (1,22-24).

LANGERHANS CELLS
The outermost tissues of the body, those exposed to the external
environment, develop with significant physical and biological differences from
the other somatic tissues of the body. While separated from the blood and lymph

circulation by a basement membrane, the epithelial tissues nonetheless represent
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the primary setting for immune responses to foreign invaders, for it is primarily in
these tissues that the body first contacts potentially harmful materials or
organisms. The immune cells in the epithelium must therefore be especially
vigilant against pathogenic insults. On the other hand, these leukocytes must also
be especially discerning, as the body contacts untold numbers of innocuous and/or
potentially helpful materials and organisms via the epithelium. DCs, as sentinels
and coordinators of the immune response, are especially important at these
interfaces with the environment, and it is the LC, a subtype of DC found

exclusively in the epithelial tissues, that carries this burden.

Background

Similarities to DCs

LCs were first discovered in 1868 after the staining of skin samples with
gold chloride by Paul Langerhans, who believed the cells to be neurons based on
their shape. Langerhans cells were later shown not to be neurons, but in fact
represent a prototypic immature DC subset that is characterized by localization
within epithelial tissues such as the cornea, skin, and mucosa and by extension of
long dendritic processes (23,24,59-61). Like other DCs, LCs are considered to
have an immature phenotype while in the tissues and are capable of internalizing

a variety of Ags, from pathogenic microbes to innocuous melanin granules (62-
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64). Moreover, LCs express many of the same cell surface receptors as DCs,
including CD11c and MHC II, and undergo a functional and phenotypic
maturation process in response to danger signals released by pathogenic
organisms or inflamed tissues. In fact, the concept of DC maturation was first
proposed based on the observation that LCs begin to exhibit the characteristic
immunostimulatory features of splenic DCs after short term culture (65). As do
other DCs, LCs upregulate expression of the costimulatory molecules CD40,
CD80, and CD86 upon maturation, and are known to migrate out of the epithelia
and into the draining lymph nodes after receiving inflammatory signals (66-70).
Thus it seems that the maturation of LCs is the initial and critical event in the

innate and adaptive immune responses in the epithelial tissues.

In addition to sharing similar phenotypes and functions to those of mature
DCs, LCs appear to posses the same ability to silence immune responses by T
cells to Ags presented when in an immature state. In mice expressing ovalbumin
(OVA) under the control of the keratin 14 (K14) promoter, the immune system
failed to mount responses to this foreign Ag in the steady state, despite its
abundant expression in the epidermis. After injection of T cells expressing a
transgenic TCR specific for OVA, however, the mice began exhibiting symptoms
of graft-versus-host disease, indicating that OVA was not merely sequestered

away from the immune responder cells (71). Together, these results imply that
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presentation of the OVA by LCs in the steady state resulted in peripheral
tolerance to the Ag. Additionally, the idea that LCs traffic to the draining lymph
nodes in the steady state is supported by two recent findings. In K14 promoter-
driven steel factor transgenic mice, in which hyperpigmentation caused by
abundant melanocytes is restricted to the epidermis, LCs were found to capture
and transport melanin granules to the skin draining lymph nodes in the steady
state (72). Finally, subpopulations of DCs expressing LC-specific markers were
discovered in the steady state in skin-draining lymph nodes, but not mesenteric
lymph nodes, implying that LC migration occurs at some basal rate without

maturation-associated migration signals (73).

Differences from Other DC Subsets

While there are many similarities between LCs and other DCs in terms of
phenotype and function, there are important intrinsic differences between these
DC subpopulations. The most obvious difference comes in terms of distribution
within the tissues of the body; LCs are by definition located within the epithelial
tissues, whereas other DCs are found in the more internal compartments of the
body. The reasons for this localization to the epidermis highlight additional
features that set LCs apart from other DCs. LCs and their precursors, which have
recently been shown to be cells of the monocyte lineage, express the chemokine

receptor CCR®, the ligand of which, macrophage inflammatory protein (MIP)-3a,
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is expressed profusely by epithelial cells (24,74). Uniquely among DCs, LCs
express the cellular adhesion molecule, E-cadherin. Expressed by many cell
types, especially cells in the epithelial tissues, E-cadherin is utilized by LCs as an
anchor to maintain their positions within the epithelium (75,76). Expression of
these proteins results in the recruitment of LCs precursors to the epithelial tissues

and the retention of differentiated immature LCs therein.

The localization within the epithelium not withstanding, LCs possess
several unique features that set them apart from other DCs. Classically, the
hallmark feature identifying LCs was the presence of so-called Birbeck granules
in transmission electron micrographs of the skin (77). These cytoplasmic
inclusions, which have a characteristic tennis-racquet shape, are now believed to
be subcompartments of recycling endosomes that attain their shape after the
accumulation of langerin, a LC-specific endocytic receptor (78-80). A member of
the C-type lectin family, langerin has been shown to bind to various carbohydrate
substrates, with a preference for mannosy| residues (81,82). While the loss of
langerin expression in knock-out mice did not contribute to an overt change in LC
function, it was recently discovered that langerin cooperates with another LC-
specific protein in humans, CD1a, in the presentation of mycobacterial Agto T
cells. In these experiments, it was demonstrated that binding of non-peptide Ag

to langerin on the surface of LCs resulted in their internalization and processing
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for presentation on CD1a molecules to T cells (83). Thus, LCs possess unique
characteristics that not only differentiate them from other DCs, but also allow
them to perform distinctive functions in their role as sentinels of the

environmental interfaces.

LCs and Corneal Immunobiology

As an epithelial tissue at the external interface with the environment, the
cornea is protected against infectious pathogens and inflammatory insults by a
network of immature LCs. However, the cornea has evolved to execute
specialized functions that other epithelial tissues need not perform. Therefore,
while they share to a great extent the biology of epidermal LCs, corneal LCs
differ in the tissue microenvironment, developmental regulation, and physiologic
and pathologic functions compared to other LC populations. As such, special
note must be made regarding how the biology of the cornea could affect LC

behaviors.

LCs in the Cornea and Ocular Immune Privilege
The immune system in the cornea has the dual task of protecting the
tissues from external pathogenic insults while at the same time tempering immune

responses that could potentially negatively affect vision. Similar to other
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epithelial tissues, the first line of defense consists of physical barriers, such as the
eye lids, lashes, and tear fluid, which prevent invading pathogens from gaining
access to the underlying tissues. Beyond these defenses, the ocular tissues
maintain a status of immune privilege, in which the immune system remains
detached and uninvolved so as not to inadvertently initiate destructive responses.
Multiple mechanisms have been elucidated that help contribute to this effect,
including isolation of tissues via the blood-eye barrier and the avascular state of
the cornea, constitutive expression of CD95 ligand, and the presence of
immunomodulatory factors like transforming growth factor-f3; in the aqueous
humor (84,85). Finally, one mechanism believed to be important for the
maintenance immune privilege in the cornea is the relative absence of APCs in
that tissue, particularly the paucity of LCs within the central corneal epithelium

(21,85-92).

Migration of Corneal LCs

In the steady state, LCs in the corneal epithelium are found within the
peripheral regions of the cornea where transparent tissue of the cornea converges
with the sclera, an area known as the limbus. Identifiable by the hallmark features
of LCs, id est, the expression of CD11c and MHC Il and the characteristic
dendritic morphology, LCs in the cornea are believed to migrate into the central

cornea in response to various inflammatory stimuli including thermal cautery
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wounds, primary infection or reactivation of latent herpes simplex virus (HSV)-1,
instillation of latex beads or formalin-killed Staphylococcus aureus into shallow
incisions in the tissue, and even conjunctival inflammation or extended wear of
contact lenses (21,93-99). Experimental evidence suggests that this centripetal
migration is mediated by proinflammatory cytokines released by injured epithelial
cells in the central cornea, for LC migration can be abrogated by anti-IL-1 Abs or
IL-1 receptor antagonist (IL-1Ra) (21,100,101). Furthermore, mice lacking either
TNF receptor | or Il showed markedly impaired LC migration in response to

inflammatory stimuli (102).

While the appearance of LCs in the central cornea in fixed time-course
samples was traditionally thought to be the result of physical migration of cells
from the limbus, recent evidence suggests that LCs may arise from precursor cells
distributed throughout the corneal epithelium. Unlike the conventional LCs that
express CD45, CD11c, and MHC Il and are restricted to the limbus, the precursor
cells express only CD45 and CD11c in the steady state and acquire MHC 11
expression after inflammatory stimuli (103,104). These observations challenge
the idea of centripetal migration of LCs during corneal inflammation, implying

instead a maturation of cells into MHC Il-expressing LCs.
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IMAGING THE IMMUNE SYSTEM

In recent years, an explosion of technological breakthroughs has occurred
that has opened the door to waves of innovative experimentation that have greatly
expanded the bounds of our scientific knowledge. Milestone achievements like
the development of the polymerase chain reaction, high-throughput nucleotide
sequencing, and gene chips have enabled investigators to make incredible strides
in fields such as molecular biology, genomics, biophysics, and immunology. The
development of new imaging modalities has, in particular, facilitated a
renaissance in our understanding of cellular behaviors and interactions and of how

essential these phenomena are to biological processes.

Imaging Technologies

While video microscopy and bright field imaging remain staples of
microscopic examination, the majority of current imaging techniques rely on the
emissions of fluorescent chemicals or proteins to track species within the imaging
field. The discovery and development of protein fluorophores and microscopic
apparati that can image three-dimensional structures at high resolutions has above
all facilitated the observation of specific structures cells or cells within living

tissues.
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Confocal Laser Scanning Microscopy

Though the theory was first postulated by Marvin Minsky in 1953, the use
of confocal microscopes was not practical until the development of efficient lasers
towards the end of the 1980s. The strength of the confocal microscope lies in its
ability to create optical sections, blur-free images taken at the exact focal plane of
the optics, through the use of a series of tiny apertures, or pinholes, within the
light collection path. Laser light shone through the excitation pinhole is focused
onto the sample via an objective lens, where it is absorbed by fluorophores in the
sample and elicits fluorescent emission. Fluorescent light is collected by the same
objective lens and focused back through a second pinhole to a detector such as a
photomultiplier tube. As the two pinholes are aligned at the same focal length
from the objective lens (hence, confocal), only fluorescence from focal point of
the objective is collected by the detector; the remaining light from fluorescence
above and below the focal point is descanned, or blocked from the detector by the
pinhole aperture (Figure 1). As a consequence of the confocal principle,
fluorescence is detected only at a very tiny point, and therefore the focal point is
moved in a scanning motion through the sample to generate an image of the entire

microscopic field.
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Interestingly, by moving the sample in relation the focal point, an image
can be acquired of an optical section at a different depth in the tissue, and thus
confocal microscopy can be used to generate high resolution, three-dimensional
images of tissue samples (105-108). The mechanical movements that regulate the
scanning pattern and imaging depth represent the technological roadblock in
terms of the speed at which images can be acquired, but after years of
development, the speed of confocal microscope has increased to the point that it is
well suited for time-lapse imaging of living cells (109,110). Even more
impressively, some investigators have even used confocal microscopy to explore

the biology of cells within living subjects (111-114).

Multiphoton Laser Scanning Microscopy

First proposed by Maria GOppert-Mayer in her doctoral dissertation, the
theory of multiphoton fluorescence excitation is similar in character to that of
standard fluorescence excitation. Wherein a photon of light at a given energy is
absorbed by a fluorophore to induce fluorescent emission by conventional
illumination, two or more photons of lower energy are absorbed at the same time
by the same electron to produce fluorescent emission with multiphoton excitation
(Figure 2). Because the absorbing electron will return to its unexcited state fairly
quickly after absorption of low energy photons, the window in which the two or

more photons must be absorbed is exceedingly small and necessitates an
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enormous flux of photons to increase the probability for this absorption to occur.
For many years, however, a laser source capable of generating that kind of output
was not practically available. The breakthrough came in the development of
pulsed lasers, such as the Ti:sapphire tunable lasers, which generate brief (on the
order of femtoseconds) pulses of intense laser light between periods of inactivity
at a rate of approximately 80 Hz. While the overall output is modest, the photon
flux during the pulses is sufficient to induce multiphoton absorption. Moreover,
the flux of photons is high enough for excitation only at the focal point of the
objective lens, where the laser light is focused and concentrated. This property
results in inherent optical slicing, as fluorescence only occurs at the focal point,
and was utilized to generate three-dimensional microscopic images for the first

time in the early 1990s (115).

By its nature, multiphoton microscopy is well suited to the examination of
biological processes. First, because of the intrinsic optical sectioning, the
fluorescence emissions need not be descanned at the detector by a pinhole, and
thus all the emitted light can be collected, resulting in little loss of information.
Also, the longer wavelength light used in multiphoton excitation penetrates
farther into the tissues, allowing for deeper imaging of structures than is possible
with conventional fluorescence or even confocal microscopy. Lastly, the low

energy photons of the excitation light transfer less energy to the sample being
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examined, and thus result in less tissue damage and photobleaching (116).
Indeed, investigators have utilized this technique to observe the interaction of

living cells in culture, as well as in living organisms (117-124).

Second Harmonic Generation

Taking advantage of a unique property of non-linear crystalline structures,
second harmonic generation (SHG), or frequency doubling, has become a useful
tool for the study of biological systems. For instance, collagen bundles, owing to
their repetitious, highly crystalline triple helix structures, posses the ability to
retransmit photons at exactly half the wavelength of the original incident light
(125). As such, it has provided investigators with a means to locate and delineate
specific tissues and regions within the body (126-128). Since the frequency-
double light is detected principally in light transmitted through the sample, the
utility of SHG was basically limited to ex vivo preparations. However, several
breakthroughs and innovations in illumination and detection have facilitated the
examination of frequency-double light reflected back from biological samples.
Thus, investigators now use SHG as an important tool in the examination of living

tissues (129,130).
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Detection of Light Emitted from Fluorescent Proteins

The advent of fluorescent proteins has revolutionized the field of
microscopic examination of biological specimens. First isolated from the jellyfish
Aequorea victoria in early 1960s, the green fluorescent protein started a
transformation in the way proteins and cells are studied and has served as the
basis for the development of further fluorescent proteins for biological
experiments (131). Currently, fluorescent proteins are available that emit light in
the blue, cyan, green, yellow, orange, red, and far red spectrums of visible light.
Even after development and modification of these proteins through mutational
analysis, it remains that the proteins in the cyan, green, and yellow spectra exhibit
the best biological, spectral, and quantum features for use in microscopic studies.
However, the overlapping nature of their emission spectra makes the use of these
proteins in the same sample problematic for detection by conventional means. To
compensate for this, detection of the entire emission spectrum for each protein
can be used to distinguish between them (132,133). By analyzing the emission
spectrum for each pixel scanned with a confocal or multiphoton microscope,
computer software is able to separate the fluorescence signals of multiple
spectrally-similar fluorophores using an algorithm called “linear unmixing” (134-
136). Therefore, the simultaneous use of multiple fluorescent proteins or dyes has

allowed investigators to fully explore multiple, complex biological interactions.
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Figure 1. Schematic illustration of the confocal principle.

Light from an excitation source such as an ArKr laser (blue arrows) is shown
through the excitation pinhole and focused onto the sample via an objective lens.
Fluorescent light emitted from the sample is focused back through the same
objective lens to a beam splitter, which allows the emitted light (and not the
excitation light) to reach the detector pinhole. Light emitted at the focal point
(green arrows) passes through the pinhole and is detected by a photomultiplier
tube. Fluorescence from above or below the focal point (red arrows) arrives at the
detector pinhole out-of-focus, and thus is blocked from passing through aperture.
Fluorescence from the entire sample is collected by moving the focal point
through the tissue in a scanning motion. Since only information at the focal point
is acquired, the resulting image represents a single plane, or optical slice, within
the tissue.
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Figure 2. Fluorescence by one- or two-photon excitation.

In conventional one-photon fluorescence excitation, a single high energy photon
(blue arrow) is absorbed by an electron in the fluorophore. The energy imparted
by the photon causes the electron to jump from the ground state (So) to a high
energy excited state (S;). Some of the energy is released by the electron back to
the environment in a process known as non-radiative relaxation (black arrow), and
the electron reaches a medium-energy excited state (S;). The electron then falls
back to the ground state, releasing the remaining energy as a photon of slightly
less energy (green arrow) as the original excitation light. In two-photon
excitation, two low energy photons (red arrows) are absorbed at the same time by
a single electron. As the electron falls back to the ground state, a single higher-
energy photon is released.



CHAPTER THREE
Materials and Methods

LC BEHAVIORS UNDER PHYSIOLOGIC CONDITIONS

Generation of EGFP* Corneal LC In Situ

Animals

Mice expressing the enhanced green fluorescent protein (EGFP) under the
control of the chicken B-actin promoter and cytomegalovirus enhancer on a
C57BI/6 background (137) were purchased from Jackson Laboratories (Bar
Harbor, ME), and breeding colonies were established at the University of Texas
Southwestern Medical Center (Dallas, TX). Tibias and femurs were surgically
excised from a pair of mice, and all tissue was removed from the bone shafts
using a scalpel blade under aseptic conditions. The ends of the bones were
removed, and the marrow cavity was lavaged using a 3 ml syringe with a 27
gauge needle filled with Hank’s balanced salt solution (HBSS). Bone marrow
cells (BMCs) were resuspended by repeated pipetting and then spun down for 10
minutes at 400 x g at 4° C. Supernatants were removed and the cells were
resuspended in 3 ml red blood cell (RBC) lysing buffer (Sigma Aldrich, St. Louis,
MO), and then 3 ml fetal calf serum (FCS) were underlaid beneath the BMC

suspension. The cells were allowed to incubate on ice for 3-4 minutes, at which

30
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point the cell suspension was spun down as above. The cell suspension was

washed twice in HBSS, and then finally resuspended in 3.5 ml of HBSS.

Ten sex-matched, 8-10 week old wild-type C57BL/6 recipient mice were
prepared for the bone marrow transplant by administration of 500 rads of y-
radiation. After a 3-hour rest period, the mice were given an additional 450 rads
of radiation. Each animal was then given 300 pl of BMC suspension (~107 cells)
via tail-vein injection with a 27 gauge needle. The animals were allowed to

recover and were watched closely for the next several days.

Flow Cytometric Examination of Bone Marrow Chimerism

In order to confirm the successful engraftment of the EGFP* hematopoetic
stem cells and the resultant reconstitution of the immune system, various tissues
in the recipient mice were examined for EGFP expression 10-12 weeks after
BMC transplantation. To obtain peripheral blood leukocytes, several drops of
blood were collected in heparinized capillary tubes from the lateral tail vein of
chimeric mice. Blood samples were added to microcentrifuge tubes containing 70
ul heparin sodium solution (Pharmacia & Upjohn, Kalamazoo, MI) and kept on
ice until all samples were collected. Into each tube, 500 ul of RBC lysing
solution were added, and the tubes were incubated at room temperature for 10

minutes. Cells were spun down for 1.5 min at 800 x g at room temperature in a
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tabletop microcentrifuge. Supernatants were removed, and the cells were then

washed twice in 500 ul HBSS + 2% FCS.

To collect splenocyte samples, EGFP chimeric mice were sacrificed, and
the spleens were removed via a small incision in the left flank. The spleens were
dissociated by pressing the organ between the frosted ends of two autoclaved
microscope slides in 35 mm Petri dish containing HBSS. The cells were
resuspended by repeated pipetting, and then passed through nylon mesh into
microcentrifuge tubes. The samples were spun down for 10 minutes at 400 x g at
room temperature, after which the supernatants were removed. The samples were

then washed twice in 500 ul HBSS + 2% FCS.

Peripheral blood leukocyte and splenocyte suspensions were resuspended
in HBSS + 2% FCS and stained with R-phycoerythrin (PE)-conjugated
monoclonal antibodies (mAb) against CD45, CD3, B220, CD11b, or CD11c (all
from BD Biosciences — Pharmingen, San Diego, CA) at a 1:200 dilution. After
30 minutes incubation at 4° C, the samples were spun down and washed twice
with HBSS + 2% FCS. Cells were resuspended in 500 ul HBSS + 2% FCS,
passed through nylon mesh into plastic FACS tubes, and then examined using a
FACSCaliber flow cytometer (BD Biosciences — Immunocytometry Systems, San

Jose, CA). Populations were gated on live cells using forward scatter and side
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scatter, and the relative expression of both EGFP and the above cell surface
proteins was collected. Analysis of the flow cytometry data was carried out using
the CellQuest (BD Biosciences — Immunocytometry Systems) and WinMDI (The

Scripps Research Institute, La Jolla, CA) software packages.

Static Imaging of Corneal LCs in Situ

The extent of reconstitution and the distribution of immune cells within
the cornea were examined by whole mount immunofluorescent staining. Bone
marrow (BM) chimeric and wild-type mice were sacrificed, and enucleated eyes
were immersed in 4% paraformaldehyde in PBS for 2 minutes at room
temperature. Corneas were then excised by carefully cutting around the corneal-
scleral border with microdissection scissors. The lens, iris, and any remaining
extraneous tissues were removed, and four small, radial cuts were made along the
edge of the cornea, equidistant to one another, to better allow the cornea to lay
flat. The samples were fixed in 4% paraformaldehyde for an additional 15
minutes at room temperature, and then washed in PBS on a table-top rocker. The
corneas were blocked with 1% bovine serum albumin in PBS with or without goat
serum diluted 1:50, stained overnight with mAb against CD45, MHC 11, CD11b,
CD3, B220, or Grl (BD Biosciences — Pharmingen), or F4/80 (Serotec, Raleigh,
NC), and washed extensively. The samples were then mounted to microscope

slides using gel/mount mounting medium and examined using a Zeiss LSM 510
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META confocal microscope with a Zeiss 10x Plan-NEOFLUAR objective
(numerical aperture (NA) 0.30). Overlapping fields of view covering the entire
cornea were collected. Maximum intensity projections of these data sets were
created, and the numbers of cells expressing the above cell surface markers were
counted using the MetaMorph (Molecular Devices, Downingtown, PA) and

ImageJ (National Institutes of Health, Bethesda, MD) software packages.

To quantify the distribution and phenotype of LCs in the corneal
epithelium of chimeric mice, enucleated eyes were incubated in 20 mM EDTA in
PBS for 3 hours at 37° C, causing the corneal epithelium to dislodge from the
underlying stroma. Four small cuts were made to the periphery of the resulting
corneal epithelial sheets, as above, in order for them to lay flat. The samples were
then fixed in 4% paraformaldehyde for 20 minutes at 4° C, and washed as above.
Samples were then stained with PE-conjugated mAb against CD11c or MHC 11
(BD Biosciences — Pharmingen), washed, and mounted to microscope slides for
examination under an Olympus BX60 fluorescence microscope with 10x or 20x
Olympus UPIan FI objectives (NA 0.30 or 0.50, respectively) using a Sensys
digital camera system and MetaVue software (Molecular Devices). Cells

expressing EGFP, CD11c, and/or MHC Il were then quantified using MetaVue.
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To examine the spacial relationships of LCs to epithelial cells in the
cornea, whole corneal samples, prepared as above, were fixed in 4%
paraformaldehyde in PBS, washed, labeled with propidium iodide, and mounted
to microscope slides. Three-dimensional image data sets of the samples were
then collected using a Leica TCS SP2 confocal microscope with a Leica 40x air
objective and a 63x water immersion objective (NA 0.85 and 1.20, respectively).
Maximum intensity projections and three-dimensional reconstructions of the data
sets were created using the Leice Confocal Software (LCS, Leica Microsystems,

Exton, PA) software package.

Visualization of EGFP* LCs in Living Corneal Tissue

Corneal Organ Culture

A 1 mm wide anterior-posterior slice was made through a freshly
enucleated eye using a specially constructed knife consisting of two parallel razor
blades. The slice was centered so as to incorporate the maximum possible area of
the cornea. The sample was rid of the lens and iris and then cut at the posterior
pole. The resulting strip of corneal tissue was draped over the aperture of a
Tissue Slice Adapter (Bioptechs, Butler, PA), centered with the cornea within the
aperture, and secured in place with a rubber washer. The sample was placed into

a Delta T4 culture dish (Bioptechs) and perfused by microperfusion pump at 200-
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300 pl/min with complete RPMI 1640 medium (cRPMI, supplemented with
20uM L-glutamine, 100 uM nonessential amino acids, 100 U/ml penicillin, 100
ug/ml streptomycin, 0.25 ng/ml amphotericin B, 10 uM sodium pyruvate, and 50
mM HEPES) aerated with 5% CO, in air. Temperature in the culture dish was

maintained at 37° C using a Delta T4 Controller (Bioptechs).

Time-lapse Imaging Studies

Corneal samples in Delta T4 culture dishes were secured via a T4 adapter
plate (Bioptechs) to a Leica TCS SP2 multiphoton microscope equipped with a
Mira 900F Ti:sapphire laser (Coherent, Santa Clara, CA). Two-photon excitation
was achieved at a wavelength of 860 nm, and images were collected using non-
descan detectors and 10x or 20x Leica Plan Apo objectives (NA 0.40 or 0.70,
respectively). Three-dimensional image stacks (~20 sequential axial images with
an average x-y-z voxel size of approximately 460 nm x 460 nm x 1.5-5.0 um)
were collected every 2 minutes for up to 5 hours. The z-axis range was chosen to
include all the dendritic processes of the LCs that may have extended upward (up
to 10-20 um) from the cell bodies. Additionally, the number of planes was
chosen so as to minimize the scan time (~1 min/stack), preventing excess

photobleaching and allowing the tissue to recover between scans.
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Image Analysis and Quantification

Maximum intensity projections of the time-lapse data sets were created
using the LCS and MetaMorph software packages. Using the known x-y voxel
distance for each data set, the lengths of the LCs’ dendrites were calculated from
the maximum intensity projections. Dendrite length was defined as the linear
distance from the tip of a dendrite to the point of attachment at the cell body. For
observations of lateral migration by LCs, each data set was corrected for any x-y
drift using the Align Stack command in MetaMorph with a ‘n-1’ reference plane.
To analyze the periodicity of LC dendrite movement, data were subjected to
Fourier analysis using MATLAB software (The Math Works, Natick, MA).
Briefly, the lengths of individual dendritic processes over time were normalized
about zero, and a fast Fourier transform was then applied to the data set. Power
spectra were created by multiplying the transforms by their conjugates and
dividing by the number of data points. A weighted mean period was calculated for
each cell by dividing the sum of (period x power) values for all dendrites on that

cell by the sum of the power values.
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Dynamic Behaviors of Epidermal LCs Ex Vivo

Animals

To visualize LC in the epidermis, I-AB-EGFP knock-in mice (138) were
obtained from Dr. Hidde Ploegh at the Massachusetts Institute of Technology, and
breeding colonies were established at the University of Texas Southwestern

Medical Center.

Characterization of LCs in the Epidermis of I-Af-EGFP Knock-in Mice

To determine the identity of the EGFP* cell populations in the skin of
knock-in mice, epidermal sheets were prepared from ear skin samples by 60 min
incubation in 20 mM EDTA in PBS at 37° C, fixed in 4% paraformaldehyde for
30 min at room temperature, and then stained overnight with PE-conjugated anti-
CD11c mAb (BD Biosciences — Pharmingen) or anti-langerin hybridoma
supernatant (clone 929F3, kindly provided by Dr. Nikolaus Romani at Innsbruck
Medical University). The numbers of cells expressing EGFP, CD11c, and/or
langerin were counted under an Olympus BX60 fluorescence microscope with an
Olympus 40x UPlan FI objective (NA 0.75) using a Sensys digital camera system

and MetaVue software.
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Ex Vivo Imaging of Ear Skin Samples by Confocal Microscopy

To observe the behaviors of epidermal LCs, ear skin samples were
harvested from I-AB-EGFP knock-in mice 3 days after removal of the hair with
Nair® (Church & Dwight, Princeton, NJ) and separated into dorsal and ventral
halves with forceps. The dorsal halves were draped over the aperture of the tissue
slice adapter (Bioptechs) and secured in place with a rubber o-ring, then placed
into a Delta T4 culture dish. The temperature of the sample was controlled by the
Delta T4 Controller via an electrically conductive coverslip bottom on the culture
dish, which was continuously perfused with aerated cRPMI. Three-dimensional
image sets, consisting of 20 sequential x-y images separated by 1.0 to 2.6 um,
were acquired every 5 minutes for up to 4 hours using a Leica TCS SP2 confocal
microscope with a Leica 20x Plan Apo objective (NA 0.70) and 488 nm

excitation.

Observation of LC Behaviors in Living Animals

Intravital Imaging of Epidermal LC Behaviors

To asses the behaviors of epidermal LCs in living animals, EGFP* LCs in
the ear skin of anesthetized mice were examined by time-lapse confocal
microscopy. I-AB-EGFP knock-in mice were anesthetized by intraperitoneal

(i.p.) injection of the mouse anesthetic cocktail (ketamine 100 mg/kg, xylazine 10



40

mg/kg, and acepromazine 1 mg/kg) and placed onto the stage of a Zeiss LSM 510
META confocal microscope with the dorsal side of the ear, which was held in
place with a microscope slide, facing down. The temperature of the mouse was
maintained while anesthetized via a surgical heating pad, and oxygen was
administered via an inhaler throughout the duration of the experiment. Three-
dimensional image sets of EGFP™ within the ear skin were then recorded every 2

min for up to 2 hours.

Quantification of Epidermal LC Behaviors Monitored In Vivo

Using the ImageJ software, maximum intensity projections were created
of the time-lapse three-dimensional data sets. As a measure of the total activity of
dSEARCH, the dSEARCH index was calculated for EGFP* epidermal LCs in I-
AB-EGFP knock-in mice. The dSEARCH index was defined as the total change
in dendrite length for a given cell over a 6 minute period, chosen arbitrarily. First,
the lengths of all dendrites for a given cell were measured using ImageJ. Next,
the lengths of the same dendrites were measured again after advancing the
projection 6 min. Finally, the absolute values of the changes in length were
calculated, and then summed to obtain the dSSEARCH index value for that cell
over that 6 min interval, and the process was repeated for the entire imaging
period. The size and EGFP fluorescence intensity for each LC were measured

using MetaMorph. A Pearson correlation test was applied to the data to determine
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the significance of the correlation between dSEARCH index and LC size or EGFP

fluorescence intensity.

LC BEHAVIORAL RESPONSES TO LOCAL TISSUE INJURY

Corneal LC Responses to Pinpoint Thermal Injury

Infrared Pinpoint Thermal Injury

To observe the responses of LCs to local tissue injury, corneal samples
from EGFP BM chimeric mice were prepared and cultured as above.
Multiphoton excitation at a wavelength of 860 nm was used to record three-
dimensional image stacks every 2 minutes for 1 hour on a Leica TCS SP2
microscope with a Leica 20x Plan Apo objective (NA 0.70). At this point, an
appropriate LC target was chosen and a single x-y plane image was scanned to
mark the state before injury. The infrared laser of the multiphoton system was
then set to maximum output, and the bleach function of the LCS software was
used to expose a single-pixel region of interest (ROI) to the laser for 1 minute.
With these settings, >23 joules of energy were delivered to an area of
approximately 0.25 um? over the 1 minute span. A single x-y plane image was
scanned to judge the effectiveness of the injury. Three-dimensional image stacks

were then recorded every 2 minutes for an addition 3 hours.
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Quantification of LC dendrite activity

To quantify changes in dendrite activity, the dASEARCH index was
calculated for each cell before and after injury. To calculate this value, maximum
intensity projections of the data sets were created, and all the dendrites of a given
LC (including branches) were traced at time 0 using the LCS software. The
projection was advanced 6 minutes, and the distances between the ends of the
tracings and the tips of the dendrites and/or the border of the cell body at the
current time point were recorded. The sum of these distances is equivalent to the
dSEARCH index for that cell at t = 6 minutes. The procedure was then repeated

until the dSEARCH index had been calculated for the entire data set.

Quantification of LC migration

The migration of LCs in response to thermal injury was examined in a
similar fashion as above. Maximum intensity projections of the data sets were
created using the LCS software. The projections were aligned to correct for
lateral drift using the Align Stack command in MetaMorph. The Track Points
command was then used to manually mark the center of the cell body at all time
points. Finally, the coordinates of the cell body positions were used to calculate

the distances traveled between frames (i.e., every 2 minutes) for each cell.
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Statistical Analyses

The data for AISEARCH index and traveled distance per frame for each
cell were split into four groups: before injury, the first hour after injury, the
second hour after injury, and the third hour after injury. Mean dSEARCH index
and mean traveled distance values were then calculated for each cell for each
category. As the data represented repeated measures of the same cells before and
after injury, paired Student’s t-tests were used to compare the mean values before

injury to those in the three post-injury phases.

Mechanisms of Corneal LC Responses to Thermal Injury

Inhibition of LC behavioral responses to pinpoint thermal injury

To explore the mechanisms behind the injury-provoked behavioral
responses by LC, IL-1Ra was used to block IL-1 signaling. Mouse recombinant
IL-1Ra (R&D Systems, Minneapolis, MN) was added to 15 ml complete RPMI
1640 to achieve a final concentration of 200 ng/ml. Corneal organ cultures were
prepared using the IL-1Ra-containing media, which was recirculated between the
Delta T4 culture dish and a 15 ml culture tube using the microperfusion pump.
Multiphoton excitation was used to collect 3D image stacks every 2 minutes for 1

hour. The infrared laser was the used to deliver a pinpoint thermal injury to a LC
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target as above. Three-dimensional data sets were collected every 2 minutes for

an additional 3 hours, all in the presence of IL-1Ra.

Provocation of LC Behavioral Responses by Cytokines

Corneal samples were prepared as normal and imaged by multiphoton
microscopy every 2 minutes for 1 hour. At this point, the microperfusion pump
supplying medium to the culture dish was turned to the maximum and the
medium perfusing the organ culture was purged from the system. Complete
RPMI 1640 containing mouse recombinant IL-1a at final concentration of 5
pg/ml or 100 pg/ml was then circulated through the culture system, and 3D image
stacks were collected every 2 minutes for an additional 3 hours. In a different set
of experiments, corneal samples were observed for 1 hour as normal. After
purging the medium from the system, complete RPMI 1640 containing 50 pg/ml
mouse recombinant TNFo was pumped through the culture system, and the

samples were imaged for an additional 3 hours.

Epidermal LC responses to Diffuse Inflammatory Stimuli Ex Vivo

Overnight culture of Skin Samples

As one model of diffuse inflammation that causes LC maturation, ear skin

samples were collected from 1-AB-EGFP knock-in mice and cultured overnight
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(139-141). Samples were harvested from the mice and separated into dorsal and
ventral halves using forceps. The dorsal-side samples were floated on cRPMI and
cultured at 37° in a tissue culture incubator for 16 hours. To observe the
behaviors of EGFP* LC in the ear skin, the samples were mounted onto the tissue
slice adapter (Bioptechs) and placed into the Delta T4 culture system, with
constant circulation of aerated medium and temperature control, as above. Three-
dimensional data sets (20 sequential axial planes separated by 1.0 to 2.6 um) were
collect every 5 minutes for up to 4 hours using a Leica TCS SP2 confocal
microscope with a Leica 20x Plan Apo objective (NA 0.70) and 488 nm

excitation.

Ex Vivo Behaviors After Injection of TNFa

To mimic an inflammatory response, the ears of I-AB-EGFP knock-in
mice were injected with 50 ng mouse recombinant TNFa (R & D Systems) in 40
ul PBS (142). Ear skin samples were harvested 16 hours after injection, placed
into the Delta T4 organ culture system, and immediately imaged by confocal
microscopy. Three-dimensional data sets were collected every 5 min for up to 4
hours, and analysis of the LC behaviors in the sample was carried out on

maximum intensity projections of the image sets.
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Quantification of LC Behaviors Monitored Ex Vivo

As a measure of total dendrite activity, the ASSEARCH index was
calculated for each LC. Maximum intensity projections of the data sets were
created and the lengths of all the dendrites of a given LC were measured using
LCS. The lengths of the dendrites were measured again after advancing the data
set 5 min. The absolute values of the changes in dendrite length over the 5 min
period were summed to obtain the SSEARCH index value. The procedure was
repeated over the entire imaging period for each cell. To measure the extent of
lateral migration, the maximum intensity projections were aligned to correct for
lateral drift using the Align Stack command in MetaMorph. The Track Points
command was then used to manually mark the center of the cell body at all time
points. Finally, the coordinates of the cell body positions were used to calculate
the distances traveled between frames (i.e., every 5 minutes) for each cell.
Statistical differences in the dSSEARCH index values and lateral migration values

between groups were calculated by Mann-Whitney U-test.

Epidermal LC Responses to Reactive Hapten In Vivo

Intravital Imaging of LCs After DNFB Application

To investigate the bona fide behavioral responses to inflammatory stimuli

in living animals, a reactive hapten was applied to the ears of I-AB-EGFP knock-
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in mice (143-145). To reduce the autofluorescence and light scattering associated
with the hair shafts and follicles in the skin, the ventral ear skin of knock-in mice
were treated with Nair (Church & Dwight) three days prior to imaging
experiments. Using a sterile pipet tip, 20 ul of a 0.5% dinitrofluorobenzene
(DNFB) solution in 3:1 mixture of acetone and olive oil were applied to the
ventral surfaces of the ears. After 30 hours, the mice were anesthetized by i.p.
injection of the anesthetic cocktail, and the ears were mounted to the microscope
stage, as above. Three-dimensional data sets of EGFP" epidermal LCs were
collected every 2 min for up 2 hours, with the temperature of the mice regulated
by a heating pad and oxygen delivered via an inhaler throughout the imaging
period. In some experiments, ears were imaged without any treatment or 30 hours
after application of 20 ul vehicle alone. The dSEARCH index values for the
EGFP™ LCs were calculated as described for the observation of LC behaviors in
the steady state in vivo, and lateral migration was quantified as described above.
Statistical differences between treatment groups were determined by Mann-

Whitney U-test.
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LC BEHAVIORAL RESPONSES TO PATHOGENIC ORGANISMS

Development of Fluorescent Bacterial Cells

Tn7 Transformation of Bacterial Cells

Pseudomonas aeruginosa, an easily cultured bacterial species that is able
to infect various epithelial tissues, was chosen as a model bacterium for infection
of both the cornea and epidermis. In order to observe the interactions of EGFP”
LCs with bacterial cells, the P. aeruginosa strain PAO1 was transformed to
express fluorescent proteins using the mini-Tn7 transposon system (146). The
component plasmids for the mini-Tn7 transposon system, developed for use in
Pseudomonas species by Sgren Molin and colleagues, were obtained by Kevin
Mclver in the Department of Microbiology at the University of Texas
Southwestern Medical Center. The delivery plasmids miniTn7(Km,Sm)Pa1/03/04—
ecfp-a, miniTn7(Km,Sm)Pa10304—€Yyfp-a, and miniTn7(Km,Sm)Pa1/03/04—
DsRedExpress-a were harbored in Escherichia coli strains MT102 (ECFP and
EYFP) and JM105 (DsRedExpress). The helper plasmid pUX-BF13 and the
conjugation plasmid pRK-2013 were contained in the E. coli strains SM10/Apir

and MM294, respectively.
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The Tn7 transposon was introduced into the PAO1 cells using the
conjugation reaction developed by Lambertsen, et al (147). Briefly, cultures of
the recipient strain, helper strains, and delivery strain were grown overnight in
Luria Bertani (LB) broth cultures. After a short growth period in fresh media, the
cultures were mixed together and filtered onto a 25 mm polycarbonate
conjugation filter (0.22 um pore size). The filters were placed onto an LB agar
plate and incubated overnight at 37° C. The next day, the bacteria were
resuspended in PBS by vortexing the filter disks and then plated on Pseudomonas
conjugation agar plates and cultured overnight. Fresh overnight LB broth cultures
using kanamycin at 150 pg/ml were made from colonies isolated off the
conjugation agar plates to select for cells containing the transposon, and sterile
glycerol was added to a final concentration of 20% by volume to create a stock
culture that was stored at -80° C. Fresh liquid cultures were made from the frozen

stock culture in LB broth.

CMTMR Labeling of Bacterial Cells

To generate bacterial cells that could be detectable by the confocal
microscope, cells of the P. aeruginosa strain PAO1 were labeled with the cell
tracking dye, 5-(and-6)-(((4-chloromethyl)benzoyl)amino)tetramethylrhodamine
(CMTMR). Normal PAO1 cells were grown in overnight LB broth cultures from

the frozen stock culture. The bacterial cells were resuspended in PBS containing
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0.5mM EDTA and 100 uM CMTMR and incubated for 45 min at 37° C. After
being resuspended in fresh LB broth and incubated an additional 30 min at 37° C,

the cells were extensively washed in PBS before being used for experiments.

Fluorescent Protein Expression in Escherichia coli Cells

Escherichia coli strains containing the enhanced cyan fluorescent protein
or the enhanced yellow fluorescent protein genes under the control of the Plac
promoter in the Pseudomonas aeruginosa shuttle vector pUCP18, DH5a
(pUCP18-CFP+++) and DH5a.(pUCP18-YFP+++), was developed by Sgren
Molin and colleagues and obtained via Dr. Kevin Mclver. An overnight culture
was grown in LB broth containing 100 pug/ml ampicillin (to maintain plasmid
selection pressure) at 37° C with shaking. Sterile glycerol was then added to
achieve a final concentration of 20% by volume, and this solution was frozen and
maintained at -80° C to create a stock culture. For all experiments, a small
amount of frozen stock culture was inoculated directly into a sterile plastic culture
tube containing 5 ml LB broth with 100 ug/ml Amp, which was then incubated 18
hours at 37° C with shaking. Fresh cultures were made from the frozen stock

each day so as to maintain consistent culture conditions across experiments.
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Behavioral Responses of Epidermal LCs to Bacterial Cells In Vivo

EGFP and EYFP Spectral Characteristics

Because the emission spectra of EGFP and EYFP overlap extensively, the
spectral characteristics of the EGFP-expressing mice and EYFP-expressing
bacteria were examined. An overnight culture of DH5a (pUCP18-YFP+++) was
grown, as above, and 5 ul of culture were mounted to a microscope slide.
Additionally, the hair on the ears of an I-AB-EGFP knock-in mouse was removed
with Nair. The mouse was then sacrificed and the ears removed. Ears were split
into dorsal and ventral halves with forceps, and the ventral halves were discarded.
One dorsal ear skin sample was mounted epidermal-side up to a microscope slide
using gel/mount tissue mounting medium. The second sample was also mounted
onto a microscope slide, epidermal-side up, after 5 ul of bacterial culture had been

placed onto the skin surface.

The samples were then examined under a Zeiss LSM 510 META confocal
microscope using a Zeiss 40x Apoplan water dipping objective (NA 0.80). A
lambda scan was collected from 494 nm to 719 nm at 10 nm intervals for the skin
sample without bacteria, using 488 nm excitation. A single-pixel ROI was
selected within a LC, and the spectral profile for that point was saved. A lambda

scan was collected for the bacterial culture using the same excitation wavelength
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and settings as above, and a spectral profile was saved from an ROI located
within a bacterial cell. Finally, to ensure adequate spectral information was
collected, a lambda scan of the sample containing skin plus bacteria was collected
with the same excitation and settings as above. Linear unmixing was performed
on the resultant lambda scan using the spectral profiles collected for the EGFP

and EYFP, and good separation was noted between the two fluorophores.

In Vivo Imaging of LC

I-AB-EGFP knock-in mice were anaesthetized by i.p. injection of the
anesthetic cocktail. To enhance the quality of the confocal images, hair was
removed from the dorsal sides of the ears with Nair at least 48 hours beforehand.
The animals were placed onto the stage of a Zeiss LSM 510 META confocal
microscope with the dorsal side of the ear down, and the ear was held in place
with a microscope slide. Confocal images were acquired using 488 nm excitation
via a Zeiss 40x Apoplan water dipping objective (NA 0.80). Three-dimensional
image stacks (consisting of 20 sequential axial scans with an x-y-z voxel size of
450 nm x 450 nm x 1.0-2.0 um) were collected every 4 minutes for up to 3 hours.
The body temperature was maintained using a surgical heating pad (Gaymar,
Orchard Park, NY), and half- or full-dose administrations of anesthetic cocktail

were given every hour or as needed via i.p. injection.
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Tape Strip Model of Infection

A culture of DH5a (pUCP18-YFP+++) was started as above. After 18
hours, 1 ml of culture was spun down at 16,000 x g for 5 minutes in a tabletop
centrifuge. The supernatant was removed, and the cells were resuspended in 40
ul PBS. Scotch tape was applied and removed from the dorsal surface of the ear
of an I-AB-EGFP knock-in mouse a total of 15 times, using a new piece of tape
each time, and then 10 pl of bacterial suspension (approximately 5 x 10° colony-
forming units) were painted over the ear surface with a pipet. Hair had been
removed from the dorsal sides of the ears with Nair at least 24-48 hours before
tape stripping. Eighteen hours later, the mouse was sedated and imaged by

confocal microscopy as above.

Quantification of LC Responses to Bacterial Organisms

Maximum intensity projections of the confocal image sets were created
using the Z-Project command in ImageJ. The dSEARCH index values calculated
using a method similar to the procedure described for epidermal LC responses to
reactive hapten application. The lengths of all dendrites for a given cell were
calculated by tracing the dendrites with the line segment ROI using the
MultiMeasure plugin for ImageJ. The lengths of the same dendrites were then
recorded again after advancing the projection by 8 min. The absolute values of

the changes in dendrite length were summed to arrive at the dSSEARCH index
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value for that cell over that 8 min period. The procedure was repeated until the
dSEARCH index had been calculated over then entire imaging period. Likewise,
the extent of lateral migration was calculated in manner similar to that described
above. The maximum intensity projections were aligned to account for drift
during acquisition using the StackReg plugin for ImageJ. The x-y positions of the
cell bodies were tracked over the entire imaging period using the Manual
Tracking plugin for ImageJ, and the data were used to determine the mean
distance moved per image (i.e., 4 min). Statistical differences between the mean
dSEARCH index values or mean migration rate values among the different

treatment groups were determined by Mann-Whitney U-test.
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CHAPTER FOUR
Results

LC BEHAVIORS UNDER PHYSIOLOGIC CONDITIONS

Visualization of Corneal LCs In Situ

When this project was begun, we chose to monitor LC behaviors in the
cornea, considering its two major advantages for ex vivo imaging studies. First, as
an optically transparent organ, the cornea is an ideal tissue from which
fluorescence data can be obtained at high resolutions even at a significant depth
beneath the surface of the tissue. Second, the cornea is an avascular organ,
receiving oxygen and nutrients from the fluids that bathe it, and as such would
maintain a more physiologic state when introduced into an organ culture system.
As we later found, an additional feature of corneal LCs is that they seem to be
replaced by bone marrow derived precursors with greater proclivity than
epidermal LCs, and thus could be effectively studied using a bone marrow

transplantation protocol.

Reconstitution of Leukocyte Populations After Bone Marrow Transplantation
To visualize LCs in the absence of tissue fixation or staining, bone

marrow cells harvested from EGFP-transgenic mice were transplanted into y-
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irradiated wild-type C57BL/6 mice, with the assertion that leukocytes originating
from the donor stem cells would fluoresce under the proper stimulation and thus
be distinguishable from the somatic tissues of the recipient. After six to eight
weeks, allowing for engraftment of the bone marrow cells, the extent of
reconstitution in the spleen and peripheral blood were determined by flow
cytometric analysis. Reconstitution ranged from 67% to 84% for each of the
CD45" leukocyte, CD3" T cell, B220" B cell, and CD11c” DC populations,
determined by calculating the percentage of cells expressing EGFP within each
population as defined with fluorescently-labeled mAbs (Figure 3). In experiments
performed with the help of Akiko Nishibu, a post-doctoral fellow, reconstitution
of immune cells in the cornea was found to be comparable to that observed in
splenocyte and peripheral blood leukocyte samples, with EGFP expression
detected in a majority of CD45" leukocytes (76%), CD3" T cells (53%), F4/80"
macrophages (67%), and Gr-1* granulocytes (56%); very few, if any, B220" B

cells were found in the corneal samples.

Within the corneal epithelium were found many EGFP" cells, primarily
distributed in the peripheral regions near the corneal-scleral border, in an area
known as the limbus. After isolation of the epithelium by EDTA treatment and
consequent staining of the samples with mAb, CD11c expression was detected in

82.2 + 8.0% (mean * SD, n = 215) of the EGFP" cells (Figure 4A), while 91.9 +
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1.9% (n = 391) expressed MHC Il. Virtually all the cells showing the classic
dendritic morphology of LCs (Figure 4, Movies 1-2) were located within the
epithelium in the limbal areas of the cornea and expressed the classic LC markers
CD11c (Figure 4A) and MHC II (data not shown). The surface densities of the
MHC 11" cells in the limbus were comparable (P > 0.1) between the EGFP bone
marrow chimeric mice (37.5 + 16.3 cells/smm?) and untreated, wild-type C57BL/6
control mice (48.3 + 11.4 cells/mm?). Moreover, no significant differences were
observed in the morphology or distribution of MHC 11" cells in the epithelium
between the transplant recipients and normal controls. Finally, EGFP™ cells
lacking the characteristic LC morphology were observed, but they resided mainly
in the stromal compartment of the cornea and predominantly expressed CD3,

CD11b, F4/80, or Grl, markers of T cells, macrophages or PMNS.

Owing to its high crystalline triple helix structure, collagen is capable of
second harmonic generation (SHG), or frequency doubling, a physical
phenomenon in which the wavelength of electromagnetic waves encountering the
collagen are precisely halved. SHG during two-photon excitation of the corneal
samples resulted in visible wavelength emission that could be monitored
concurrently with EGFP fluorescence, and as a result the presence or absence of
collagen in the tissues could be used to identify cells in the corneal stroma and

epithelium, respectively (Figure 4C and Movie 3). Since LCs are by definition



58

located within the epithelium, for all further experiments LCs were defined as
intraepithelial EGFP* cells showing the characteristic dendritic morphology. It
should be noted, however, that EGFP expression was detected in only 91.1 +
2.0% of CD11c" cells and 86.1 + 8.2% of MHC 11" cells. Thus, a small fraction
of LCs, presumably of recipient origin, remained invisible to detection by in situ

microscopy.

Corneal LCs Interact With Their Environment Via dSEARCH

In order to visualized the dynamic behaviors of LCs in situ, corneal
samples from EGFP bone marrow chimeric mice were harvested and placed into a
specialized organ culture system designed to maintain the tissue via temperature
control and constant circulation of aerated culture medium (Figure 5). LCs in the
limbus of the corneal samples were then immediately imaged using two-photon
laser microscopy. When imaged in this manner, an overwhelming majority of
LCs displayed an intriguing behavior characterized by repetitive extension of
dendritic process in random directions between adjacent corneal epithelial cells,
followed by retraction of those processes through the same paths (Figure 6 and
Movie 4 & 5). This behavior, which we termed dendrite surveillance extension
and retraction cycling habitude, or ASEARCH, occurred in a regular manner with

a mean period of 32 £ 8 min (mean + SD, n = 40), a mean speed of extension of
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1.5 £ 0.2 um/min, and a mean speed of retraction of 2.0 £ 0.6 um/min, as

measured from maximum intensity projections of the data sets (see Figure 7).

In order to claim that the dSSEARCH consisted of true periodic
movements, the data were subjected to a more quantitative analysis. Fast Fourier
transforms are used in numerous disciplines as a means to analyze complex
signals (for example, to extract information from carrier waves), and as such are
powerful tools for the decryption of convoluted data sets. Power spectra were
created for each cell analyzed in order to extract frequencies from the transforms,
and these spectra nicely illustrate that the lengths of the dendrites of cells
displaying dSEARCH are in fact cyclical and do not represent random variation in
dendrite length (Figure 8). Weighted mean periods, which include the
contributions of small fluctuations in length within the greater pattern, were
calculated for the dSSEARCH displayed by the corneal LCs. The weighted periods
of the three cells shown in Figure 7 were 40.0, 38.5, and 36.4 min, which

approximate the analog mean period estimated above.

Lateral Migration by EGFP™ Cells in the Cornea
Although dSEARCH was the primary dynamic behavior noted in EGFP”
LCs in the cornea, populations of cells were observed that migrated laterally

through the corneal tissue. While the vast majority of LCs remained sedentary,
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with the cell body centroids moving very little over the course of the experiments,
occasionally a LC was seen to move slightly in an amoeboid fashion in the x-y
plane. Given the extent to which the dendrites moved, it was surprising to note

that overall little lateral movement was observed in LCs.

The majority of the movement observed in EGFP+ cells in the cornea
occurred in the stromal compartment, and was exhibited by cells lacking the
morphological characteristics of LCs. Smaller, fast moving cells with a polygonal
shape were observed throughout the stroma, some reaching a speed of
approximately 10 um/min. While post hoc identification of specific cells within
the cultured samples was not practical, these small, fast moving cells resembled
the CD3" or Gr-1" cells seen in the fixed corneal preparations in terms of
morphology and location within the stroma. Additionally, slower migration was
seen in larger, amorphously shaped cells that resembled the F4/80*/CD11b*
macrophages seen in the fixed samples. Thus, it seems reasonable to speculate
that the cornea is constantly patrolled by migratory T cells and/or granulocytes, in

addition to the tissue-resident macrophages.
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Visualization of LC Behaviors in the Epidermis

In the process of characterizing the EGFP bone marrow chimeric mice, it
became evident that epidermal LCs are not replaced by bone marrow precursors
after y-irradiation, even several months after the transplantation procedure. In our
mice, isolated patches of skin could be found that contained EGFP* cells within
the epidermal compartments, but these represented a very small fraction of the
total skin surface area. Further experiments by other investigators confirmed
these observations, suggesting that LCs self-propagate within the epidermis
except in states of extreme inflammation (148,149). Thus, the EGFP bone
marrow chimeric mice could not be used to study epidermal LC behavior, and we
instead opted to employ I-AB-EGFP knock-in mice developed by our
collaborator, Dr. Hidde Ploegh. In these mice, the endogenous I-AS gene has
been replaced by a construct encoding an I-A-EGFP fusion protein, and thus all
cells expressing MHC 11, including LCs, concomitantly express EGFP. With
these mice, experiments were performed with the cooperation of Akiko Nishibu to

elucidate the behaviors of epidermal LCs in the physiologic state.

Quantification of LC Populations in the Epidermis
The ear skin was chosen as the location for all subsequent imaging studies

in these mice because it possessed several advantages for experimental
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assessment of epidermal LC behaviors. In particular, the ear skin is readily
accessible for the application of treatments, the collection of samples, and even
the direct observation of cells within the animal. Furthermore, the ear skin is
thinner and relatively hairless when compared to the footpad or abdominal skin,
respectively. In ear skin samples freshly harvested from the knock-in mice, many
EGFP" cells extending long dendritic processes in the classic manner of LCs were
observed in the epidermal compartment. After immunofluorescent staining and
examination by epifluorescence and confocal microscopy, CD11c and langerin
expression were detected in all tested EGFP™ cells (n = 1670). Conversely, all
tested CD11c” or langerin® cells exhibited EGFP fluorescence, and all possessed
the characteristic dendritic morphology of LCs (Figure 9). Thus, epidermal LCs
in the 1-AB-EGFP knock-in mice can be visualized as EGFP” cells in the

epidermis of intact skin, even in the absence of tissue fixation or staining.

Behaviors of Epidermal LCs Ex Vivo

Based on the results discovered during examination of corneal LCs, one
could assume that epidermal LCs would also be prone to display the same
repetitive dendrite movement. The difference between corneal and epidermal
LCs in terms of repopulation after bone marrow transplantation, however, gave us
pause since the precursor populations and/or biology of these populations

theoretically could be very different. Therefore we set out to investigate the
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behaviors of epidermal LCs. To determine whether EGFP epidermal LCs might
exhibit any baseline motility, ear skin samples freshly harvested from I-AB-EGFP
knock-in mice were placed into organ culture in a manner very similar to that
used for the corneal samples above. As the abundant keratin content of the
epidermis and the presence of melanin within the hair follicles made the detection
of EGFP fluorescence by two-photon excitation problematic, the skin samples
were examined by conventional confocal microscopy. In a manner similar to that
of corneal LCs, EGFP" epidermal LCs exhibited movement characterized by
repetitive extension and retraction of the long dendritic processes through spaces
between adjacent keratinocytes (Figure 10 and Movie 6). Of a total of 205
EGFP" epidermal LCs monitored, this behavior was detected in 198 cells (97%),
and thus dSEARCH seems to represent an inherent behavior of epithelial-residing

LCs.

Steady State Behaviors of Epidermal LCs In Vivo

With the advantages of avascularity and optical transparency, the cornea is
well suited to microscopic investigation in organ culture. However, examination
of corneal tissue by laser scanning microscopy in living animals is impractical at
best, due to minute involuntary eye movements that disrupt the field of view
during scanning, even in anesthetized animals. The skin on sites such as the ear,

however, can be isolated and secured in living, anesthetized animals, and
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therefore has no such disadvantages for in vivo imaging. Consequently, we
decided to examine the epidermis of living I-AB-EGFP knock-in mice in order to

visualize the bona fide steady state behaviors of LCs.

While nearly all the LCs in the corneal and skin organ cultures display
noticeable dSSEARCH, substantial ASEARCH was detectable in only a small
fraction (5-10%) of epidermal LCs in living animals (Figure 11 and Movies 7 &
8). Interestingly, the population of LCs displaying dSSEARCH was discernible
from the more sessile LCs by the distinguishing features of larger cell size and
elevated I-AB-EGFP expression. Since it is not necessarily the absolute dendrite
length, but rather the total amount of change in dendrite length, that fluctuates
with increased dSEARCH activity, a more quantitative indicator of augmented
dendrite activity was computed. The dSEARCH index values, a measure of the
total change in dendrite length for a cell over a given time, of the LCs in live
animals showed statistical correlation with their x-y plane areas (P < 0.05, n =
79), as well as their EGFP fluorescence intensities (P < 0.01, n = 79). With the
modest dSEARCH activity found in only a small fraction of epidermal LCs, it
was not surprising to note that little or no lateral movement by EGFP™ LCs in the

epidermis was observed throughout the imaging periods.
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Figure 3. EGFP expression by leukocytes in BM chimeric animals.

C57BL/6 mice received 950 rads of y radiation followed by i.v. injection of bone
marrow cells isolated from EGFP transgenic mice. (A) Peripheral blood
leukocytes isolate from the recipient mice 10 weeks after bone marrow
transplantation were labeled with PE-conjugated mAb against CD45, CD3, B220,
and CD11c and examined for EGFP expression by flow cytometry. (B) Spleen
cell and peripheral blood leukocyte suspensions collected from chimeric mice 10-
12 weeks after transplantation were labeled with PE-conjugated mAb against the
indicated leukocyte markers. Data shown are the means £+ SD (spleen, n = 3;
blood, n = 6) of the percent EGFP" cells within in leukocyte subset, as determined
by FACS.
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Figure 4. LCs in the corneal epithelium express CD11c and exhibit a
dendritic morphology.

LCs were examined in fixed cornea samples from EGFP BM chimeric mice. (A)
Corneal epithelial sheets harvested 10 weeks after bone marrow transplantation
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were labeled with PE-conjugated anti-CD11c mAb and examined by conventional
fluorescence microscopy. Panels show EGFP (green), CD11c (red), and overlay.
Scale bar, 50 um. (B) Whole corneal samples harvested from EGFP chimeric
mice were fixed, stained with PI, and then examined under single-photon confocal
microscopy. Green fluorescence signals demarcate the three-dimensional structure
of an intraepithelial EGFP* LC extending long dendritic processes through
intercellular spaces between epithelial cells, visualized by red fluorescence
signals. Scale bar, 10 um. Rotational images and Z-axis stack can be viewed in
Movies 1 and 2, respectively. (C) Corneal sample harvested from EGFP chimeric
mice was fixed and then examined by two-photon laser scanning microscopy for
the spatial relationship of EGFP™ LCs (green) to collagen bundles detected via
second harmonic generation (magenta). Scale bar, 20 um. Rotation images are
shown in Movie 3.
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Figure 5. Schematic of the Delta T4 culture system for in situ imaging of
LCs.

Corneal samples were prepared from the freshly enucleated eyes of EGFP bone
marrow chimeric mice using a specially-fabricated double bladed knife. Samples
were secured with a rubber O-ring to the tissue slice adapter, which was placed
into a Delta T4 culture dish. Aerated culture medium was circulated through the
culture dish throughout the imaging period via a microperfusion pump. The
temperature of the sample was maintained by means of an electrically conductive
coverslip bottom on the culture dish, regulated by the Delta T4 Controller.
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Figure 6. Corneal LCs display a unique behavior termed dSEARCH.

Corneal samples freshly harvested from EGFP bone marrow chimeric mice were
imaged by two-photon microscopy. LCs displayed a characteristic behavior
comprised of extension of the dendritic processes, retraction of the dendrites
through the same path, and repetition of the extension/retraction cycle.
dSEARCH by a representative LC is shown in static images. Panels show
maximum intensity projections of three-dimensional data sets collected with a 6

min interval. Scale bar, 20 pum.
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Figure 7. Dendrite length varies over time in LCs showing dSEARCH.

EGFP" LCs in corneal samples were image by two-photon microscopy and
displayed a unique behavior characterized by rhythmic extension and retraction of
dendritic processes. To explore this behavior, the lengths of individual dendrites
were measured over time. The panels display the lengths of multiple dendrites for
three representative cells measured over the 150 min imaging period. Dendrite
length was defined as the linear distance from the tip to the junction with the cell
body. Data shown have been smoothed using a moving average with a period of
4,
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Figure 8. Periodicity of the changes in dendrite length.

The periodicity of AISEARCH by the same cells as in Figure 5 was assessed by
Fourier analysis. Fast Fourier transforms were applied to data sets plotted in
Figure 5, and power spectra were created by multiplying the transforms by their
conjugates. Each line represents the normalized power spectrum of a given
dendritic process over the indicated frequencies. For reference, the colors of
individual lines correspond to dendrites plotted in Figure 7.
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Langerin

Figure 9. Identification of EGFP" epidermal cells in the skin of I-AB-EGFP
knock-in mice.

Epidermal sheets were prepared from ear skin samples freshly harvest from I-Ap-
EGFP knock-in mice. The preparations were labeled with PE-conjugated anti-
CD11c mAb (A) or anti-langerin hybridoma supernatant (B) and then examined
by conventional fluorescence microscopy. All examined EGFP" cells expressed
CD11c or langerin, and vice versa. Scale bars, 20 um (A), 50 um (B).



73

Figure 10. dSEARCH recorded ex vivo in EGFP" epidermal LC.

Ear skin samples freshly harvested from I-AB-EGFP knock-in mice were placed
into a specialized organ culture system and imaged by confocal microscopy.
Representative cells demonstrating the characteristic dendrite activity known as
dSEARCH are shown. While not as active as corneal LCs, epidermal LCs exhibit
similar repetitious movements of the dendrites. The panels display maximum
intensity projection of three-dimensional data sets collected at 5 min intervals.

Scale bar, 10pum.
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Figure 11. dSEARCH recorded in the steady state in living animals.

Anesthetized I-AB-EGFP knock-in mice were examined by intravital confocal
microscopy for dynamic movement of EGFP" epidermal LCs. LCs in the steady
state in live animals overall show minimal dSSEARCH when compared to corneal
and epidermal LCs imaged ex vivo. However, the magnitude of dSSEARCH is
increased in a small population of cells showing increased cell size and
upregulated MHC 11 expression (i.e., increased EGFP fluorescence intensity).
The panels display maximum intensity projections of three-dimensional data sets
collected at 10 min intervals of a representative LC. Scale bar, 20um.
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Legends to Supplemental Movies

Movie 1. Three-dimensional images of an EGFP* corneal LC.

A three-dimensional data set similar to that shown in Figure 4B (without counter-
staining with P1) was reconstructed along the x-z plane, followed by rotation
about the z-axis (180°) and the x-axis (360°). Note that while some of the fine
dendritic processes extend upward in the z-axis, the LC occupies a much greater
area in the x-y plane.

Movie 2. Spatial relationship of an EGFP" corneal LC to neighboring
epithelial cells.

The data set shown in Figure 4B was processed to display 46 sequential x-y
images separated by 0.5 um spanning a total z-axis depth of 24 um. The series
begins superficially in the epithelium and proceeds towards to the stroma.

Movie 3. The spatial relationship of EGFP* corneal LCs to collagen bundles.

The data set shown in Figure 4C was processed to show rotation about the z-axis
(360°). Note the location of the EGFP* LCs slightly above the collagen signals.
This places the LCs within the epithelium, which lacks the abundant collagen
bundles seen in the stroma.

Movies 4-5. Time-lapse images of baseline dASEARCH performed by multiple
corneal LCs.

The data set shown in Figure 6 (Movie 4) and the data set from an independent
experiment (Movie 5) were compiled to show dynamic movement of EGFP*
corneal LCs. Note that most of the EGFP* LCs with the characteristic dendritic
morphology exhibit dSEARCH in the epithelial compartment, while rapid
migration is observed in smaller EGFP” cells possessing a polygonal shape
primarily in the stromal compartment.
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Movie 6. Time-lapse images of baseline behaviors of epidermal LCs ex vivo.

Confocal images recorded every 5 min in a skin sample freshly harvested from an
I-AB-EGFP knock-in mouse were compiled to show the dynamic movement of
EGFP" epidermal LCs.

Movies 7-8. Time-lapse images of in vivo behaviors of epidermal LCs in the
steady state.

The data set shown in Figure 11 and the data set from an independent experiment
were compiled to show steady state SSEARCH detectable in some of the EGFP*
epidermal LCs in anesthetized mice. dSEARCH was noticeable in EGFP* LCs
characterized by larger cell size and higher EGFP signal intensity.
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LC BEHAVIORAL RESPONSES TO LOCAL TISSUE INJURY

Behavioral Responses of Corneal LC to Local Tissue Injury

Having discovered the baseline behaviors of corneal LCs in our organ
culture system, the next step in elucidating the behavioral biology of LCs was to
observe their responses to localized tissue injury. As sentinel cells protecting and
watching the epithelial tissues of the body, LCs are acutely sensitive to
pathogenic injury to the tissues in which they reside and undergo a functional
reprogramming upon injury that allows them to initiate and modulate the immune
response. We reasoned that this change in LC function would be accompanied by
corresponding changes in LC behaviors, and thus we set out to observe LCs in the

cornea continuously before and after acute injury.

Pinpoint Thermal Injury Elicits Rapid Changes in LC Behaviors

Because of the inherent variability in ASEARCH and the notion that
harvesting and culturing corneal tissue could influence the LCs in varying ways, a
system was developed in which the same LCs from corneal samples could be
observed before and after injury to the tissue. Additionally, it was decided that

pinpoint injury to an area localized within the field of view of the microscope
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during image acquisition would be ideal, since the effect of the injury on the cells
in the immediate surroundings could be studied. To this end, we produced
pinpoint thermal injury to LC targets using the Ti:sapphire laser of the two-photon
microscope. Operating in the near-infrared portion of the spectrum, the laser
transmits electromagnetic radiation that is absorbed by water molecules in the
sample, causing an increase in the total thermal energy. By parking the laser at
maximum output on one specific spot of the corneal sample with the point bleach
function of the microscope, at least 23 joules of energy can be delivered to an area
no bigger than 0.25 um? over one minute. LCs were chosen as targets simply
because effective energy delivery could be assessed in images taken before and

after by the disappearance of EGFP signals from the field of view.

Using this technique, LCs could be effectively targeted, and thus tissue
injury inflicted, during the course of an imaging experiment without disrupting
the imaging volume or significantly interrupting image acquisition. Corneal
samples were observed for an hour under normal culture conditions before injury,
and then were observed for an additional three hours. Almost immediately, i.e.,
within 2-10 min of injury, LCs in the proximity of the injury site (within
approximately 100 um) began to exhibit augmented dSSEARCH (Figure 12 and
Movies 9-11) that was discernable with the naked eye. Indeed, the overall

dSEARCH activity, quantitatively assessed by measuring the dASEARCH index,
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was significantly (P < 0.01, n = 24) elevated in the early (0-60 min), middle (60-

120 min), and late (120-180 min) phases after injury (Figure 13).

In addition to augmented dSEARCH, local thermal injury also provoked
lateral movement in nearby LCs, a feature seldom seen in LCs at baseline (Figure
14 and Movies 9-12). The increase in lateral movement was noticeable forthwith
after injury, and thus paralleled the rapidity in which dSSEARCH augmentation
occurred. To quantitatively asses the migratory activity, we calculated the mean
traveled distance, or the mean distance in which the cell body centroid of
individual LCs moved between image frames (2 min interval). Thermal injury
was found to increase this parameter significantly (P < 0.05, n = 28) in all three
post-injury phases (Figure 15). While in some instances the neighboring LCs
were remarkably drawn to the site of injury, migration by corneal LCs after local
injury primarily occurred in random paths without an apparent directional bias
toward the injury site. Thus, LCs are capable of acutely responding to local tissue
injury with two unique behaviors, augmented dSSEARCH and increased lateral

migration.

Role of IL-1 in Injury-Induced Behavioral Changes
Since corneal epithelial cells and LCs are known to release IL-1 in

response to various pathologic stimuli (including tissue injury) and rapid and
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profound IL-1 release occurs after thermal injury, we chose to examine the roles
of IL-1 in corneal LC responses to injury (150-154). Therefore, IL-1Ra, a protein
that binds to circulating IL-1 and thereby antagonizes the binding to and
consequent signaling by IL-1 receptors, was added to the circulating culture
medium 60 min before injury as a means to disrupt the inflammatory signals
generated by this cytokine (Figure 16 and Movies 13 & 14). IL-1Ra treatment did
not appreciably affect the baseline dSSEARCH of the LCs, as the dSEARCH index
values before injury in the presence of IL-1Ra (Figure 17) were comparable (P >
0.1) to those in its absence (Figure 13, before injury). Strikingly, IL-1Ra
completely abrogated (P > 0.1, n = 20) the increase in ASEARCH index after
pinpoint thermal injury (Figure 17). In addition to its effects on dSSEARCH, IL-
1Ra treatment affected the ability of local injury to provoke lateral migration of
LCs, for no apparent lateral movement was seen in the presence of IL-1Ra, and
the mean traveled distance values were not significantly elevated after injury
(Figure 18). These results imply that rapid release of I1L-1 is required for both

forms of LC behavioral responses to local thermal injury.

With evidence suggesting a role for IL-1 as provided by the treatment of
corneal samples with IL-1Ra, we next sought to recapitulate the injury-induced
changes in LC behaviors with exogenous IL-1. The addition of recombinant

mouse IL-1a to the circulating culture medium, to a final concentration of 5
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pg/ml, caused augmented dSEARCH by corneal LCs in the absence of tissue
injury (Figure 19 and Movie 15 & 16). However, this increase was transient, as
the dSSEARCH index was significantly elevated (P < 0.05, n = 18) only in the
early (0-60 min) phase after IL-1o addition (Figure 20). In addition, exogenous
IL-1a failed to cause noticeable lateral movement, and the mean traveled distance

values remained unchanged (P > 0.1, n = 24) after treatment (Figure 21).

The concentration of IL-1co used in the above experiments (5 pg/ml) was
chosen to approximate the EDs, of the recombinant cytokine given by the
manufacturer, but we did consider the possibility that concentration of IL-1a. that
diffuses into the tissues could be significantly lower than in the circulating
medium. Therefore, several experiments were conducted in the presence of
significantly higher concentrations of recombinant protein in the circulating
medium. After exposure to medium containing IL-1a at 100 pg/ml, LCs began to
progressively extend their dendrites, with some eventually exceeding 100 um in
length, yet never showed dramatic lateral movement (Figure 22 and Movie 17).
Thus, IL-1 most likely acts as one, but not the only, factor mediating injury-

induced LC behavior responses.
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Effect of TNFa on Dynamic LC Behaviors

The inflammatory response that occurs after tissue injury involves release
of multiple factors, including IL-1. TNFa, another factor critical to the
inflammatory response, is also released by cells in the corneal epithelium (155-
157). Moreover, TNFa has been reported to mediate IL-1-dependent migration of
corneal LCs and trigger IL-1 production by corneal epithelial cells, and thus we
examined the effect of TNFo on LC behaviors (158,159). Addition of
recombinant mouse TNFa to the circulating medium, to a final concentration of
50 pg/ml, appeared to augment dSEARCH in corneal LCs (Figure 23 and Movies
18 & 19). In fact, LCs showed a significant (P < 0.01, n = 26) increase in
dSEARCH index values in all phases of TNFa treatment (Figure 24).
Furthermore, lateral movement of LCs became detectable after TNFo treatment,
with a significant (P < 0.05, n = 29) increase in the mean traveled distance values
in all phases after treatment (Figure 25). Together, these observations suggest the
potential of TNFa to induce sustained augmentation of both dSEARCH and
lateral migration of corneal LCs, and imply that the release of TNFa after injury

can result in these behavioral responses.
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Behavioral Responses of Epidermal LC to Inflammatory Insults

The data obtained when using the infrared laser to injure the tissue
samples demonstrated that corneal LCs could respond to pathogenic insults, and
this response was most likely mediated by inflammatory mediators like IL-1 and
TNFa. With this in mind, it was hypothesized that epidermal LCs would behave
in a similar manner when an inflammatory stimulus was introduced into the skin.
To this end several models of inflammation were used to test the responses of LCs
in the skin, both ex vivo and in vivo, in experiments performed along with Akiko

Nishibu.

LC Responses to Diffuse Inflammatory Stimuli Ex Vivo

By using the infrared laser to deliver thermal energy to the cornea, we
were able to produce pinpoint injury to the tissue and observe the acute response
of LCs in the immediate vicinity. The limitations that prevented the use of two-
photon excitation in the skin, however, also precluded the use of the laser to
induce pinpoint thermal injury in that tissue. Therefore, diffuse inflammatory
stimuli were given, and the LC responses measured after an extended period in
cultured skin samples. In the first model, ear skin samples harvested from I-AB-
EGFP knock-in mice were placed in organ culture for 16 hours before acquisition

of time-lapse images by confocal microscopy (160-162). In the second model,
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TNFa was injected s.c. into the ears, and after 16 hours, ear skin samples were
harvested and immediately imaged as described previously (163). As expected,
EGFP" epidermal LCs showed a marked increase in size and elongation of the
dendritic processes (Figure 26), two morphological changes known to accompany
the in situ maturation of LCs during inflammation (144,164,165). The injection
of PBS alone did not reproduce these changes, and, importantly, even after
explant culture or TNFo injection, virtually all EGFP* epidermal cells were
confirmed to express CD11c, and vice versa (Figure 26). This indicated that the

EGFP+ cells within the epidermis were indeed LCs.

The EGFP* LCs in the epidermis appeared to exhibit exacerbated
dSEARCH when monitored after skin organ culture or after TNFa. injection
(Figure 27 and Movies 20-22). In fact, the dSSEARCH index values were
significantly elevated after both organ culture (P < 0.01, n = 20) and TNFa.
injection (P < 0.05, n = 20), demonstrating that similar to corneal LCs, epidermal
LCs respond to inflammatory signals by amplifying the magnitude of <ISEARCH
(Figure 28). Additionally, LCs were remarkably motile after these two treatments
(Figure 29 and Movies 20-22), demonstrating amoeba-like movement through the
intercellular spaces between adjacent keratinocytes, and as in corneal LCs, the
migratory behavior occurred without an apparent directional bias. By measuring

the distances traveled by individual LCs every frame throughout the imaging
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period, it was shown that skin organ culture and TNFa injection significantly (P <
10°, n=57,and P < 10™, n = 61, respectively) increased the lateral movement of
LCs over baseline (Figure 30). Thus, LCs display the same basic dynamic
response phenotypes in both the cornea and the epidermis in response to

inflammatory stimuli.

LC Responses to Reactive Hapten Application In Vivo

Having discovered common behavioral responses of LCs in corneal and
skin organ cultures to tissue injury and inflammatory stimuli, the key question
then concerned whether LCs in living animals would respond in the same way.
To answer this question, a standard hapten, dinitrofluorobenzene (DNFB), was
applied topically to the ear of I-AB-EGFP knock-in mice, and the motile activities
of EGFP™ LCs were recorded by intravital confocal microscopy (144,145,166).
LCs exhibited not only an increase in size and elongation of the dendrites, but
also a dramatic increase in the apparent magnitude of dASEARCH (Figure 31 and
Movie 23). Indeed, the dSSEARCH index values measured 30 hours after DNFB
application were significantly elevated over those in the steady state (P < 0.001, n
= 20) and over those measured 30 hours after application of the 3:1 acetone:olive
oil vehicle alone (P < 0.01, n = 20) controls (Figure 32). Substantial lateral
migration of EGFP" cells became readily detectable in the epidermis after DNFB

application, and the traveled distance values were significantly elevated above
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steady state (P < 0.001, n = 89) and vehicle-alone (P < 0.001, n = 206) controls
(Figure 33). Taken together, these intravital imaging experiments confirmed the
ex vivo observations that injury or inflammation induces dynamic behavioral

responses by LCs.
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Figure 12. Pinpoint thermal injury triggers augmented dSEARCH in nearby
LCs.

After 60 min recording of the baseline behaviors of corneal LCs, pinpoint injury
was produced by infrared laser to a targeted LC at time 0. Panels show the
changes in dSEARCH of a representative LC adjacent to the injury site. The
images are maximum intensity projections of three-dimensional data sets

collected every 6 min. Scale bar, 20 um.



88

>

)
RN
N
()]

N

o

(@]
1

~
(6)]
1

dSEARCH Index (1im
(&)
o

25
0 . } . . b . - .
-30 0 30 60 90 120 150 180
Time (min)
*%*
3‘ ' ® [ ) E‘; 15 1 *%
x 601 o sk
[}] o c
-g *%* T_’ 10 1
= 401 sk *% ]
T < ©
O S o 51
m >
< 201 -, g 0+ — —m —m —m — — — — — 4]
© | o ° 8 >
T 9 ' ' ' ' < 5 T T T
before 0- 60- 120- 0-60 60-120 120-180
Time (min) Time (min)

Figure 13. dSEARCH index values in corneal LC are elevated after thermal
injury.

Pinpoint thermal injury was inflicted to a target LC, and the dSSEARCH index
values were calculated for neighboring LC by measuring the total change in
dendrite length over a 6 min period. (A) The values for 24 LCs from 8
independent imaging experiments are shown over time, with each line
representing the dSSEARCH index values of a single LC. Thermal injury was
inflicted using the infrared laser at time 0, indicated with a dashed vertical line.
(B) Mean dSEARCH index values were calculated for each LC before injury
(before, -60 to 0 min) and during the early (0-, 0 to 60 min), middle (60-, 60 to
120 min), and late (120-, 120 to 180 min) phases after injury. The filled and open
circles correspond to the solid and dashed lines, respectively, in (B). The mean
values among all LCs are shown with bars, and statistically significant differences
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compared with baseline (before) are indicated with asterisks (** P < 0.01). (C)
To account for the variability in the starting activity of different cells, the change
in dSEARCH index over baseline was calculated for the data shown in (B). For
each cell, the mean dSEARCH index value at baseline (-60 to 0 min) was
subtracted from those values computed for the early (0 to 60 min), middle (60 to
120 min), and late (120 to 180 min) phases after injury. Data shown represent the
mean + SEM for all cells. For reference, those groups in (B) that showed
significant differences to baseline are indicated with asterisks.
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Figure 14. Pinpoint thermal injury induces lateral migration in corneal LCs.

After 60 min recording of baseline behaviors, pinpoint thermal injury was
inflicted to a target LC using the infrared laser of the two-photon microscope.
After injury, EGFP" LCs in the vicinity of the injury showed increased later
migration. The panels show the movement of two LCs after injury to a
neighboring LC, indicated with an arrow. While these LCs move toward the site
of injury, in general LCs showed no particular directional bias toward the injury
and instead traveled in random directions. A large EGFP* cell in the stroma is
indicated with an asterisk. The images are maximum intensity projections of
three-dimensional data sets acquired at 10 min intervals. Scale bar, 20 um.
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Figure 15. The mean velocity of corneal LCs per frame is increased after
thermal injury.

After 60 min recording of baseline behaviors, pinpoint thermal injury was
inflicted to a target LC using the infrared laser of the two-photon microscope. (A)
The mean distance each LC traveled per image set (i.e., every 2 min) was
calculated from the x-y positions of the cell bodies before thermal injury (before,
-60 to 0 min) and in the early (0-, 0 to 60 min), middle (60-, 60 to 120 min) and
late (120-, 120 to 180 min) phases after injury. From these values, the mean rate
of lateral movement for each cell was calculated. Mean values among all LCs are
shown with bars, and statistically significant differences compared to baseline
(before) are indicated with asterisks (* P < 0.05). (B) To account for the
variability in the starting activity of different cells, the change in mean velocity
over baseline was calculated for the data shown in (A). For each cell, the mean
velocity at baseline (-60 to 0 min) was subtracted from those values computed for
the early (0 to 60 min), middle (60 to 120 min), and late (120 to 180 min) phases
after injury. Data shown represent the mean + SEM for all cells. For reference,
those groups in (A) that showed significant differences to baseline are indicated
with asterisks.
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Figure 16. Injury-induced dSEARCH augmentation is inhibited by IL-1Ra.

After 60 min recording of the baseline behaviors of corneal LCs in the continuous
presence of IL-1Ra (200 ng/ml), pinpoint injury was produced by infrared laser to
a targeted LC at time 0. The panels demonstrate the lack of drastic changes in
dSEARCH of a representative LC adjacent to the injury site. The images are
maximum intensity projections of three-dimensional data sets collected every 6
min. Scale bar, 20 um.
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Figure 17. IL-1Ra prevents injury-induced increase in dSSEARCH index in
corneal LCs.

IL-1Ra was added to the circulating culture medium to achieve a concentration of
200 ng/ml, and the behaviors of corneal LCs were monitored before and after
pinpoint thermal injury. (A) dSEARCH index values were calculated for 20 LCs
in six independent experiments and plotted over time, with each line representing
a single LC. Thermal injury was inflicted was inflicted using the infrared laser at
time zero, indicated with a dashed vertical line. (B) Mean dSEARCH index
values were calculated for each LC before injury (before, -60 to 0 min) and
during the early (0-, 0 to 60 min), middle (60-, 60 to 120 min), and late (120-, 120
to 180 min) phases after injury. The filled and open circles of a given color
correspond to the solid and dashed lines, respectively, in (A). Mean values for all
examined LCs are indicated with bars. No statistically significant differences
from the baseline values (-60 to 0 min) were noted in any post-injury phase (P >
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0.2). (D) To account for variability in the starting activity of different cells, the
change in dASEARCH index over baseline was calculated for the data shown in
(B). For each cell, the mean dSEARCH index value at baseline (-60 to 0 min)
was subtracted from the mean values calculated for the early (0 to 60 min),
middle (60 to 120 min), and late (120 to 180 min) phases after injury. The data
shown represent the mean + SEM for all LCs.
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Figure 18. IL-1Ra prevents injury-induced lateral migration in corneal LCs.

After 60 min recording of baseline behaviors in the continuous presence of IL-
1Ra (200 ng/ml) in the circulating culture medium, pinpoint thermal injury was
inflicted to a target LC using the infrared laser of the two-photon microscope. (A)
The mean distance each LC traveled per image set (i.e., every 2 min) was
calculated from the x-y positions of the cell bodies before thermal injury (before,
-60 to 0 min) and in the early (0-, 0 to 60 min), middle (60-, 60 to 120 min) and
late (120-, 120 to 180 min) phases after injury. From these values, the mean rate
of lateral movement for each cell was calculated. Mean values among all LCs are
shown with bars. No statistically significant differences compared to baseline
(before) were observed in any post-injury phase while in the presence of IL-1Ra
(P >0.1). (B) To account for the variability in the starting activity of different
cells, the change in mean velocity over baseline was calculated for the data shown
in (A). For each cell, the mean velocity at baseline (-60 to 0 min) was subtracted
from those values computed for the early (0 to 60 min), middle (60 to 120 min),
and late (120 to 180 min) phases after injury. Data shown represent the mean +
SEM for all cells.
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Figure 19. Exogenous IL-1a induces transient augmentation of dASEARCH
in EGFP" corneal LCs.

After 60 min recording of the baseline behaviors of corneal LCs, mouse
recombinant IL-1a (5 pg/ml) was added to the circulating culture medium at time
0. The panels show the changes in dASEARCH of a representative LC. The
images are maximum intensity projections of three-dimensional data sets
collected every 6 min. Scale bar, 20 um.
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Figure 20. IL-1a transiently elevates dASEARCH index values in corneal
LCs.

Following 60 min recording of baseline behaviors, IL-1a was added to the
circulating medium to achieve a final concentration of 5 pg/ml. (A) dSSEARCH
index values were calculated for 18 LCs in 4 different experiments and plotted
over time, with each line representing a single LC. IL-1a was added to the
medium at time 0O, indicated with a dashed vertical line. (B) Mean dSEARCH
index values were calculated for each LC before injury (before, -60 to 0 min) and
during the early (0-, 0 to 60 min), middle (60-, 60 to 120 min), and late (120-, 120
to 180 min) phases after injury. The filled and open circles of a given color
correspond to the solid and dashed lines, respectively, in (A). Mean values
among LCs are shown with bars, and statistically significant differences
compared with baseline (-60 to 0 min) are indicated with asterisks (* P < 0.05).
(C) To account for variability in the starting activity of different cells, the change
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in dSEARCH index over baseline was calculated for the data shown in (B). For
each LC, the mean dSEARCH index value at baseline (-60 to 0 min) was
subtracted from the mean values calculated for the early (0 to 60 min), middle (60
to 120 min), and late (120 to 180 min) phases after the addition of IL-1a. Data
shown represent the mean + SEM for all LCs. For reference, those groups in (B)
that showed significant differences to baseline are indicated with asterisks.
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Figure 21. IL-1a fails to induce an increase in lateral migration by corneal
LCs.

After 60 min recording of baseline behaviors, mouse recombinant IL-1o was
added to the circulating culture medium to achieve a final concentration of 5
pg/ml. (A) The mean distance each LC traveled per image set (i.e., every 2 min)
was calculated from the x-y positions of the cell bodies before the addition of IL-
la (before, -60 to 0 min) and in the early (0-, 0 to 60 min), middle (60-, 60 to 120
min) and late (120-, 120 to 180 min) phases of treatment. From these values, the
mean rate of lateral movement for each cell was calculated. Mean values among
all LCs are shown with bars. No statistically significant differences compared to
baseline (before) were observed after IL-1a treatment (P > 0.1). (B) To account
for the variability in the starting activity of different cells, the change in mean
velocity over baseline was calculated for the data shown in (A). For each cell, the
mean velocity at baseline (-60 to 0 min) was subtracted from those values
computed for the early (0 to 60 min), middle (60 to 120 min), and late (120 to 180
min) phases of IL-1a treatment. Data shown represent the mean + SEM for all
cells.
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Figure 22. IL-1a causes progressive dendrite elongation in corneal LCs at
higher concentrations.

After 60 min recording of baseline behaviors, IL-1a. (100 pg/ml) was added to the
circulating culture medium at time 0. (A) Panels show the maximum intensity

projections of three-dimensional data sets collected at 30 min intervals, starting at
time 0. Several intraepithelial EGFP* LCs exhibit progressive elongation of their
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dendrites in two opposing directions (the direction of the central cornea is
indicated with an arrow). EGFP signals from cells in the stromal compartment
are pseudo-colored in magenta. Scale bar, 50 um. (B) The lengths of multiple
dendrites of three representative EGFP* LCs showing progressive dendrite
elongation were measured at the indicated time points. Each line represents the
length of a given dendrite measured every 2 min.
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Figure 23. Exogenous TNFa elicits augmented dSEARCH by EGFP" corneal
LCs.

After 60 min recording of the baseline behaviors of corneal LCs, mouse
recombinant TNFa (50 pg/ml) was added to the circulating culture medium at
time 0. The panels demonstrate increase in dSEARCH activity of a representative
LC. The images are maximum intensity projections of three-dimensional data
sets collected every 6 min. Scale bar, 20 um.
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Figure 24. Exogenous TNFa causes an elevation in dASEARCH index values
in corneal LCs.

Following 60 min recording of baseline behaviors, TNFo was added to the
circulating culture medium to achieve a final concentration of 50 pg/ml. (A)
dSEARCH index values were calculated for 26 LCs in 4 independent imaging
experiments and plotted over time, with each line representing the values for a
single LC. TNFa was added to the culture medium at time 0, indicated with a
dashed vertical line. (B) Mean dSEARCH index values were calculated for each
LC before injury (before, -60 to 0 min) and during the early (0-, 0 to 60 min),
middle (60-, 60 to 120 min), and late (120-, 120 to 180 min) phases after injury.
The filled and open circles correspond to the solid and dashed lines, respectively,
in (B). The mean values among all LCs are indicated with bars, and statistically
significant differences compared with baseline (-60 to 0 min) are indicated with
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asterisks (** P < 0.01). (C) To account for variability in the starting activity of
different cells, the change in ASEARCH index over baseline was calculated for
the data shown in (B). For each LC, the mean dSEARCH index value at baseline
(-60 to 0 min) was subtracted from the mean values calculated for the early (0 to
60 min), middle (60 to 120 min), and late (120 to 180 min) phases after the
addition of TNF. Data shown represent the mean + SEM for all LCs. For
reference, those groups in (B) that showed significant differences to baseline are
indicated with asterisks.
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Figure 25. Exogenous TNFa induces lateral migration by corneal LCs.

After 60 min recording of baseline behaviors, mouse recombinant TNFa. was
added to the circulating culture medium to achieve a final concentration of 50
pg/ml. (A) The mean distance each LC traveled per image set (i.e., every 2 min)
was calculated from the x-y positions of the cell bodies before the addition of
TNFa (before, -60 to 0 min) and in the early (0-, 0 to 60 min), middle (60-, 60 to
120 min) and late (120-, 120 to 180 min) phases of treatment. From these values,
the mean rate of lateral movement for each cell was calculated. Mean values
among all LCs are shown with bars, and statistically significant differences
compared to baseline (before) are indicated with asterisks (* P < 0.05). (B) To
account for the variability in the starting activity of different cells, the change in
mean velocity over baseline was calculated for the data shown in (A). For each
cell, the mean velocity at baseline (-60 to 0 min) was subtracted from those values
computed for the early (0 to 60 min), middle (60 to 120 min), and late (120 to 180
min) phases of IL-1a treatment. Data shown represent the mean + SEM for all
cells. For reference, those groups in (A) that showed significant differences to
baseline are indicated with asterisks.
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Figure 26. LCs in the epidermis after diffuse inflammatory stimuli.

Epidermal sheets were prepared from I-AB-EGFP knock-in mice skin samples,
then labeled with PE-conjugated anti-CD11C mAb and examined by conventional
fluorescence microscopy. (A) Skin samples were collected from knock-mice and
cultured for 16 hours at 37° C before preparing epidermal sheets. (B) TNFo was
injected s.c. into the ears of I-AB-EGFP knock-in mice. Ear skin samples were
collected after 16 hr, and epidermal sheets were immediately prepared. After both
treatments, the LCs in the epidermis show morphological changes associated with
maturation, including increased cell size and elongation of the dendritic processes.
Even after skin organ culture or TNFa injection, all EGFP* cells in the epidermis
expressed CD11c, and vice versa. Scale bars, 20 um.
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Figure 27. dSEARCH recorded ex vivo in EGFP" epidermal LCs after
diffuse inflammatory stimuli.

Representative dSEARCH is shown for I-AB-EGFP knock-in mice ear skin
samples imaged by confocal microscopy after diffuse inflammatory stimuli. (A)
Ear skin samples from knock-in mice were harvested and cultured for 16 hours at
37° C, and then imaged by confocal microscopy. (B) TNFa was injected s.c. into
the ears of I-AB-EGFP knock-in mice, and 16 hours later the ear skin samples
were collected and imaged by confocal microscopy. The panels display
maximum intensity projections of three-dimensional data sets collected at 5 min
intervals. Scale bars, 10 um.
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Figure 28. dSEARCH index of epidermal LCs is elevated by inflammatory
stimuli ex vivo.

dSEARCH index values were calculated for individual EGFP* epidermal LCs
every 5 min for the entire 175 min observation period in ear skin samples freshly
harvested from I-AB-EGFP knock in mice (A), after 16 hour skin organ culture
(B), or 16 hours after s.c. injection of TNFa (C). Each line indicates the
dSEARCH index values calculated for an individual LC. (D) Mean dSEARCH
index values were calculated for all LCs over the entire imaging period. Mean
values amongst all LCs are indicated with bars, and statistically significant
differences compared to baseline (no treatment) are indicated with asterisks (* P <
0.05, ** P < 0.01). Filled and open circles of a given color correspond to the
solid and dashed lines in (A) through (C).
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Figure 29. Inflammation-associated lateral migration of EGFP" epidermal
LCs ex vivo.

Skin samples from I-AB-EGFP knock-in mice were imaged by confocal
microscopy, and lateral migration by LCs was monitored by recording the x-y
positions of the cell bodies over time. (A) Lateral migration by a representative
LC after 16 hour skin organ culture is shown. Panels show maximum intensity
projections of three-dimensional data sets acquired every 5 min. Asterisks
indicate the original location of the LC at time 0. Scale bar, 10 um. (B-D) The x-
y locations of EGFP* LCs were recorded in skin samples freshly harvested from
I-AB-EGFP knock-in mice (B), after 16 hour skin organ culture (C), or 16 hours
after s.c. injection of TNFa (D). The panels show the x-y positions of LCs from 0
to 60 min (blue), 60 to 120 min (red), and 120 to 180 min (green). Scale bar, 30
um.
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Figure 30. Inflammatory stimuli increase lateral migration of epidermal LCs
ex vivo.

The x-y positions of EGFP" epidermal LCs were recorded for every image frame
(i.e., every 5 min) in skin samples freshly harvested from I-AB-EGFP knock-in
mice (None), after 16 hour skin organ culture (Culture), and 16 hours after s.c.
injection of TNFa. (TNFa). These values were then used to calculate the mean
velocity of each LC over the entire imaging period. The Mean values among all
LCs for a given experimental condition are indicated with bars, and the statistical
differences between groups are indicated.
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Figure 31. Topical hapten application induces augmented dSEARCH by
EGFP" epidermal LCs in vivo.

The ear skin of anesthetized I-AB-EGFP knock-in mice were examined by
intravital confocal microscopy 30 hours after topical application of DNFB. The
panels show representative maximum intensity projections of three-dimensional
data sets collected at 10 min intervals. Scale bar, 20 um.
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Figure 32. dSEARCH index values of epidermal LCs are elevated after
hapten application in vivo.

EGFP" LCs in the ear skin of anesthetized I-AB-EGFP knock-in mice were
imaged by intravital microscopy. (A-C) dSEARCH index values were calculated
for LCs in untreated skin (A) or 30 hours after application of DNFB (B) or
vehicle alone (C). Each line represents the ASSEARCH index values of a single
LC. (D) Mean dSEARCH index values for the entire imaging period were
calculated for each LC. Mean values among the LCs in each treatment group are
indicated with bars, and statistically significant differences between groups are
indicated with asterisks (** P < 0.01, *** P < 0.001). The filled and open circles
of a given color correspond to the solid and dashed lines, respectively, in (A)
through (C).
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Figure 33. Application of reactive hapten induces lateral migration of
epidermal LCs in vivo.

Anesthetized I-AB-EGFP knock-in mice were examined by intravital confocal
microscopy for the migratory activities of EGFP* epidermal LCs in the steady
state (None) or 30 hours after the application of DNFB (DNFB) or vehicle alone
(Vehicle). The x-y positions of the cell bodies were tracked over time, and the
mean velocities over the imaging period were calculated. Mean values among all
the LCs for different treatment protocols are indicated with bars, and statistically
significant differences between groups are indicated with asterisks (*** P <
0.001).
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Legends to Supplemental Movies

Movies 9-11. Time-lapse images of injury induced augmentation of
dSEARCH and lateral movement in corneal LCs.

The three movies demonstrate injury-induced amplification of dSSEARCH and
lateral migration of EGFP" corneal LCs observed consistently in 8 independent
imaging experiments. After 60 min recording of baseline behaviors, pinpoint
thermal injury was produced at time 0 in an EGFP* LC indicated with an arrow.
Note the increased activity of the dendrites and the propensity for lateral
movement within the epithelium after injury.

Movie 12. Time-lapse images of injury-induced lateral migration by corneal
LCs.

After 60 min recording of baseline behaviors, pinpoint thermal injury was
produced at time 0 in and EGFP* LC indicated with an arrow. Two LCs in the
vicinity of the injury site show immediate and drastic migratory responses. While
these cells are seen migrating toward the site of injury, in general LC migration
after injury occurred in random paths with no apparent directional bias (e.qg.,
toward the injury site). Additionally, a large EGFP* stromal cell with an
amorphous shape (indicated with an asterisk) exhibits an unusual response
characterized by rapid migration toward the injury site followed by casting fine,
mesh-like projections toward the neighboring LCs.

Movies 13-14. Time-lapse images of the impact of IL-1Ra on injury-
triggered changes in corneal LC behaviors.

Data sets shown in Figure 16 (Movie 13) and from an independent experiment
(Movie 14) were compiled to show the dynamic behavioral responses of corneal
LCs to local injury in the presence of IL-1Ra, which was added to the circulating
media at time -60 to achieve a concentration of 200 ng/ml. After 60 min
recording of baseline behaviors, pinpoint thermal injury was produced at time 0 in
an EGFP" LC indicated with an arrow. Note how the activity of the dendrites
does not change appreciably after injury and how EGFP* LCs do not move
significantly from their original positions. In Movie 13, a large, amorphously
shaped EGFP” cell in the stroma is indicated with an asterisk.



116

Movies 15-16. Time-lapse images of IL-1-induced amplification of
dSEARCH in corneal LCs.

The data set shown in Figure 19 (Movie 15) and the data set from an independent
experiment (Movie 16) were compiled to show the dynamic behavioral responses
of corneal LCs to IL-1. After 60 min recording of baseline behaviors, IL-1a was
added to the circulating media at time 0 to achieve a final concentration of 5
pg/ml. Note the increase in the activity of the dendrites after addition of IL-1 and
the relative absence of lateral movement by LCs.

Movie 17. Time-lapse images of dendrite hyper-elongation in corneal LCs
triggered by IL-1 at a high concentration.

The data set shown in Figure 22 was compiled to show the dynamic behavioral
responses of corneal LCs to IL-1. After 60 min recording of baseline behaviors,
recombinant IL-1a was added to the circulating medium at time 0 to achieve a
final concentration of 100 pg/ml. Not the profound elongation of the dendrites in
the absence of significant lateral movement.

Movies 18-19. Time-lapse images of TNFa-induced changes in corneal LC
behaviors.

Data sets shown in Figure 23 (Movie 18) and from an independent experiment
(Movie 19) were compiled to show the dynamic behavioral responses of corneal
LCs to TNFa. After 60 min recording of baseline behaviors, recombinant TNFa
was added to the circulating culture media at time 0 to achieve a final
concentration of 50 pg/ml. Note an increase in dendrite activity and lateral
movement similar to the changes seen after tissue injury.

Movies 20-21. Time-lapse images of ex vivo behaviors of epidermal LCs after
skin organ culture.

The same data set shown in Figure 27A (Movie 20) and the data set from an
independent experiment (Movie 21) were compiled to show the dynamic
behaviors of EGFP" epidermal LCs after prolonged skin organ culture. Ear skin
samples were harvested and cultured for 16 hours before imaging by confocal
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microscopy. Note the increased dendrite activity and lateral movement observed
after prolonged culture.

Movie 22. Time-lapse images of ex vivo behaviors of epidermal LCs after
local TNFa injection.

Imaging data were compiled to show the dynamic behaviors of EGFP™ epidermal
LCs after injection of TNFa.. Sixteen hours after s.c. injection of recombinant
TNFa into the ear, skin samples were harvested and imaged by confocal
microscopy. Note the provoked dSEARCH and motile activities of the EGFP”
epidermal LCs.

Movie 23. Time-lapse images of exacerbated in vivo behaviors of epidermal
LCs in hapten-treated skin.

The same data set shown in Figure 31 was compiled to show the provoked motile
activities of EGFP" epidermal LCs recorded in vivo 30 hours after the application
of DNFB. An overlap of dendrite-associated EGFP signals between neighboring
LCs is indicated with an arrow.



118

LC BEHAVIORAL RESPONSES TO PATHOGENIC ORGANISMS

Generation of Fluorescent Bacteria for In Situ Imaging

Having discovered several unique behavioral responses of LCs to
inflammatory stimuli, specifically augmentation of dSSEARCH and lateral
migration, we reasoned that the phenomena associated with bacterial infection
would also lead to similar dynamic responses by LCs. However, in order to
observe the infection of the epithelial tissue and the interactions between LCs and
the pathogens, bacterial cells were needed that could be directly observed by

fluorescence.

Transformation of Pseudomonas aeruginosa by the Mini-Tn7 Transposon

As an opportunistic Gram-negative bacterium that infects a variety of
epithelial tissues, including both the cornea and the epidermis, Pseudomonas
aeruginosa was chosen as a model pathogen for use in imaging experiments with
corneal and epidermal LCs. Several different methods of fluorescent labeling
were considered, but stable integration of a fluorescent protein gene into the
chromosome using a transposon was seen as the optimal technique, since plasmid

selection pressure would not have to be maintained and there would be fewer
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complications than with chemical labeling. To achieve stable integration without
fear of deleterious effects from random insertion into vital genes, the mini-Tn7
system was chosen, as the Tn7 transposon is known to stably integrate into the
well characterized attTn7 site downstream of the glmS gene in a location that does

not interfere with bacterial growth or performance (167).

Plasmids containing the genes encoding ECFP, EYFP, and DsRed were
obtained, and transformation of the P. aeruginosa strain PAO1 was performed
according the protocol developed by Lambertsen, et al (168). Immediately after
transformation, individual colonies were chosen and examined for ECFP, EYFP,
or DsRed expression by confocal microscopy. Intense fluorescence was seen in
these samples (data not shown), and therefore the cultures were frozen to create
stock cultures. Unfortunately, examination of cultures grown in LB broth from

the stock sample failed to show fluorescence under confocal examination.

To exclude the possibility that expression of the fluorescent protein was
causing harm to the bacterial cells, via inclusion bodies or aggregates,
transformed PAOL cells were grown under selection pressure in parallel with
untransformed cells. No differences were observed in the growth or viability of
the bacterial cells between the transformed and non-transformed controls after

overnight culture. Furthermore, as fluorescent proteins need time to mature after
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translation to attain their fluorescent properties, transformed and non-transformed
cells were grown in liquid cultures for extended times, and fluorescence intensity
was measured with a photon counter. Again, no differences in fluorescence
intensity were observed between the transformed and non-transformed controls at
any time point up to 72 hours after the start of the culture (Figure 34). Moreover,
insertion of the Tn7 transposon into the PAO1 cells was confirmed by Dr. Kevin
Mclver using PCR, and the viability of the fluorescent protein genes within the
transposon was determined by positive expression of the ECFP, EYFP, and
DsRed in the Escherichia coli strains harboring the original transposon plasmids
(Figure 35). Therefore, while the transformation had indeed taken place, DsRed
expression by the transformed PAO1 cells was not sufficient for detection by the
confocal microscope. Thus, an alternative strategy for fluorescent labeling of the

bacterial cells needed to be used.

Labelling of Pseudomonas aeruginosa Cells by CMTMR

Though the procedures for preparing the cells for imaging experiments are
more complicated, chemical labeling of the bacterial cells was chosen over
fluorescent protein expression from a plasmid because the absence of antibiotic
selection pressure in the infected tissue would not interfere with the detection of
fluorescence. The cell tracking dye CMTMR was chosen for its fluorescent

properties, as it could be imaged along with EGFP using standard fluorescence
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filter sets. Like CFSE and other cell tracking dyes, CMTMR is freely diffusible
across biological membranes and enters the cytoplasm of the bacterial cells. Once
inside the cell, intracellular esterases catalyze a reaction that links a functional
group of the dye to intracellular components, most likely glutathione via
glutathione-S-transferases. The process results in cells that can be detected by
fluorescence, until such time as cell division by the labeled cells dilutes the

amount of dye in each cell to undetectable levels.

Cells of the P. aeruginosa strain PAO1 were grown in overnight broth
cultures and then labeled with CMTMR. Indeed, after labeling in this manner, the
bacterial cells exhibited marked fluorescene under confocal microscopy (Figure
36A). Regrettably, after as little as 8 hours of further growth in liquid culture or
in infections in vivo, fluorescence by the CMTMR-labeled bacteria was
completely absent. Upon further examination, it became evident that the dye was
not only being diluted by division of the bacterial cells, but was being actively
secreted as well, as fluorescence could be identified in strands of extracellular
material within clumps of cells after observation by confocal microscopy (Figure

36B).
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ECFP and EYFP Expression by Plasmid Vectors

As a final means of obtaining bacterial cells that could be detected by
fluorescence in situ, plasmid vectors encoding ECFP and EYFP under the control
of a robust promoter were obtained. With extremely strong fluorescent protein
expression observed by the investigators that developed the plasmids, we hoped
that the absence of selection pressure during infection would be countered high
level of protein expression at the time of inoculation. Indeed, intense
fluorescence was observed in transformed cells of both P. aeruginosa strain PAO1
and E. coli strain DH5a after overnight culture in liquid medium and even 18

hours after inoculation in vivo (Figure 37, see also Movie 27).

LC Responses to Bacterial Cells In Vivo

With possession of fluorescent bacteria that could be observed along with
LCs under the confocal microscope, we decided to test the LCs behavioral
responses to infection. It was decided that all further imaging experiments would
be performed in vivo, since the dynamic behaviors observed in this setting would
obviously be the most physiologically relevant to naturally acquired infections.
Unfortunately, in vivo imaging of corneal tissues by laser scanning techniques,
including multiphoton and confocal laser scanning microscopy, is impractical

with current technology; random, involuntary movements of the eye, even under
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anesthesia, result in disruption of the field of view while the tissue is being
scanned. Therefore, the behavioral responses of LCs to invading organisms were
studied exclusively in skin of living animals, and as such, fluorescent E. coli was

used as a more relevant pathogen of the epidermis.

Epidermal LCs Show Augmented dSEARCH in Response to Bacterial Infection
In healthy animals, the stratum corneum of the skin provides a resilient
exterior barrier that prevents potential pathogens from gaining access to the
underlying tissues. With this barrier in place, experimental infections are difficult
to initiate, and interactions between pathogens and LCs, which occupy positions
just above the basal keratinocytes, are not possible. Thus, tape-stripping, a
standard protocol for removing the stratum corneum in which adhesive tape was
repeated applied and removed from the skin, was performed on the ear skin of I-
AB-EGFP knock-in mice before infection (169-172). Mechanical removal of the
stratum corneum in a manner such as this is known to induce slight irritation and
inflammation in the skin, and so the LCs in the ears of anesthetized I-AB-EGFP
knock-in mice were first examined by intravital confocal microscopy 18 hours

after tape-stripping in the absence of infection (169,173-175).

As expected, LCs in the epidermis exhibited visibly augmented

dSEARCH after tape-stripping (Figure 38 and Movies 24 & 25). Indeed, the
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dSEARHC index values of LCs in tape-stripped skin, measured at 8 min intervals,
were significantly elevated above the steady-state controls (Figure 39). It was
surprising to note, however, that the morphology of the LCs after tape-stripping
was more reminiscent of LCs in the steady than that seen after DNFB application
(compare Figures 31 and 38 and Movies 23 and 24). This suggests that tape-

stripping did not produce maximal levels of inflammation and/or LC activation.

Conversely, extreme activation was seen in LCs after infection of the ear
skin. Immediately after tape-stripping the ear skin, fluorescent E. coli from a
fresh overnight liquid culture were applied to the ears of I-AB-EGFP knock-in
mice. After an 18 hour incubation period, the mice were anesthetized and the ear
skin examined by intravital confocal microscopy. LCs in infected skin exhibited
markedly increased dASEARCH, as well as the characteristic morphological
changes associated with in situ activation (Figure 40 and Movies 26 & 27). This
observation was substantiated by measuring the dASEARCH index values of the
epidermal LCs, which were significantly elevated over both steady state and tape-
stripping alone (Figure 39). Thus, infection of the skin elicits robust
intensification of the ASSEARCH activity of the dendrites in LCs and suggests that
additional inflammatory factors are elicited during infection compared to

mechanical injury alone.
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Epidermal LC Migration After Infection of the Skin

In previous experiments, the migratory activities of epidermal LCs were
augmented after diffuse inflammatory stimuli, a property that correlated with
amplified ASSEARCH. Likewise, the intermediate level of activation seen in LCs
after tape-stripping alone, as identified by elevated dSSEARCH, corresponded to a
modest increase in lateral migration. Furthermore, LCs in skin infected with E.
coli exhibited an exceptional increase in lateral migration (Figure 41). By
measuring the average distance traveled by each LC between imaging frames,
statistically significant increases in lateral migration were displayed by LCs in
tape-stripped skin versus the steady state, and LCs in skin infected by E. coli
showed significant elevation above both steady state and tape-stripped controls
(Figure 42). Thus, the same step-wise increase in LC activation found in the
dSEARCH index measurements was observed for lateral migration after tape-

stripping and infection.
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Figure 34. DsRed fluorescence emission by mini-Tn7-transformed
Pseudomonas aeruginosa.

P. aeruginosa clone PAO1 cells were transformed using a mini-Tn7 transposon
containing the dsred gene. After one overnight passage post-transformation,
transformed and control PAO1 cells were grown at 37° C with constant shaking
for varying lengths of time. Fluorescence was measured at several time points,
including 48 hours (A) and 72 (B) after the start of the cultures, using a photon
counter. Panels show the relative fluorescence intensity of control and
transformed cultures at different emission wavelengths when excited with 488 nm
and 543 nm light. The peaks on the left-most sides of the panels represent bleed-
through from the excitation light.
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Figure 35. Fluorescent protein expression in Escherichia coli vectors.

Mini-Tn7 transposon plasmids containing the ecfp, eyfp, or dsred genes were
obtained in E. coli carrier cells. After overnight broth culture of the cells at 37°
C, ECFP (A), EYFP (B), and DsRed (C) protein expression was detected by
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confocal microscopy. Panels show the transmitted light, fluorescence, and
overlay images. Scale bar, 30 um.
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Figure 36. Fluorescence in Pseudomonas aeruginosa cells labeled with
CMTMR.

Normal cells of the P. aeruginosa clone PAOL were grown in overnight liquid
cultures. Cells were then labeled with the cell tracking dye, CMTMR, which
freely diffuses into cells and is rendered membrane impermeant by intracellular
enzymes. (A) Cells in log phase growth were labeled with CMTMR, washed, and
immediately imaged by confocal microscopy. Panels show transmitted light,
fluorescence, and overlay images. Scale bar, 30 um. (B) PAO1 cells in log phase
growth were labeled with CMTMR and washed extensively. The cells were
resuspended in fresh culture medium,incubated at 37° C for an additional 8 hours,
and then imaged by confocal microscopy. Scale bar, 10 um.
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Figure 37. Fluorescence by Pseudomonas aeruginosa cells expressing ECFP
or EYFP.

Cells from P. aeruginosa clone PA01 were transformed with plasmids containing
the ecfp or eyfp genes. After overnight culture in liquid medium, cells were
examined for ECFP (A) and EYFP (B) expression by confocal microscopy.
Panels display the maximum intensity projections of transmitted light and
fluorescence data sets, as well as an overlay image. Scale bars, 20 um.
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Figure 38. dSEARCH activity in epidermal LCs is increased after tape-
stripping in vivo.

The stratum corneum was removed from the ear skin of I-AB-EGFP knock-in
mice, and LC behaviors in the epidermis were observed by intravital confocal
microscopy. The panels show maximum intensity projections of three-
dimensional data sets collect every 20 min. Scale bar, 20 um.
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Figure 39. dSEARCH index values are increased after tape-stripping and
infection with Escherichia coli.

Anesthetized I-AB-EGFP knock-in mice were examined by intravital confocal
microscopy. The dSEARCH index was calculated for LCs in the steady state
(Normal skin), 18 hours after removal of the stratum corneum by tape-stripping
(Tape-strip alone), and 18 hours after tape-stripping plus infection with E. coli,
and mean values were calculated for each cell over the imaging period. Mean
values among all LCs in a treatment group are indicated with bars, and
statistically significant differences between groups are indicated with asterisks
(*** P <0.001).
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Figure 40. Epidermal LCs display hyper-augmented dSEARCH after
bacterial infection of tape-stripped skin.

The stratum corneum was removed from the ear skin of I-AB-EGFP knock-in
mice by tape stripping immediately before infection with Escherichia coli cells.
LCs in the epidermis were imaged 18 hours later by intravital confocal
microscopy. Panels show the maximum intensity projections of three-
dimensional data sets collected every 20 min. Scale bar, 10 um.
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Figure 41. Lateral migration of epidermal LCs is seen after infection of tape-
stripped skin in vivo.

The ears of I-AB-EGFP knock-in mice were infected with Escherichia coli after
removal of the stratum cornea by tape-stripping. After 18 hours, the mice were
anesthetized and the ears were imaged by intravital confocal microscopy. Panels
display maximum intensity projections of three-dimensional data sets acquired
every 20 min. Scale bar, 10 um.
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Figure 42. Tape-stripping and infection with Escherichia coli induces
increased lateral migration by epidermal LCs in vivo.

The mean distance traveled between imaging frames was calculated for LCs in the
ear skin of I-AB-EGFP knock-in mice over the entire imaging period. LCs were
imaged in the epidermis in the steady state (Normal skin), 18 hours after removal
of the stratum corneum by tape-stripping (Tape-strip alone), and 18 hours after
tape-stripping plus infection of the skin with E. coli (Tape-strip + E. coli). Mean
values among all the LCs of a given treatment group are shown with bars, and
statistically significant differences between groups are indicated with asterisks
(*** P <0.001).
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Legends to Supplemental Movies

Movies 24-25. Time-lapse images of in vivo behaviors of epidermal LCs after
tape stripping.

The stratum corneum of the ear skins in I-AB-EGFP knock in mice were removed
by repeated tape-stripping. After 18 hours, EGFP* epidermal LCs were imaged
by intravital confocal microscopy. Note that while some dSEARCH activity is
appreciable, the cells retain a more immature morphology and exhibit no little
lateral movement.

Movies 26-27. Time-lapse images of in vivo behaviors of EGFP* epidermal
L Cs after tape-stripping plus infection with Escherichia coli.

The stratum corneum was removed from the ear skin anesthetized I-ApB-EGFP
knock-in mice, and fluorescent E. coli cells were applied to the tape-stripped
surface. LCs in the epidermis were then imaged by intravital confocal
microscopy 18 hours later. Note the mature morphology and the active
dSEARCH and lateral migration of the LCs. While the bacteria did, in fact,
fluorescence in all experiments, they rested on the surface of the tape-stripped
skin while the LCs were positioned in the suprabasal layers of the epidermis.
Thus, the two cell populations occupied different positions in the z-axis. The
imaging volume was chosen to monitor the LCs specifically, but in some cases
bacteria can be seen as they transiently drift into the imaging volume.



CHAPTER FIVE
Conclusions and Discussion

SUMMARY OF EXPERIMENTAL FINDINGS

While the activation of T cells in the lymph nodes is indeed crucial to the
development of the adaptive immune response, one could argue that the activation
of the APCs in the tissues where Ags are first encountered is equally vital.
Therefore, this study was performed to elucidate the behaviors accompanying the

initial activation of LCs, as model APCs, within the epithelium.

LC Behaviors at Baseline

LC behaviors were examined within two different epithelial tissues, i.e.,
the cornea and the epidermis, so as to take advantage of the benefits that each
tissue offered for in situ microscopic investigation. As an optically transparent
tissue, the cornea is ideal for use with fluorescent observation, and the natural
absence of blood vessels and lymph drainage lends the cornea to organ culture
techniques. However, involuntary eye movements preclude in vivo examination
of the cornea by laser scanning microscopy. The presence of hair, melanin, and
keratin in the skin complicates microscopic examination, particularly with two-

photon excitation. However, there is arguably more known about the biology of

138
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LCs in the skin, and isolation of the skin for in vivo observation is relatively
straightforward. Thus, both models were used to uncover the behaviors of LCs in

situ, as the strengths of each tissue complemented those of the other.

Baseline LC Behaviors Observed Ex Vivo

In both model tissues, LCs exhibited distinctive behaviors under
physiologic conditions. In the corneal samples, a few LCs displayed minimal
lateral movement, while no movement was observed for LCs in the epidermis at
baseline. The most obvious and striking behavior, however, was characterized by
extension of the dendritic processes in random directions between the adjacent
epithelial cells or keratinocytes, retraction of the processes through the same
paths, and repetition of the extension-retraction cycle. Designated the dendrite
surveillance extension and retraction cycling habitude, or dASEARCH, this
behavior was detected in an overwhelming majority of LCs in corneal and
epidermal samples ex vivo. Interestingly, by subjective observation, LCs in the
cornea appeared to display greater AISEARCH activity at baseline than those in the
epidermis, perhaps due to differences in the physical environments in which they
reside. However, due to the disparity in the experimental conditions used to
observe LCs in the skin and cornea, the difference in dASEARCH activity between

these two populations is not directly testable.
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In Vivo Behaviors of LCs in the Steady State

In contrast to the corneal and epidermal LCs examined ex vivo, in which
dSEARCH was exhibited by nearly all the cells, only a small proportion of
epidermal LCs observed in vivo displayed active dSEARCH. Fascinatingly, the
proclivity of a given LC to perform active dSSEARCH correlated with increases in
cell size and MHC Il expression. As these features are typically seen after
maturation of LCs in situ, it suggests that spontaneous maturation of LCs occurs
in the steady state (144,164,176-178). As was the case for epidermal LCs
observed ex vivo, LCs examined in vivo were wholly sessile, and no apparent

lateral migration was discovered in any sample.

LC Responses to Injury and Inflammatory Stimuli

Behavioral Responses After Pinpoint Thermal Injury

Using the corneal organ culture system, pinpoint thermal injury as
inflicted to LCs while acquiring time-lapse images, and the behaviors of
neighboring LCs were observe for several hours thenceforth. The inherent
advantage of observing the same LCs before and after injury allowed for
determination of the acute behavioral responses, and interesting insights into the
time course of LC activation after injury were obtained. Almost immediately

after injury, corneal LCs in the area showed a dramatic increase in dendrite
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activity, quantified by measuring the dSEARCH index. Additionally, LCs began
to migrate laterally through the corneal epithelium, a phenomenon enumerated by

calculating the mean distance traveled per imaging frame.

As IL-1 is known to be released in the cornea in response to injury, the
role of this cytokine in the injury-mediated behavioral responses was tested by
blocking its function with the addition of IL-1Ra (153,179-182). While it had no
effect on the baseline behaviors of LCs, this treatment completely abrogated the
augmented dSEARCH and lateral migration seen after injury. To further explore
this concept, exogenous IL-1a was added to the corneal organ cultures.
Treatment with this cytokine induced an increase in ASEARCH index—though
this effect was only temporary—but failed to cause increased lateral migration.
However, the addition of TNFa., another inflammatory cytokine known to be
released upon tissue injury, triggered an increase in both ASSEARCH index and
mean traveled distance throughout the entire imaging period (183-185). These
results indicate that the behavioral responses of LCs to pinpoint injury are
dependent on IL-1 release, and that other mediators such as TNFa are required as
well, as IL-1 alone is not sufficient to fully induce LCs responses. These
conclusions are supported by experimental evidence demonstrating IL-1c and
TNFa regulate the synthesis and functions of one another in a variety of cell types

(186-191).
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Responses to Diffuse Stimuli in the Epidermis

Because pinpoint injury could not be delivered to LCs in the epidermis
either ex vivo or in vivo, diffuse inflammatory stimuli were given skin samples
before imaging the tissues (144,145,192-196). In skin samples either cultured for
16 hours or harvested 16 hours after s.c. injection of TNFa and then imaged ex
vivo, LCs exhibited behaviors very reminiscent of those seen after pinpoint injury
to the cornea. After either treatment, LCs displayed vigorous movement of their
dendritic processes and moved with fervor throughout the epidermis. Likewise,
after application of DNFB, a reactive hapten, to the skin, epidermal LCs in living
animals demonstrated significantly elevated dSSEARCH index values and
increased lateral migration. These results connote that LCs in differing epithelial
tissues display common behavioral responses to inflammatory stimuli that are
characterized by increased activity of the dendrites and lateral movement through

the tissues.

L C Responses to Pathogenic Organisms

Bacterial Infection of Skin In Vivo

Should infectious pathogens find their way past the physical barriers

protecting the body, sentinel cells like LCs sense the danger and alert the immune
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system to the invaders. Based on the previous findings that LCs respond to injury
or inflammatory stimuli with characteristic behavioral responses, it seemed
reasonable that LCs would display the same responses, and possibly additional
behaviors, after infection of the tissue by bacterial cells. To test this theory, the
ear skins of mice were infected with Gram-negative bacteria, and the LCs in the
epidermis were imaged by intravital confocal microscopy. In order to establish an
infection of the skin, the outermost physical barrier of the epidermis, the stratum
corneum, was removed by tape-stripping, a technique that itself is a form of
diffuse mechanical injury (169,197-199). As demonstrated before, diffuse injury
caused augmentation of ASSEARCH and increased lateral migration in epidermal
LCs. Infection of the skin after tape-stripping, however, caused hyperactivation
of dendrite activity and lateral movement. Thus, the presence of pathogenic
organisms on the skin results in increased LC activation expressed as distinctive

behavioral responses.

QUESTIONS AND SIGNIFICANCE

Imaging the Immune System

Over the past several years, the development of technologies for imaging

live cells and the resulting observations of dynamic leukocyte behaviors have
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revolutionized the way we perceive the activation of immune cells and the
initiation of immune responses (200). DCs, in particular, are critically important
to the initiate of adaptive immune responses, for example having been shown to
be the only cell type capable of activating CD8 T cells (201). Because of the
significance of this interaction, much study has been performed to increase our
understanding of the events surrounding the Ag-specific activation of T cells by
DC. Despite this, relatively little is known of the behaviors of immature DCs

within the tissues.

Dynamic Behaviors of DCs

As the initiators and regulators of the immune response, APCs have
naturally been prime targets for dynamic imaging. Using time-lapse
videomicroscopy, the migratory activities of freshly isolated LCs and DCs were
observed in a three-dimensional collagen matrix and were shown to be dependent
on the maturation state of the cells (202). DC networks have been visualized in
Vvivo using two-photon microscopy and mice possessing a transgenic EYFP
reporter under the control of the CD11c promoter (203). DCs in the subcapsular
space of lymph nodes within living animals exhibited extensive movement of
membrane ruffles and mean “crawling” speeds of approximately 2.5 um/min. By
contrast, DCs in T cell areas were relatively sessile, with observed speeds less

than 1 pm/min.
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In addition to exploring the cellular behaviors of DCs , investigators have
used microscopy to elucidate the subcellular and molecular events associated with
antigen presentation. Transduction of bone marrow DC cultures with a gene
encoding an EGFP-tagged version of the I-Ea. protein facilitated the observation
of MHC Il movement within DCs (204). When maturation of the DC cultures
was triggered by the addition of LPS, MHC Il molecules rapidly translocated
from lysosomes/late endosomes to the cell surface. In a complementary study,
BM-derived DCs from I-AB-EGFP knock-in mice displayed tubular endosomal
structures containing MHC 11 that extended and polarized toward the site of T cell
contact (205). This reorganization of MHC Il compartments only occurs,
however, when the TCRs of the interacting T cells specifically recognize Ags

presented by the DCs.

Dynamics of DC-T Cell Interactions

Videomicroscopy has been used to examine the interactions of bone
marrow-derived DCs loaded with OV A peptide and T cells expressing an OVA-
specific transgenic TCR within collagen matrices (206). In these experiments, T
cells crawled across the surfaces of DCs they encountered, but rapidly detached
after relatively brief interactions lasting only 5-10 min. In later experiments,

antigen presentation in lymph node explants was observed after the adoptive
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transfer of fluorescently-labeled, Ag-loaded DCs as well as Ag-specific T cells
labeled with a different fluorescent dye (207). Interestingly, Ag-specific CD4 T
cells were relatively sessile, and formed long-lasting (>15 hours) contacts with Ag
loaded DCs. Using two-photon microscopy, DCs in lymph node explants were
shown to interact with large numbers of CD8 T cells, establishing brief physical
contacts with up to 500 T cells per hour (208). Further experimentation proved
that the dynamics of the interactions between DCs and CD4 or CD8 T cells occur
in sequential steps and are dictated not only by Ag specificity but by the

maturation state of the DCs (209,210).

While the above studies were performed ex vivo, more recent experiments
have utilized intravital imaging to explore the events of antigen presentation in
vivo. The previously observed behaviors of adoptively transferred DCs and T
cells were confirmed in intact lymph nodes of anesthetized mice (211).

Moreover, after injection of a fluorescently labeled Ag/adjuvant complex, the
behaviors of DCs that had carried the complex to the lymph node were monitored
as they interacted with CD4 and CD8 T cells (212,213). Finally, using the
CD11c-promoter-driven EYFP transgenic mouse described above, the differing
dynamics of interactions between T cells and either mature or immature DCs were
confirmed in vivo by intravital imaging (214). While the functional outcomes of

these interactions have not yet been experimentally determined, the experiments
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have greatly increased our understanding of the behavioral mechanisms that

govern DC-T cell interactions and T cell activation.

Imaging of Langerhans Cells in Living Tissues

The discovery and characterization of langerin as a LC-specific marker
has allowed for the discrimination of LCs from other DC subsets, therefore
allowing investigators to fully explore the biology and function of LCs (83,215-
219). With our continued understanding of the mouse genome has come insight
on the promoter regions that control langerin expression, and several investigators
have capitalized on this to drive the expression of genes specifically within LCs.
In one recent report, the langerin promoter was utilized to express the diphtheria
toxin receptor (DTR), as well EGFP as a reporter of DTR expression (220).
While the purpose for constructing this knock-in animal was to explore the
relative functions of LCs and other DCs subsets by specifically deleting the LCs
via injection of diphtheria toxin, the investigators took advantage of the
expression of EGFP to observe LC behaviors in vivo. Anesthetized mice were
examined by confocal microscopy, and EGFP* LCs in the epidermis exhibit little
motility, either in terms of dendrite activity or lateral migration. However, 24
hours after tape-stripping, considerable dendrite and cell body motility was

exhibited by EGFP" LCs, confirming the results obtained in vivo in this study.
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Technical Significance of This Study

While our understanding of the dynamics of the presentation of Agsto T
cells has increased dramatically from the imaging studies mentioned above, up
until now there was still relatively little known concerning the dynamic events
associated with the capture of antigens and initial activation of DCs in the
peripheral tissues in situ. To the best of our knowledge, this study represents the
first systematic and thorough examination of LCs, a subset of immature DCs, in

situ.

Multiphoton microscopy has been used to observe the behaviors of
immune cells in previous studies, but had never been employed to examine
leukocyte populations in the cornea. By utilizing a unique organ culture system
and EGFP BM chimeric mice, in which the corneal LCs express EGFP,
multiphoton laser microscopy has allowed, for the first time, the detection of the
dynamic behaviors of corneal LCs. Also, SHG has permitted the study of EGFP”
leukocytes and their spatial relationships to the tissue environment. By using the
infrared laser to produce tissue injury and by adding recombinant cytokines into
the organ culture system, this work has demonstrated the extremely rapid kinetics
by which cytokines mediate LC behavioral responses to tissue injury. Other
investigators have used confocal microscopy to examine the behaviors of immune

cells, even LCs in the epidermis. However, this study represents a significant
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breakthrough in the imaging and analysis of LC populations ex vivo and in vivo.
The combination of tissue explants and live animals has allowed for the
investigation of LC behaviors under several different inflammatory conditions.
Moreover, the use of spectral detection and linear unmixing has allowed the study
of LC responses to bacteria in vivo. Finally, this is the first study in which the
dynamic behaviors of immature corneal or epidermal LCs in situ have been
rigorously characterized, using the dSSEARCH index and mean velocity of

migration.

Implications of LC Behaviors

Differences in dASEARCH Between Tissue Preparations

One of the most striking differences noted between LCs observed in the
various tissues used in this study is the variation in overall ASEARCH activity.
Based on subjective observation, EGFP* LCs in the cornea displayed more
dynamic dendrite motility at baseline than did LCs in the epidermis. However,
direct statistical comparison of the dSEARCH index values calculated for cells in
the cornea and skin is not appropriate considering the differences in the ways the
data sets were acquired, e.g., image sets were collected every 2 min by
multiphoton microscopy in the corneal samples, while images of epidermal LCs

were acquired every 5 min by confocal microscopy. Nevertheless, the relative
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dSEARCH index values serve as a rough guide to the differences between tissues,
highlighting the increased activity of corneal LCs over epidermal LCs and
implying the existence of intrinsic differences between the corneal and epidermal
LCs themselves and/or the physical environment of the tissues in which they

reside.

Perhaps of greater consequence is the difference in dASEARCH activity
seen between epidermal LCs observed ex vivo and in vivo. LCs observed in the ex
vivo organ culture system all displayed an appreciable level of dendrite motility,
while LCs observed in living animals in vivo on average displayed almost no
discernable dendrite activity. Those cells that did exhibit dSSEARCH concurrently
demonstrated signs of maturation, namely increased cell size and MHC 11
expression (221). The apparent conclusion from these observations is that the
dSEARCH observed in the ex vivo tissue samples is a consequence of
inflammation associated tissue preparation and handling. Indeed, it was shown
some time ago that the culturing of skin explants induces phenotypic alterations in
LCs and their migration out of the epidermis, changes associated with
inflammation-induced maturation (222), as early as 4 hours after harvesting (223).
While the mechanisms of immune activation ex vivo are not known, the possible
causes include oxidative stress triggered by the loss of blood and/or lymph

circulation circulation in vascular tissues like the skin, or even the loss of tonic
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neuronal signaling in the tissues after explantation in both the skin and cornea

(224-228).

While the cause of ASSEARCH in the baseline state ex vivo is an important
issue that remains to be clarified, the physiologic relevance of the LC behavioral
responses seen ex vivo after pathogenic stimuli is supported by the following
observations. First, experimentally produced thermal injury, exogenous
cytokines, and extended organ culture provoked the behavior of LCs substantially
above the baseline level, suggesting that handling of the tissue did not produce
inflammation causing the maximal activation of LCs. Secondly, migration of LCs
through the tissues, considered a hallmark of activation in both the cornea and
skin, was regularly seen only after administration of the inflammatory stimuli
listed above. Finally, the continuous presence of IL-1Ra, which completely
abrogated injury-induced augmentation of ASEARCH in the cornea, failed to
affect the baseline level of dendrite activity, thus excluding the possibility that the
baseline dSSEARCH was attributable to IL-1 release consequent to ex vivo

manipulation, at least in the cornea.

Functions of Dynamic LC Behaviors
Although the functions of ASSEARCH and lateral migration within the

epithelial tissues remain to be determined, it seems reasonable to discuss their
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potential relationship to the local immunosurveillance roles of LCs. The dynamic
movement of dendrites has recently been demonstrated with lymph node-resident
DCs (229,230). By projecting and waving their pseudopods, those DCs
established dynamic physical contacts with T cells in the lymph nodes. While the
immunological function of that motion remains to be determined, it has been
postulated that the DCs maximize the chances of developing physical contacts
with antigen-specific T cells by moving the pseudopods. As dASSEARCH
resembled the waving motion, except that dendrites were confined to the same
paths between neighboring cells in the epithelial tissues, it is tempting to
speculate that the behaviors of LCs may help facilitate Ag sampling by

maximizing the amount of tissue with which the LCs may interact.

While the surface densities of epidermal LCs vary significantly between
skin sites and individuals, the x-y plane area covered by LCs in the skin remains
remarkably consistent, i.e., about 25% of the total skin area (231). This
phenomenon is accomplish by 3- to 4-fold increases in cell volume by LCs in
areas with reduced densities of LCs, highlighting a compensatory mechanism for
maintaining LCs at the environmental interfaces. Based on static confocal
images, it has been estimated that each epidermal LC in the steady state is
responsible for monitoring 53 keratinocytes (232). Thus, ASSEARCH and lateral

migration may represent dynamic mechanisms by which LCs monitor an
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increased area and survey the intercellular spaces more efficiently through the

extension of dendritic processes in multiple different directions.

In support of this hypothesis, LCs are known to internalize a variety of
Ag, including pathogenic microbes (62,233). The murine LC-like immature DC
line XS52 has been shown to internalize Treponema pallidum by extending and
coiling the dendrites in vitro (234). Evidence also suggest that melanosomes are
internalized by LCs and transported to skin-draining lymph nodes in the steady
state (235). If ASEARCH and lateral migration help facilitate Ag uptake, then it is
conceivable that LCs would show increased melanosome uptake in the mature
state. This was indeed proven when melanosomes were identified by electron
microscopy in the phagocytic vacuoles of LCs in tape-stripped skin, but not
untreated normal skin (236). While this evidence supports a role for _ISEARCH
and lateral migration in Ag uptake, further studies are clearly required to
determine whether the dynamic LC behaviors are indeed coupled to the

internalization of Ags.

LCs in Corneal Pathology
Though normally associated with the initiation of protective immune
responses in other tissues, the presence of LCs in the cornea is correlated with the

initiation of immunopathologic responses that can severely damage the sensitive
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ocular tissue. For example, while damage to the tissue as a direct result of viral
replication is possible, permanent blindness as a result of HSV-1 infection of the
cornea occurs as a consequence of inflammatory responses in the corneal stroma,
a condition known as herpes simplex keratitis (HSK) (237,238). Interestingly, the
induction of centripetal LC migration into the central cornea before HSV
infection increases the incidence and severity of HSK, while inhibition of LC
migration or depletion of LCs from the cornea before infection interferes with the
development of HSK (239-241). Consequently, corneal LCs are thought to play
an important role in mediating the damage inflicted to the cornea during HSV-1

infection.

Similar to HSV, Pseudomonas aeruginosa is capable of causing a rapid
and severe infection of the cornea, often leading to blindness. A Gram-negative
bacterium, P. aeruginosa infects injured epithelia and invades into the stromal
compartment, leading to bacterial keratitis (242). Destruction of the corneal
tissue occurs not only due to protease secretion from the bacterial cells, but as a
result of reactive oxygen species generated from host cells as well in a process
apparently regulated by CD4 T cells (243,244). Fascinatingly, mouse strains
favoring Th1l responses displayed greater LC migration and CD80 expression than
Th2-inclined strains upon infection with P. aeruginosa, a trait that correlated with

increased susceptibility to corneal perforation as a result of the infection
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(245,246). On the other hand, severe corneal perforation was seen in the Th2-
favoring mouse strains, which are normally more resistant to perforation, when
LC migration was induced in the cornea before infection (247). These
observations are consistent with the idea that LC-mediated presentation of
bacterial Ags to T cells is one mechanism that regulates the susceptibility to
bacterial keratitis (248,249). Thus, the instigation of motile LC behaviors may
actually contribute to the development of pathological outcomes during corneal

infections.

Epidermal LCs in Cutaneous Disease

Given the extent of motility seen in LCs after inflammatory stimuli, it is
not surprising to note that alterations in epidermal LC migratory activity is
associated with or can result in pathological changes in the skin. For example,
upon skin transplantation, donor-derived LCs in the skin graft are activated and
migrate out of the epidermis (250). Presumably, these cells migrate to the
draining lymph nodes and activate allo-reactive T cells, which in turn mediate
rejection of the skin graft. Type 1 interferons are produced during viral infections
and have numerous effects to limit the extent of viral replication (251). While the
type 1 interferons normally act to enhance the immune response by activating
leukocytes such as DCs, the exposure of epidermal LCs to type 1 interferons

results in the inhibition of maturation and a reduction in the ability of LCs to
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stimulate T cell proliferation (252). Finally, after percutaneous infection of the
skin by Schistosoma mansoni parasites, epidermal LCs near the site of infection
demonstrate the phenotypic changes associated with maturation, such as increased
size, elongation of the dendrites, and expression of CD86, but failed to migrate
out of the epidermis (253). Even after treatment with TNFa, LCs in Schistosoma-
infected skin showed marked retention within the epidermis, implying that factors
produced by the parasite prevent LC migration and contribute to parasite escape
from the immune system. Thus, disruption of the link between LC maturation
and the induction of LC dynamic behavioral responses may contribute the

development of pathology in various cutaneous diseases.

Prospects for the Future

Challenges to the Role of LCs as APCs

Based on the finding that LCs that had emigrated from skin explant
possessed the ability to activate T cells in vitro, LCs have classically been
considered the principal APC population in the skin (65). A wave of recent
studies, however, has challenged the view of LCs as the major APC in the skin.
For instance, in two different models of HSV infection, LCs were shown to be
incapable of directly presenting HSV-associated Ags to T cells in the draining

lymph nodes, with T cells activation instead instigated by resident DCs within the
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lymph nodes (254,255). Similarly, in a model of cutaneous Leishmania major
infection, only cells of non-LC original were found to display L. major-associated
Ags in the skin draining lymph nodes 3 days after infection (256). One possibility
suggested by the data from these studies is that LCs may transfer Ags they have
acquired in the epithelial tissues to a second DC population in the lymph node that
then presents the Ags resulting in T cell activation. A second possibility evoked
by these data is that the kinetics of LC and tissue DC differ, with DCs reaching
the lymph node and presenting the Ags before the arrival of LCs. This is
supported by recent work using Lang-EGFP knock-in mice, in which EGFP
expression is controlled by the endogenous langerin promoter; LCs migrated to
the lymph nodes with much slower kinetics than dermal DCs after painting the
skin with a fluorescent dye (257). Finally, it is possible that other DC populations
in the skin contribute a greater proportion of functional antigen presentation than
do LCs. This was predicted several years ago after the original characterization of
dermal DC subsets in the skin (258,259). Further evidence for this was reported
in knock-in mice in which the expression of the diphtheria toxin receptor is under
the control of the endogenous langerin promoter. After complete ablation of LCs
by injection of diphtheria toxin, contact hypersensitivity (CHS) responses are still
inducible, implying a role for dermal DCs (260,261). Finally, CHS responses in

mice lacking LCs due to expression of the diphtheria toxin under the control of
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the langerin promoter were amplified, rather than diminished, suggesting roles for

dermal DCs in the initiation, and LCs in the suppression, of CHS responses (262).

The HSV and Leishmania models of infection described above represent
cutaneous pathological processes, but neither may portray the role of the
epidermal LCs with complete accuracy, as the method HSV infection results in
destruction of the epidermis and the delivery of Leishmania parasites is by s.c.
injection. Therefore, two questions still remain concerning the role of epidermal
LCs as APCs in the skin: are the behavioral responses of activated LCs coupled
with the ability of LCs to internalize Ags, and do LCs present Ags that are truly

restricted to the epidermis to T cells?

The imaging systems developed for this study provide the perfect means
to explore the first question. However, the internalization of Ags by LCs is
difficult to observe due to the fact that Ags are difficult to deliver to within the
epidermis. One possible solution to this problem would be the development of a
knock-in mouse in which a fluorescent Ag would generated specifically within
the epidermis. Because of the limits of resolution in live cell imaging,
observation of a soluble Ag is not practical, as the endocytic vesicles in which the
Ag would accumulate would be difficult to detect. Therefore, a particulate Ag

would be required, such as the melanosomes, which LCs are known to internalize
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under a variety of conditions (263,264). Since melanin granules cannot be easily
seen by laser scanning microscopy, a fluorescent marker would have to be
incorporated into the melanosome. The melanosomal matrix protein, Pmell7 (or
gpl00), is incorporated into melanosomes during their formation and initiates
their maturation into fibrillar structures (265). As truncation of the C-terminal
domain of Pmel17 did not affect the trafficking or processing of the protein, it is
reasonable to theorize that expression of a fusion protein containing EYFP linked
to the C-terminus of Pmel17 would not adversely affect the function of the protein
and that the fusion protein would be incorporated into melanosome that could
then be monitored by confocal or multiphoton microscopy. Thus, by crossing the
Pmell7-EYFP knock-in mice to mice expressing EGFP in the LCs, the

internalization of antigenic particles could be observed and studied in vivo.

To answer the second question, only a small change in the knock-in
strategy is needed. It was shown in transgenic mice expressing OVA under the
control of the K14 promoter that continuous expression of a model Ag in the
epidermis in the steady state results in immunologic tolerance (266). Therefore,
an inducible system would be required to test the ability of LCs to present the
model Ag to T cells. By the addition of the Tet-On inducible transcription factor
system, production of the EYFP-labeled melanosomes could be regulated by the

administration of tetracycline to the animal (267). Therefore, induction of
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labeled-melanosome production concurrent with the administration of a LC
maturation signal such as tape-stripping, reactive hapten, or TNFa injection
would enable the investigation of the ability of LCs to activate T cells through

conventional immunologic experimental procedures.
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