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ABSTRACT
Skin, the largest organ of a human body, encounters a host of various environmental
agents. To maintain the integrity and function of the skin, immune cells in the skin are tightly
regulated to allow tolerance to harmless antigens but mount effective response to dangerous
assaults, and their dysregulation might increase incidence of skin diseases. Balanced presence
of different types of immune cells in the skin is critical in protecting against foreign assaults and
preventing inflammatory damage. However, how immune cell homeostasis is established and
maintained in skin is not well understood.

CCR10, with its ligand CCL27 expressed by keratinocytes, are the most skin-specific
chemokine/receptor pair implicated in the skin T cell migration and inflammatory diseases.
Skin-resident T cells are unique populations of immune cells with memory cell–like
properties. Among them, recently identified skin-resident CD8+ memory T (Trm) cells play
an important role in providing faster immune responses to skin infection than those from the
circulation. However, it remains elusive that how these cells persist in the skin and
whether/how they regulate other immune cells in the local tissue.
Using CCR10 knockout/EGFP knockin mice, I determined the role of CCR10-mediated

migration of memory-like CD8+ cells and the maintenance of immune homeostasis in the
skin. I found that CCR10-/- mice had imbalanced numbers and dysregulated functions of
skin-resident effector and regulatory T (Teff and Treg) cells associated with enhanced innate
and memory skin immune responses to antigen stimulations. The enhanced immune response
in CCR10 -/- mice allowed them to clear the skin Leishmania major (L. major) infection more
efficiently than wild type (WT) mice did. I also found that that skin-resident CCR10+ CD8+ T
cells are important in the homeostasis of resident ILCs and CD4+ T cells by promoting the
maintenance of regulatory T (Treg) cells in the skin through the B7.2/CTLA-4 axis to promote
immune homeostasis and control immune responses. Specifically, impaired establishment of
CCR10-knockout CD8+ resident T cells in the skin results in enhanced immune responses to both
T cell antigen specific and non-specific challenges. The over-active response is associated with

iv
altered balance of resident Treg and CD4+ effector T (Teff) cells. Further studies found that B7.2
expressed on CD8+ T cells is involved in supporting Treg cells in the skin through interaction with
CTLA-4 highly expressed on skin Treg cells. These findings provide novel insight into
mechanisms regulating immune homeostasis and responses in the local tissue that could help in
areas such as vaccine development and therapeutic design for treatment of chronic inflammatory
diseases.
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Chapter 1
Literature Review
1.1 Introduction

The skin acts a multitasking organ to ensure body homeostasis and acts as the first line
defense system against injury and infection1. Innate and adaptive immune systems work
closely to protect skin against pathogen. Within adaptive immunity, circulating immune cells
that are recruited to the infection site play a major role in responding to challenges2. However,
recent findings revealed that a long-lived population named resident memory T (Trm) cells
induced during the first infection play a more essential role in skin adaptive immunity than
central memory (Tcm) and effector memory T cells (Tem) 3. Many chronic skin diseases such
as psoriasis involves recurring in previously affected areas, in which CD8+ Trm cells have
been proposed to play an important role4. Although the characteristics of Trm cells have been
well studied, the underlying molecular mechanisms by which these cells are established and
maintained and their role in local immunity are not fully understood.
C-C chemokine receptor type 10 is a 7-transmembrane, G protein-coupled receptors
expressed on skin-homing T cells. It has two ligands: CCL27 and CCL285. It has been shown
that CCR10-CCL27 interaction induces skin-resident T cells migration into un-inflamed skin6.
Our previous research showed that CCR10 -/- mice are also prune to infection and it is hard to
resolve. However, it is not known whether CCR10/CCL27-mediated CD8+ T cell migration is
involved in the establishment of immune homeostasis in local tissue. A better understanding
of molecular mechanisms by which CD8+ Trm cells interact with other immune cells to
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maintain local immune homeostasis is essential to understand the pathogenesis of skin
diseases and help develop better therapeutic applications.

1.2 Skin immunity

Skin has unique structure to carry out multiple roles as the largest organ in human body. It
is composed of an outer epidermis and an inner dermis separated by a basement membrane.
The epidermis contains keratinocytes (KCs), melanocytes and immune cells such as
Langerhans cells (LCs) and T lymphocytes7,8. KCs express pattern recognition receptors
(PRRs), which recognize pathogen-associated molecular patterns (PAMPs)9,10. Changes in
these cells differentiation lead to a disturbed skin barrier, which plays a role in the
pathogenesis of immune-mediated skin pathologies11. The dermis contains collagen ﬁbers that
act as a mechanical barrier as well as a structural framework. Immune cells residing in the
dermis include dermal dendritic cells (DDCs),  T cells,  T cells, natural killer (NK) cells,
B cells, mast cells, and macrophages12. Immune cells residing in epithelial tissues covering
the surface of a body play important roles in protecting against assaults of environmental
agents and maintaining local tissue homeostasis. Balanced presence of these different types of
immune cells in the skin is critical in protecting against foreign assaults and preventing
inflammatory damage to the tissue. However, how immune cell homeostasis is established
and maintained in the skin is not well understood.

1.2.1 Skin immune homeostasis

Being the largest organ and home to a diverse and complex variety of innate and
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adaptive immune functions, the skin has to maintain immune homeostasis to adapt to
self-antigens and pathogenic invasions7,8. Cutaneous commensal bacteria also plays a role in
modulating the host immune systems by inducing cutaneous interferon (IFN)-gamma- and
interleukin (IL)-17A-producing T cells13. Skin immune homeostasis is maintained by efficient
communication between innate and adaptive immune cells. KCs are involved in sensing
foreign pathogens and danger signals7,13. Migratory DCs are capable of initiating a diverse
range of immune responses in both inflammatory conditions and steady state conditions14.
Moreover, tissue-resident memory T (Trm) cells are able to perform crucial effector functions
as well as function in immune surveillance15.

1.2.2 Skin innate immunity

To maintain body homeostasis, the skin first has to maintain its physical barrier via
wound healing after tissue injury. As the first immune sentinels, keratinocytes residing in the
epithelial tissue respond to pathogens quickly and efficiently. KCs recognize conserved
microbial structures known as pathogen-associated molecular patterns (PAMPs) via their
pattern recognition receptors (PRRs)9. Toll-like receptors (TLRs) are the major groups of
PRRs. PAMP and TLR interactions induce activation of nuclear factor kappa B (NF-kB) and
interferon regulatory factor (IRF), leading to expression of tumor necrosis factor (TNF) and
type I IFNs16. Moreover, KCs are able to release abundant proinﬂammatory cytokines (IL-1,
IL-6 and TNF) upon activation of inflammasome within the cytoplasm, enabling neighboring
epithelial cells to respond by secreting more cytokines10. KCs also induce production of
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antimicrobial proteins (AMPs)17. AMPs play an important role in the cutaneous defense
against infection. In summary, activated KCs results in the antigen-independent increase in
cytokines and chemokines that leads to an increase in the neutrophil and macrophage inﬁltrate
in addition to T lymphocyte recruitment.
Innate immunity plays a critical role in wound healing that involves three sequential
stages: inﬂammation, new tissue formation, and tissue remodeling18. During the first stage, a
cascade of inﬂammatory events take place. Blood clot formation prevents further loss of
blood and ﬂuid and serves as a scaffold for incoming immune cells. Neutrophils are the first
immune cells involved in wound healing to kill bacteria and produce chemokines, cytokines,
and proteolytic enzymes18,19. Neutrophils also recruit monocytes, DCs and lymphocytes to the
infected tissue. Early after injury, monocytes migrating to the infected sites produce
proinﬂammatory cytokines and clear wound debris by phagocytosis. Later, another monocyte
population produces transforming growth factor- (TGF-) and vascular endothelial growth
factor (VEGF)20. In the second stage, macrophages are important in tissue repair and new
tissue formation by regulating the cytokine environment of the healing wound21.
Plasmacytoid DCs (pDCs) is a unique subset of DCs involved in wound healing. They
infiltrate into wound skin and secret large amount of type I IFNs as early as neutrophils. They
also promote the production of cytokines by Th17 and Th22 cells22. As an important type of
innate immune cells, V5V1 DETCs act as fast, early responders to skin damage promoting
tissue repair23,24. After wounding, they proliferate and produce proinﬂammatory cytokines,
chemokines, and KC growth factors. Dendritic epidermal T-cells (DETCs) also modulate
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conventional ab T cell and macrophage recruitment to the skin. In humans, there are similar
 T cells as DETCs acting as early effector cells upon trauma25.

1.2.3 Skin adaptive immunity

The first step in skin adaptive immune responses against pathogens is pathogen-derived
antigen capture, processing and presentation by dermal DCs (DDCs) followed by activation
of naïve T cells in skin draining lymph nodes. Langerhans cells (LCs) are effective in
initiating cytotoxic responses and required for T cell priming. Antigen presentation by LCs
contributes to Th17 cell differentiation26. However, LCs have also been reported to play an
immunosuppressive role by inducing T cell anergy or deletion and activating Treg cells that
dampen skin responses27-29. CD207+ DDCs promote antigen-speciﬁc cytotoxic T lymphocytes
(CTL) and Th1 cells27. Monocyte-derived DDCs (mo-DDCs) are important for adequate
immune response against pathogens, e.g., inducing protective Th1 cell responses against
Leishmania major30. They display similar phenotypic features as DDCs. In response to DC
presentation of the pathogen antigen, naive T cells differentiate into effector cells endowed
with critical effector functions, such as cytokine production and cytotoxicity31. The
differentiated CD4+ Th cells provide protective cutaneous immunity against a range of
intracellular and extracellular pathogens. Cytotoxic CD8+ T cells, producing type 1, 2, and 17
cytokines, also occur. In adaptive immune responses, memory T cells can be divided into
effector memory T (Tem) cells and central memory T (Tcm) cells. Tem cells are CCR4+ and
CCR10+ and able to migrate to the site of infection where they help clear the infection32. Tem
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cells remain in the skin after infection is resolved and become resident memory T (Trm)
cells33. Tcm cells traffic through secondary lymphoid organs such as spleen and lymph nodes
because of CCR7 and CD62L expression34. Upon secondary exposure to the same Ag, skin
DCs present it to skin Trm cells in situ, leading to fast response to clear the pathogen33.
Moreover, DCs migrating into sLN and present the Ag to Tcm cells. Activated Tcm cells
differentiate into a new population of skin homing Tem cells that migrate to skin and help
with the clearance of pathogens35.
Skin CD4+ and CD8+ T cells are distinct in terms of migration and localization.
Memory CD8+ T cells tend to reside in the epidermis after pathogen is cleared while memory
CD4+ T cells are preferentially located in the dermis and tend to recirculate 36. This capacity
allows CD4+ T cells to rapidly migrate to previously uninfected skin upon the secondary
infection. Among CD4+ T cells, Th17 cells perform an essential role in defense against a
number of fungal and bacterial skin infections by expressing IL-17 and IL-2237,38. Th17
cytokines are involved in recruitment of neutrophils, activation of macrophages, and
production of AMPs by KCs and neutrophils39-41. IL-22 plays an essential role in maintaining
skin homeostasis. It is produced by a variety of cells including Th1, Th17, Tc17, Th22 and
innate-like (T, NK, NKT) cell types. IL-22 is involved in tissue repair by exerting its effects
on epithelial cells. The remodeling phase is a long lasting stage that involves reorganization
of collagen ﬁbers. Dysregulated remodeling process results in chronic wounds and functional
deficiency42. CD4+ T cells also produce IFN (Th1 cytokine), IL-4, IL-5 and IL-13 (Th2
cytokines) and IL-10 and TGF- (regulatory cytokines). Regulatory CD4+ T cells (Treg) play
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important roles in maintaining immune homeostasis and self-tolerance. They function by
suppressing the activation, proliferation and cytokine production of other T cell subsets43,44. In
order to alleviate skin inflammation, Treg cells have to be present in skin rather than
skin-draining LNs45.
CD8+ T cells are cytotoxic T lymphocytes (CTL) capable of producing IFN. They are
able to kill cancer cells, virus-infected cells and damaged cells by releasing the
cytotoxins perforin, granzymes, and granulysin. There are two mechanisms by which CTL
mediates target cell death. One is that granzymes enter the cytoplasm of the target cell and
their serine protease function triggers the caspase cascade, which is a series of cysteine
proteases that eventually lead to apoptosis46-48. The other is to mediate cell-surface interaction
between the FAS ligand (FasL) of CTL and the Fas (CD95) molecules expressed on the
infected cell49. Cognation of FasL to Fas allows for recruitment of the death-induced signaling
complex (DISC) that finally results in apoptosis of the cell expressing Fas50-52.
Maintaining immune homeostasis is a critical task for skin to balance between beneficial
immune response to foreign pathogens and unnecessary response to self-antigens, in which
skin DCs and regulatory T (Treg) cells play a critical role by orchestrating extrinsic
mechanisms of peripheral tolerance. Previous studies found that CD207+ CD103+ DDCs are
able to mediate T cell tolerance by presenting self-antigens in the steady state to induce
unresponsiveness of self-reactive CD8+ T cells53. CD25+ Foxp3+ Treg cells bear
skin-homing receptors and make up 10% of the resident T cells in normal skin. They express
skin-homing molecules CD103, CCR4, and P- and E-selectin ligands to migrate and maintain
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in the skin54,55. In addition, Treg cells regulate the magnitude of immune response by
preventing unnecessary immune responses to harmless antigens. Deficiency of self-tolerance
and failure of regulatory mechanisms may contribute to the development of immune-mediated
inﬂammatory skin diseases such as psoriasis56-59.

1.2.4 Skin  T cells and ILCs

One of the most important cell type in mouse epidermis is V5V1 T cells, also named
dendritic epidermal T cells (DETCs) based on their morphology and location. DETCs
constitute more than 90% of epidermal T cells, interacting with keratinocytes and LCs to
function efficiently in the epidermis60. Human have no DETCs but do have epidermal V1
and skin-homing V9V2 that functions similarly as DETCs in mice25. Dermal  T cells play
a critical in linking innate and adaptive immunity because they are able to proliferate in situ
and recruit neutrophils and promote CD4+ T cell expansion23. DETCs are exclusively derived
from fetal thymic precursors and sustain in the epidermis by self-renewing during the whole
life. DETCs play important role in wound healing by responding to an antigen expressed by
damaged keratinocytes and producing keratinocytes growth factors (KGF) and insulin-like
growth factor (IGF)-1, both of which could promote keratinocytes proliferation and wound
re-epithelialization23,24. DETCs also enhances the deposition of extracellular matrix molecules
to promote the infiltration of inflammatory cells into the wound site61-63. Furthermore, DETCs
are capable of producing a variety of cytokines and chemokines that help recruit immune cells
into the epidermis64. DETCs have also been reported to express NKG2D in tumorigenesis65.
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Recently, innate lymphoid cells (ILCs) have attracted a lot of attention and interest
because of unique roles in linking innate immunity and adaptive immunity. They are
identified as members of the innate immune system because of their morphology of classic
lymphoid cells and lack of rearranged antigen-specific receptors66. However, ILCs produce T
helper cell-associated cytokines such as IFN, IL-4, IL-5, IL-17 and IL-22 and express
subunits of cytokine receptors such as CD25 and CD12767-69. ILCs unique characteristics and
location in both lymphoid and non-lymphoid tissue enable them to function as a regulator in
tissue homeostasis and inflammation68,69. ILCs can be divided into three groups based on
distinct cytokines expression: group 1 (ILC1s and NK cells), group 2 (ILC2s) and group 3
(ILC3s and lymphoid tissue inducer (LTi) cells)70. IFNg-expressing ILC1 kill virus-infected
cells through cytolysis mediated by granzyme and perforin69. On the other hand, uncontrolled
ILC1 can induce inflammation in the intestines of both mice and human71,72. ILC2s secret
type 2 cytokines (IL-4, IL-5 and IL-13) to induce activation of innate cells that promote
expulsion of parasites and tissue repair73. Chronic ILC2 activation results in a variety of
inflammatory disorders such as asthma and atopic dermatitis74,75. ILC3s are involved in the
development of lymphoid tissues such as lymph nodes (LNs) and Peyer’s patches.
Lymphotoxin (LT) 12 expressed by LTi binds LTR on stromal cells to induce the
production of chemokines and upregulation of adhesion molecules76,77. Moreover, ILC3s are
important source of IL-22, which promotes epithelia cells to express antimicrobial peptides
against pathogens and is also linked with many inflammatory diseases78. ILC3s have also
been implicated in tissue repair following inflammation or damage79,80.
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1.3 CD8+ T cell memory

Naïve CD8+ T cells express CD62L and CCR7 to allow their circulation between the
blood and secondary lymphoid organs such as spleen and skin draining lymph nodes. After
infection or immunization, DCs acquire foreign antigens and differentiate into antigen
presenting cells (APCs) that express co-stimulatory B7 molecules, produce cytokines and
migrate to secondary lymphoid organs. The interactions between CD8+ T cells and DCs result
in stable conjugate formation during which three signals are received, including antigen,
co-stimulation and pro-inflammatory cytokines. This process programs CD8+ cells into
differentiated memory CD8+ cells with large population expansion81,82. During the
proliferation process, some CD8+ cells differentiate into effector CD8+ T cells that circulate
between secondary lymphoid organs and the local infected area for immune surveillance83,84.
When effector T cells encounter infected cells, they initiate antimicrobial functions by
cytolysis and cytokine productions. After the “effector” phase, 90-95% antigen-specific CD8+
T cells undergo cell death, called “contraction”. This process maintains T cell flexibility to
respond against new pathogens and reduces large number of activated T cells that may lead to
immunopathology85-87. Only 5% activated CD8+ T cells remain alive, exceeding the number
of naïve precursors specific for the same antigen88,89. In the early phase of memory
establishment, the majority of CD8+ cells express IFN and TNF90-92. In the late memory,
they express IFN, TNF and IL-290,93.
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1.3.1 Three subsets of memory T cells

Memory T cells are commonly grouped into three major subsets based on their
functional status and migration patterns: (1) central memory T cells (TCM) that express the
lymph node-targeting molecules CD62L and CCR7 are able to migrate between secondary
lymphoid organs and blood81; (2) effector memory T cells (TEM) that are CD44high CD62LCCR7- CD103- traffic through spleen, blood and periphery tissues94; (3) resident memory T
cells (TRM) that are CD103+ play an important role in local infection control in both mice and
humans95,96. The skin harbors a subset of Trm cells twice the number present in the entire
circulation. They play a critical functional role in protection against secondary infection and
development of chronical skin disease96. Some studies found that Trm cells provide long-term
peripheral immunity in HSV infection97. On the other hand, aberrant activities of Trm cells
can give rise to inflammatory and autoimmune conditions, including psoriasis, multiple
sclerosis and inflammatory bowel disease98-101. It has been shown that activated skin Trm cells
migrating into the epidermis contributes to the development of skin inflammation in a
psoriasis model102.
CD8+ Trm cell differ from CD4+ Trm cells regarding tissue localization and migratory
capacity. Once infection has resolved, memory CD8+ T cells remain sequestered in the
epidermis while CD4+ T cells rapidly traffic through the dermis, re-enter the circulation, and
reach previously un-inflamed skin in the case of secondary infection3. Because of the
difficulty in getting enough yield and tracking the migration pattern of CD4+ Trm cells, the
majority of prior research has been focusing on CD8+ Trm cells.
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1.3.2 CD4+ T cell help in memory CD8+ T cell establishment

CD4+ T cells also play a role in CD8+ T cell memory by expressing CD40 ligand that
prime DCs to become effective stimulators of naive CD8 + T cells 103,104. In addition, CD4+ T
cells function early and alter the program of the CD8+ T cell response by regulating death
receptor TRAIL (tumor necrosis factor (TNF) related apoptosis inducing ligand)105,106. CD4+
T cells also promotes memory CD8+ T cell expansion and function, such as upregulating
CD127 (IL-7 receptor α chain) expression and the capacity for vigorous proliferation in
response to rechallenge107,108. The requirement for CD4+ T cell help may also be dependent
on the biology of the pathogen. However, it remains unclear how CD4+ T cells regulate
CD8+ proliferation and function. Some studies suggested that CD4+ T cell-derived IL-2
might be critical for the generation of CD8+ T cell memory104,107. However, it is unknown
what cell types produce the relevant IL-2 for CD8+ T cell memory.
It has also been reported that CD8+ T cells exhibit relatively high T-bet expression and
deletion of T bet in T cells restored their ability to develop into central memory CD8+ T cells
(CD62L hi CCR7 hi ) and function even in the absence of CD4 + T cells 109-111. Although it is
clear that CD4+ T cells play a crucial role in generating optimal CD8+ T cell memory, it is
still unclear what signals and pathways are involved in the process. It is also unknown
whether and how Treg cells, a special and important CD4+ T cell population, regulate CD8+
cell memory. Our results shed some light on the mechanisms by which Foxp3+ Treg cells
regulate CD8+ T cell proliferation.
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1.3.3 CD8+ T cell memory maintenance

It has been shown that the maintenance of memory CD8+ T cells does not depend on
antigen persistence but requires IL-7 and IL-15 receptors that contain the common γ
chain112,113. To maintain relatively equal number of CD8+ memory T cells, the cytokine driven
proliferation is accompanied by a similar rate of cell death, called memory turnover. In
contrast, phenotype and functionality of memory CD8+ T cells can be altered by persistent
infections, resulting in deletion of CD8+ T cells. Some studies found that the expression of
programmed cell death 1 (PD1) by memory CD8+ T cells in persistently infected mice results
in their decreased functionality to clear the pathogen114-116. Other studies showed that IL-10
production during chronic infection limits memory CD8+ T cell antiviral activity117.
In contrast, other studies have shown that memory CD8+ cell maintenance requires
interaction with viral peptides but cannot be accomplished by the presence of IL7 and IL15 or
other inflammatory cytokines103,118. Consistent with this notion, persistent pathogen infection
induces extensive proliferation of memory CD8+ cells, which finally results in the deletion of
antigen-specific CD8+ T cells because they can only undertake a limited number of
divisions90. Therefore, it remains elusive how persistent infection and cytokine productions
affect memory CD8+ T cell maintenance. It also points to the question that whether mice
lacking CD8+ T cell fail to clear infection and undergo a CD4+ T cell dependent wasting
disease.
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1.3.4 Inflammation and memory CD8+ T cell differentiation

Both peptide–MHC complexes and costimulatory signals were required to activate naive
T cells. Adjuvants can both increase T cell responses and stimulate costimulatory molecule
expression by APCs. Adjuvants activates innate immune response and regulates
co-stimulatory molecules on APCs through Toll‑like receptors (TLRs) and other innate
pattern recognition receptors (PRRs)119,120. That activation of innate immune cells also
induced the production of proinflammatory cytokines including type I IFNs, IL12 and IFNγ.
These pro-inflammatory cytokines delivers signals to induce differentiation of CD8+ cells. In
addition to MHC and costimulatory signals, these cytokines are important for optimal CD8+
T cell responses121. The cytokines mainly affect the survival of memory CD8+ cells by
altering the balance of proapoptotic and antiapoptotic BCL-2-family member122. The effect of
the cytokines on survival of CD8+ cells also depends on the nature of the pathogen because
the specific PRRs that are activated by each pathogen may dictate which proinflammatory
cytokines are secreted to function for CD8+ T cell survival during the expansion phase123,124.
Furthermore, the nature of pathogens or vaccination strategy used to elicit the response
dictates the rate at which antigen specific CD8+ T cell populations differentiates into the
memory phenotype. The early memory phenotype and functional of CD8+ T cells can be
reverted to effector status depending on pro-inflammatory stimulus125. Therefore, the quantity
or quality of proinflammatory cytokines determine whether CD8+ T cells keep the effector
phenotype and function to combat the active infection or progress to memory status.
Expansion phase is followed by a transition to the contraction phase, which is
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characterized by reduction in numbers of antigen-specific CD8+ T cells. After the acute
infection is resolved, the number of T cells decreases to preserve the flexibility of the immune
system to respond against new pathogens126. This process is called “contraction”. Contraction
is independent of pathogen or antigen clearance. Studies on the molecular mechanisms of
contraction showed that effector CD8+ T cells exhibited heightened sensitivity to death after
antigen stimulation, depending on pathways85,86,127,128. Moreover, cytokines such as IFNγ and
IL12 can influence the contraction phase by regulating Bcl-2 family members129,130. The
absence of the IL12 receptor on antigen specific T cells not only reduced expansion but also
reduced contraction after infection. T-bet expression is suggested to differentiate effector
CD8+ T cells (T-bet hi) from memory precursor effector CD8+ T cells (T-bet low)131. Some
studies suggested that IL-12 and IFNγ control the amount of T bet expression in the
responding CD8+ T cells132-134. However, how T-bet regulates the contraction of CD8+ T cell
remains unclear. In summary, proinflammatory cytokines have critical roles in CD8+ T cell
memory by influencing the proliferative expansion, programming the contraction and
determining the rate of memory differentiation.
Memory T cell population specific for the same epitope displays extensively
heterogeneous phenotypes and functions for long periods of time after the first stimulation.
This heterogeneity allows memory T cells to maintain heightened responsiveness and provide
the host with the greatest capacity to deal with recurrent infections that may persist in specific
tissues90. Memory T cell populations will become more homogenous with time after clearance
of acute infections. Thus, it is important to dissect the signals that control heterogeneity in
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memory T cell populations in order to manipulate them for vaccination development.

1.3.5 Memory CD8+ T cell and vaccination

Strategies

manipulating

MHC

molecules,

co-stimulatory

molecules

and

pro-inflammatory cytokines have been developed to improve vaccination. These strategies
target robust expansion of antigen specific CD8+ T cells and induce the increase of memory T
cells, sometimes equipped with the development of strong adjuvants. However, a highly
inflamed environment will promote contraction and also result in the slow differentiation of
the responding CD8+ T cells. Interfering with pro-inflammatory cytokines to the responding
CD8+ T cells has the potential to enhance the number of antigen-specific CD8+ T cells135,136.
Most of the research in the field of CD8+ memory T cells has been focusing on primary
immunization. However, secondary memory response is more robust in vaccination.
Secondary memory CD8+ T cells are derived from primary CD8+ T cells but they have quite
different characteristics. Firstly, secondary memory CD8+ T cells undergo contraction, show
substantially delayed upregulation of central memory T cell characteristics, and fail to
undergo basal proliferation compared with primary memory CD8 + T cells including effector
memory and central memory T cells136,137. Secondly, secondary memory CD8+ T cells
provide better protection by sustained expression of granzyme137. However, it is unclear
whether the better protection by secondary memory CD8+ T cells is antigen-dependent.
In addition, the number of antigen encounters determines the effector function
maintenance and secondary memory CD8+ T cell localization. Although memory CD8+ T
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cells exhibited robust proliferative responses to secondary and tertiary stimulation, the
response began to decline by the third restimulation because of a finite number of divisions.
Secondary memory CD8+ T cells fail to upregulate CD62L, so they are unable to enter into
lymph nodes compared to CD62L hi primary memory CD8+ T cells138,139. Therefore,
secondary memory CD8+ T cells are unable to prime naïve T cells. However, it is still
unknown that how antigen exposures regulate the characteristics of each memory population
and how the properties of secondary memory CD8+ T cells are influenced by inflammation
and/or CD4+ T cell help. It becomes increasingly important to study how the properties of
secondary memory CD8+ T cells can be manipulated to help develop vaccination strategies.

1.3.6 Resident memory T cells

Playing a major role in fixed immune surveillance, Trm cells are spatially and anatomically
restricted. While the CD8+ Trm cells can be lodged in a highly localized fashion by infection or
inﬂammation, they can be disseminated after repeated antigen exposure. Trm cells have been
reported to be in lung, kidney, brain and salivary gland140,141. One of the mainly studied Trm cells
are CD8+ CD103+ Trm cells, which had a core transcriptional signature that set them apart from
the recirculating Tem and Tcm cells. In skin, CD8+ Trm precursors upregulate CD103 after they
reach the epithelium, where its expression promotes the survival of the intraepithelial memory
cells. Trm precursors are derived from the killer-cell lectin like receptor G1 (KLRG1) effector-like
population. In skin, the differentiation of memory precursor into a mature Trm cell occurred after
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the precursor cells migrated into the outer epidermis, which is their ultimate site of persistence.
This maturation resulted in the upregulation of CD69 and CD103, as well as downregulation of
Krüppel-like Factor 2 (KLF2) to shutdown tissue egress140-142. It has been reported that TGF- is a
driver of CD103 upregulation. Blocking of TGF-R pathway results in failure to form mature
CD69+ CD103+ Trm cells in a variety of tissues. Other soluble factors implicated in Trm cell
development include TNF- and IL-33, which combine with TGF- to downregulate KLF2
transcription143-146. Moreover, antigen plays an intriguing and variable role in Trm cell formation.
It has bene reported that the development of intraepithelial Trm cells does not require antigen but
antigen recognition is mandatory for the development of Trm cells in brain, sensory ganglia and
lung147,148.
Most resident T cells in epithelial tissues such as the skin display activated memory T cell
phenotypes. Comparing to circulating memory T cells, tissue resident Trm cells have a great
advantage in mounting faster and more effective responses against local infections

97,149,150.

Trm

cells also serve as local sensors of the previously encountered infections to coordinate other innate
and memory cell responses151,152. It has been implicated that Trm cell-derived IFN promotes the
recruitment of circulating memory T cells and B cells to sites of infection. Upon antigen
stimulation of skin-embedded Trm cells, innate components in the skin get upregulated
immediately, including the immediate expression of the IFN-induced antiviral product IFITM3153.
Trm cells have also been shown to have broad protection with bystander control of unrelated
pathogens in an innate-like, NKG2D-dependent manner154. The unique location and property of
Trm cells hold promise in developing better vaccines against many medically important pathogens
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that infect through epithelial sites. In addition, Trm cells could be responsible for repeated lesion
development at specific sites in T cell-mediated tissue inflammatory diseases such as atopic
dermatitis, psoriasis and contact dermatitis 142,152,155,156.

1.4 Chemokines and their receptors in T cell homing

Chemokines are secreted proteins and function as key controllers of integrin through
interactions with chemokine receptors. Their primary roles are to activate integrins that
mediate leukocyte adherence on endothelial cells and to induce chemotaxis of leukocytes in
tissue microenvironments157. The migration of leukocytes largely depends on the adhesive
interactions between the cell and the substratum and recognition of a chemoattractant
gradient157,158. Various chemokines target different types of leukocytes, including innate
immune cells, naïve T cells and memory T cells, to direct them into different tissue. The
dysregulation of chemokines results in inappropriate distribution of leukocyte subsets that is
often linked to pathological conditions. There are two classes of chemokines. One is involved
in inflammation. As lesional tissue contains high amount of inflammatory chemokines that
interact with corresponding chemokine receptors on the infiltrating cells, blocking
inflammatory chemokines represents a promising strategy for the development of novel
anti-inflammatory therapeutics159. Another class of chemokines, termed homeostatic
chemokines, are produced at steady-state at various tissue including primary and secondary
lymphoid tissues as well as peripheral tissues81,160. Chemokines are involved in T-cell traffic
during the initiation of adaptive immunity and dictate the distinct migration properties of
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short-lived effector T cells and long-lived memory T cells. Memory T cells are currently
classified based on the expression of the lymph node-homing receptor CCR781.
Specificity in leukocyte migration is regulated by the interaction between chemokines
and chemokine receptors as well as adhesion molecules. Differential tissue express different
levels of chemokines and adhesion molecules. Different leukocyte subsets express different
kinds of chemokine receptor. The combinatorial expression of multiple chemokine receptors
and adhesion molecules determines homing of leukocytes into various tissue sites 161.
Furthermore, different sets of chemokines and leukocyte subsets are involved in distinct
immune responses and diseases162. Due to their roles in tissue-specific homing,
chemokines/chemokine receptors have become potential therapeutic targets for leukocyte
migration-related diseases.

1.4.1 Skin T cell homing

CCR10/CCL27 has been identified as the skin-specific homing molecules. CCL27 has at
least two forms, but only one bearing a signal peptide is associated with predominant skin
expression163. CCL27 is secreted by skin keratinocytes. After differentiation, memory/effector
lymphocytes can migrate into peripheral tissue by expression of tissue specific homing
molecules. The cutaneous lymphocyte-associated antigen (CLA) defines a subset of
circulating memory T cells that selectively localize in cutaneous sites mediated in part by the
interaction of CLA with its vascular ligand E-selectin164. DC-imprinted expression of
tissue-specific homing markers determines effector T cell migration to the tissue. Cutaneous
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leukocyte antigen (CLA), CCR4, and CCR10 are the homing molecules involved in T cell
migration into the skin15. It has been suggested CCR10 is upregulated upon vitamin D
metabolized by DCs to imprint T cells homing to skin165.
T cell homing to skin also requires L-selectins (CD62L)166 that directs naïve T cells from
the blood into peripheral lymphoid tissues. Activated T cells attaching to the wall of the high
endothelial venules are recruited to the infected tissue by P-selectin (CD62P) and E-selectin
(CD62E) expressed on vascular endothelium at sites of infection167. L-selectin binds to
vascular addressins that are expressed on the surface of vascular endothelial cells168. The
interaction between L-selectin and the vascular addressins is responsible for the specific
homing of naive T cells to lymphoid organs. The action of chemokines and integrins allows
cell to cross the endothelial barrier into the lymphoid tissue.

1.4.2 CCR10 and molecules associated with retention of CD8+ Trm cells

The chemokine receptor CCR10 is a G-protein coupled receptor. It is a member of the
CC chemokine receptor family and has two ligands: CCL27 and CCL28 that are extensively
expressed by keratinocytes in skin and epithelial cells in mucosal sites, respectively169. It was
reported that CCR10 expression was induced by the active form of vitamin D3. This
“imprinting” process enabled CCR10+ T cells to migrate to CCL27170. CCR10 and CCL27
play a role in chemotactic responses of skin-homing T cells171. CCR4 is robustly expressed by
CLA+ skin-homing TH cells in the circulation. CCR10 is only present on a small subset of
skin-homing TH cells that are CLA+ CCR4+ CD27- CCR7-, indicating its important role in
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this specialized less numerous effector subset of the TH lymphocyte pool171. The cutaneous
lymphocyte-associated antigen (CLA) is an adhesion molecule that binds E-selectin and
expressed on memory T cells. CD8+ Trm cells bear the α-chain (CD103) of the integrin αEβ7
together with the activation marker CD69172,173. Integrin E7 binds to E-cadherin, whose
interaction mediates the tethering of effector T cells to the epithelium174. CD69 inhibits the
expression of S1P1175, which mediates the egress of T cells from skin. The CD103+CD8+
Trm cells have been identified in various tissues176, where they can dominate immunity to
localized infections. TGF- is the major driver for CD103 expression177. Recently a group
found the origins of skin CD103+ CD8+ Trm cells are likely to be the KLRG1- precursor cells
because of their longevity. These CD103+ CD8+ memory cells are localized in the epithelium
and their maintenance requires signaling of IL-15 and TGF- . In addition, CCR10 is
expressed on most of the skin infiltrating cells in patients with psoriasis 179. However, it
remains elusive that what proportion of TH cells express CCR10 within dermatitis and
psoriatic lesions. In the previous study, we found that CCR10 is highly expressed on the
skin-resident CD103+ CD8+ T cells. Therefore, we are interested in whether and how CCR10
regulates the establishment of skin resident CD8+ T cells.

1.5 Immune responses to Leishmania. major (L. major)

Leishmania is a protozoan parasite that can cause the disease leishmaniasis. Some
inbred strains of mouse are susceptible while others are resistant to L. major infection,
suggesting that the anti-leishmanial immune response is host genotype dependent. Th1 cells
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contribute to the resistance while Th2 cells are responsible for the susceptibility180. It has been
shown that IFN-γ activates macrophages to kill intracellular L. major by expressing inducible
nitric oxide synthetase type-2 (iNOS2), the enzyme catalyzing the formation of nitric oxide181.
In contrast, IL-10 and IL-4 secreting Th2 cells suppress the action of Th1 functions by
deactivating macrophages and promoting disease progression182-184. To ensure its own survival,
Leishmania modulates host immune system either by inducing immunosuppression or by
promoting pro-parasitic host functions. The current therapeutic strategies have been focusing
on regulating the balance between Th1 and Th2 responses against L. major.

1.5.1 Innate immunity against L. major

Leishmania major is able to establish itself within the phagolysosome of host phagocytic
cell including macrophages and dendritic cells185. It is transmitted by the bite of sand fly.
About 90% of all Leishmania major (L. major) infections are localized cutaneous forms186.
Neutrophils are the first leucocytes infected by L. major. Prior studies have found
controversial roles of neutrophils in the regulation of innate responses against L. major. A
group recently reported that upon L. major ingestion, neutrophils secrete the myeloid-related
proteins (MRPs) 8/14 that protect uninfected macrophages by inducing TNF expression187.
However, the other group revealed that neutrophils secret high levels of macrophage
inflammatory protein-1b (MIP-1b) to attract monocytes which in turn phagocytose infected
neutrophils188. Parasite infection of monocytes does not lead to cell activation and parasites
actively prevent activation of monocytes by the inhibition of cytokine release such as IL-12
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Within monocytes, the parasites replicate until the infected cell is lysed and more surrounding
cells are infected. Thus, Leishmania use neutrophils to silently enter their ﬁnal host cell189.
Prior studies found that DCs are the critical antigen presenting cells (APCs) responsible for T
cell priming in Leishmania infections. Furthermore, cytokines including IL-12 and IL-27
released by DC are important for Th1-mediated response190.

1.5.2 Adaptive immunity against L. major

CD4+ and CD8+ T-cell responses have been shown to be critical for the development
and maintenance of acquired resistance to L. major infection. In addition to the generation of
L. major-specific CD4+ Th1 cells, IFN released by CD8+ L. major-specific T cells promotes
the development of protective immunity191. Th2 cytokines, in contrast, induce arginase 1 that
worsens disease outcome192. Therefore, disease outcome is regulated by the net result between
Th1 and Th2 response. To be effective in mediating parasite clearance, T cells have to migrate
to lesional skin. The local microenvironment within the skin directs chemokine and adhesion
receptor expression by T cells, targeting the effector T cells to the inflamed skin. Cutaneous
lymphocyte-associated antigen (CLA), E- and P-selectin ligand, CCR4, CCR8, CCR10 and
CTACK have been shown to be involved in this process193.
Two complementary outcomes have been reported from the study of L. major-mediated
immune response. Parasite persistence supports the maintenance of T cell memory due to L.
major-infected DCs being able to induce a vigorous T cell immune response to L. major194.
Contrary to IL-12 mainly secreted by DCs to maintain efﬁcient protective immunity, Tregs
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expressing IL-10 prevents the complete elimination of the parasites195. While the function of
regulatory T cells would be to control immune-mediated pathology, in the case of leishmanial
disease, they may contribute to macrophage failure to kill parasites, which in turn lead to
sustained triggering of chronic inflammatory responses and tissue destruction. Although a
couple of chemokine receptors have been identified on Treg cells, the molecular basis
dictating the homing of Foxp3+ Treg cells to infected sites is not fully understood. In addition,
it is possible that chemokine receptors may endow Treg cells with a competitive advantage
over effector T cells to migrate more efficiently to inflammatory sites where they prevent
immune responses. CD8 cells and the cytotoxicity they exert against infected macrophages
have also been associated with tissue damage as well as parasite killing196,197. Previous studies
suggested that in chronic forms of cutaneous leishmaniasis, CD8 T cells become anergic and a
source of IL-10, thereby contributing to parasite persistence and sustained disease 196. In my
preliminary data, CCR10 -/- mice cleared the parasites much faster than WT mice, which may
be attributed to the reduced number of Treg cells. Based on this, we will seek to further
characterize its functional significance in the context of L. major infection in vivo.

1.5.3 Memory response against L. major

The memory response against L. major has been focused on Tem cells. Using a
plasmid DNA expressing L. major antigen, a group found that high quality antigen-specific
long-term CD4+ and CD8+ effector memory cells are activated. Moreover, the anti- L. major
responses were largely CD8+ cell-mediated198, suggesting the importance of CD8+ memory
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cells in parasite clearance. Another group using L. major-infected human samples identified
that high frequencies of CCR7- CD45RA- CD8+ Tem cells were significantly increased with
a significantly higher IFN-γ production after L. major reinfection199. According to these
studies, Leishmania-reactive proliferating Tem cells were the most frequent subset which may
play a role in recall of immune response and protection against Leishmania infection.
However, how Trm cells play a role in memory response against L. major is poorly
understood.

1.6 B7 ligands and their receptors in T cell response

The growing B7 family now comprises seven members. They can be divided into three
groups by phylogenetic analysis. Group I includes B7.1 (CD80), B7.2 (CD86) and B7h
(CD275). Receptors for group I are CD28, cytotoxic T-lymphocyte-associated protein 4
(CTLA4) and inducible co-stimulator (ICOS)200-203. ICOS engagement promotes T-helper-cell
differentiation and effector function, and is particularly important for IL-10 production.
Moreover, ICOS engagement can upregulate CD40L to promote immunoglobulin isotype
switching203,204. Group II consists of PD-L1 and PD-L2 with PD-1 being the receptor205.
Group III contains B7x and B7-H3 with triggering receptor expressed on myeloid cell
(TREM)-like transcript 2 (TLT-2, or TREML2)206. TLT-2 is one receptor of the TREM family
that includes TREM-1, -2, and -3, as well as TLT-1 and -2. TLT-2 binds B7-H3 and
co-stimulates activation of CD8 T cells in particular206.
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Among the receptors, CD28 and CTLA-4 have been extensively studied and identified
to serve the function of T cell activation and inhibition respectively. CD28 and CTLA-4 are
transmembrane protein members of the immunoglobulin gene superfamily containing a single
extracellular ‘V-like’ domain. CD28 is substantially expressed by the majority of resting T
cells while CTLA-4 is more in the cytoplasm with limited surface expression. CTLA-4 is
predominantly expressed upon T-cell activation while absent on resting T cells. To ensure
self-tolerance, CD28 and CTLA-4 interacting with their ligands CD80 and CD86 regulate the
outcome of T-cell receptor engagement in the periphery207. CD28 signaling regulate the
threshold for T-cell activation by reducing the number of TCR engagements. CD28 signaling
promotes IL-2 production, T-cell survival, T-helper-cell differentiation and immunoglobulin
isotype switching208-210. CTLA-4 pathway, on the other hand, inhibits TCR- and
CD28-mediated signal transduction by suppressing IL-2 synthesis and cell cycle
progression211-213. Each CTLA-4 dimer can bind two independent B7-1/B7-2 homodimers.
The net outcome of between CD28-mediated T-cell activation and CTLA-4-mediated
inhibition determines the outcome of the immune response.

1.6.1 CD28 and its T cell activation mechanism

Efficient activation of T cells requires signals from both the TCR and an additional
co-stimulatory receptor. In the absence of this second signal, T cells either remain
unresponsive or become actively tolerant to antigens. In particular CD28 is important in T cell
activation, including enhancement of proliferation and cytokine production (Fig 1a).
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Regulation of co-stimulatory signals through CD80 and CD86 is essential for maintaining
T-cell tolerance in the periphery214. The co-stimulatory effects of CD28 lowers the threshold
for T-cell activation by exerting effects on the cytoskeleton and promoting its reorganization
to the TCR complex215. CD28 may also well be required for the proliferation and survival of
regulatory T cells216. Therefore, CD28 is critically involved in T-cell activation process and
dysregulation of CD28 can lead to anergy of T-cell activation.
Tyrosine phosphorylation of CD28 enables the activation of phosphatidylinositol
3-kinase (PI3K), resulting in the intracellular accumulation of B-cell lymphoma-extra large
(Bcl-xL) and phosphorylated lipids217. Bcl-xL is a transmembrane molecule in
the mitochondria. It prevents the release of cytochrome c that initiates caspase leading to
apoptotic events218,219. The lipid products bind the serine/threonine kinase Akt, which has
been implicated in a variety of cellular processes, including cytokine synthesis, cell survival
and glucose metabolism220.

1.6.2 CTLA-4 and its T cell inhibition mechanism

CTLA-4 plays a critical role in self-tolerance by inhibition of T-cell activation.
Spontaneous autoimmunity occurs in normal mice with CTLA-4 blockade. The balance
between CTLA-4 and CD28 controls T cell activation. In the absence of CTLA-4, CD28
interaction with B7 ligands permits weakly self-reactive T cells to become fully
activated212,213. The mechanism of CTLA-4 inhibitory pathway has yet to be understood. One
lab showed that CTLA-4 inhibits T cell activation by preventing entry into cell cycle and
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generation of IL2 (Fig. 1b)221. Other data showed that CTLA-4 is absent on the surface of
resting T cells but gets upregulated rapidly upon activation222,223. However, it is still not clear
how the up-regulation affects T cell responses.
Some studies suggested that CTLA-4 might out-compete CD28 for binding to B7.1 and
B7.2,

by

directly

antagonizing

CD28/TCR-mediated

signaling

or

by

inducing

immunosuppressive cytokines224. On the other hand, some studies found that the inhibitory
effect of CTLA4 depends on the antagonism of a TCR-mediated signal but is independent of
CD28225. Specifically, the cytoplasmic domain of CTLA-4 interacts with the tyrosine
phosphatase SHP-2 and serine/threonine phosphatase PP2A to block Akt phosphorylation226.
Akt blockade leads to suppression of IL-2 expression and cell cycle arrest.
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Figure 1-1. Interactions between B7 ligands and their receptors227
B7 ligands form back-to-back, non-covalent homodimers that interact with covalent
homodimers of CD28 or CTLA-4. Each CTLA-4 dimer can bind two independent B7-1/B7-2
homodimers; (a) CD28 signaling promotes IL-2 production, T-cell survival, T-helper-cell
differentiation and immunoglobulin isotype switching. (b) CTLA-4 signaling inhibits IL-2
production and cell cycle progression.

1.6.3 Ligands competition: CD80 and CD86

Two common B7 family members are CD80 (B7-1) and CD86 (B7-2) as ligands for
CD28/CTLA4. The ligands can both interact with either receptor to serve different functions.
For co-stimulatory ligands, CD80 and CD86 are found on antigen-presenting cells such as
dendritic cells, monocytes and activated B cells. They can also be induced on T cells. CD86 is
increased more rapidly upon activation with more expression, while CD80 is not generally
found on resting APCs and is induced more slowly upon cellular activation228. CD40,
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interferon-γ (IFN-γ), interferon-α (IFN-α), and lipopolysaccharide (LPS) have been suggested
to result in increased B7 ligands expression whereas interlekin-10 (IL-10) and interleukin-4
(IL-4) may inhibit their expression229. Because of its rapid induction, CD86 is major initial
ligand for CD28 during T-cell activation while CD80 is the more potent CD28 ligand in terms
of activation because of higher affinity230,231. While both ligands can interact with either
receptor, CD28 is a highly expressed with low affinity, whereas CTLA-4 is not abundant but
has higher affinity232.
It remains elusive that whether the two ligands function differently. Co-stimulation via
CD28 can be induced by either of the ligands, although CD80 is more potent than CD86 as a
stimulatory ligand. In addition to T cell activation/inhibition,

233,234

. Previous studies

suggested CD86 is predominantly expressed on APCs to promote initial T cell responses
while CD80 potentially regulate the responses subsequently235. However, there is still lack of
conclusive evidence demonstrating one ligand performing preferentially to the other in
relation to CTLA-4. Furthermore, the mechanisms of action is poorly defined.

1.6.4 Balance between CD28 and CTLA-4

The balance between CD28 and CTLA-4 is important for maintaining T cell homeostasis.
It was reported that CTLA-4 is more competent with increased expression level when ligands
level is low236. The other possible mechanism is that the phosphorylation of CTLA-4
cytoplasmic domain is able to block activating signals by dephosphorylating TCR
machinery216,237. Despite the proposed two hypothesis, CTLA-4 inhibitory signaling
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mechanisms are still elusive. Consistent with what other people found, our finding showed
that CTLA-4 is highly expressed by skin Treg cells, although it is almost absent on the surface
of the majority of resting T cells. Hence, CTLA-4 may play a role in the inhibitory function of
Treg cells.

1.6.5 B7/CD28 signaling pathway involved in CD8+ cell and Treg cell functions

Controversial results have been show in the blockade of B7/CD28 costimulation. Some
studies found that intensity of autoimmune disease is reduced in mice deficient for CD28
signaling238 while others reported that CD28-deficient mice presented exacerbated
spontaneous diabetes, which was the result of a decrease in CD25+ Treg cells 239. Recent
studies have shown that B7/CD28 costimulation is required for CD25+ Treg homeostasis,
which could be due to the secretion of IL-2 by the conventional T cells221,240. CTLA4+
CD25+ Treg cells controls immune responses by secreting IL-10 and TGF-, both of which
are potent immune regulatory cytokines. However, it remains unclear whether and how
CTLA-4 plays a role in the proliferation and/or survival of Treg cells other than its role in
Treg function.
Recently, some studies found that Treg cells suppress effector and proliferation
programs of memory CD8+ cells through CTLA-4241. So the quiescence of memory CD8+
cells is not only due to lack of TCR stimuli, but also the interaction with Treg cells through
B7/CTLA axis. Blocking CTLA-4 on Treg cells resulted in activation of genome-wide
transcriptional programs characteristic of effector T cells and drove memory CD8+ T cells
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toward terminally differentiated phenotype with compromised metabolic fitness, longevity,
functionality, and protective efficacy241. Consistent with this, our findings suggested skin Treg
cells regulate memory-like CD8+ cell survival. In addition, we found the bi-directional role
CTLA-4/B7 ligands plays in the regulation of CD8+ T and Treg cells.

1.7 Interferons-mediated immune response

There are three types of interferons. Type I interferons (IFNs) have diverse effects on
innate and adaptive immune cells during various infection directly and/or indirectly through
the induction of other mediators242. They play contrary roles for host defense against viruses.
While causing immunopathology in some acute viral infections, such as influenza virus
infection, they can result in immunosuppression during chronic viral infections242.
Type-III interferons (IFN-λ, IFNL) are important in host-pathogen interactions by
exerting antiviral effects via induction of IFN-stimulated genes243. Chronic hepatitis C virus
infection is strongly associated with common single nucleotide polymorphisms (SNPs) in the
IFNL receptor gene243,244. Macrophage and dendritic cell polarization also depend on IFNL to
prime helper T-cell activation and proliferation. It has been shown that Th1 response is
increased while Th2 cytokine expression is reduced upon IFNL activation245. Therefore, IFNL
signaling is able to modulate the Th1/Th2 balance during infection.
As the only member of type II interferon family, Interferon- (IFN-) is an essential
cytokine for immunity against intracellular pathogens and cancer246. It is a dimerized cytokine
critical for both innate and adaptive immunity. IFN-γ plays a role in activating macrophages
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and inducing MHC II expression. In innate immunity, NK and NKT cells are the main source
of IFN-γ247. In adaptive immunity, IFN-γ is mainly expressed by CD4 Th1 help cells and
cytotoxic T lymphocytes (CTL). Previous studies showed that IFN-γ is important in driving
transcriptional alterations of local tissue upon Trm triggering248. After TCR triggering,
activated CD8+ Trm express IFN-γ to upregulate Interferon-Induced Trans Membrane protein
(IFITM) within the surround tissue for pathogen control 250. Upregulation of IFITM further
promotes inflammatory cytokine expression. Given the important role of IFN-γ in regulating
cytokine expressions in surrounding tissue before and after Trm triggering, we hypothesized
that CD8+ Trm cells may regulate local immune homeostasis through IFN-γ signaling
pathway.
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Chapter 2
Material and Methods
2.1 Mice

WT C57BL/6 mice were bred at Pennsylvania State University (University Park, PA).
CCR10 -/- and OT-I+ transgenic mice on the C56BL/6 background were intercrossed to
generate CCR10 +/- OT-I+ and CCR10 -/- OT-I+ mice. CD86 -/- CD80 -/- and IFN -/- mice
were purchased from Jackson Lab. CD86 -/- CD80 -/- OT1+ mice were generated by
intercrossing CD86 -/- CD80 -/- and OT-I+ mice. Rag -/- and CCR10 +/- mice were
intercorssed to generate Rag -/- CCR10 +/- or Rag -/- CCR10 +/+ mice. The knockout
genotypes were determined by genomic PCR. All the mice were used at 6-8 week of age and
kept in pathogen-free conditions. All experimental procedures received approval from the
Office of Research Protection’s Institutional Animal Care and Use Committee (Pennsylvania
State University, University Park, PA)
CCR10-knockout/EGFP-knockin (CCR10 -/-) mice were generated in our laboratory.
Rag1 -/-, OT-I+, CD80 -/- CD86 -/-, wild type CD45.2+/CD45.2+ and CD45.1+CD45.1+
C57BL6 mice were from The Jackson Laboratory (Bar Harbor, ME). CD45.1+ CD45.2+ wild
type C57BL6, CCR10 +/- CD45.1+ CD45.2+ and CCR10 +/- OT1+ or CCR10 -/- OT1+ mice
were generated by proper crossing.

2.2 Antibodies and reagents

Anti-mouse CD62L (MEL-14), CD44 (IM7), CD4 (GK1.5), CTLA4 (CD152), CD28,
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CD8α (53-6.7), Foxp3 (FJK-16s) and TCRβ (H57-597) were purchased from eBioscience
(San Diego, CA). Anti-mouse IL-17A (TC11-18H10.1), IFN, IL5, CD86, CD45.1 (A20),
CD45.2 (104), CD3ε (145-2C11), CD25 (PC61) were from Biolegend (San Diego, CA).
Anti-mouse

IL-10

(JES5-16E3)

was

from

BD

Biosciences

(San

Jose,

CA).

Foxp3/Transcription Factor Staining Buffer Set and mouse IL-17A ELISA Ready-SET-Go!
Set were from eBioscience (San Diego, CA). 1-Fluoro-2,4-dinitrobenzene (DNFB), and
Fluorescein 5(6)-isothiocyanate (FITC) were purchased from Sigma-Aldrich (St. Louis,
MO). Cholera toxin and acetone were purchased from List Biological Laboratories, INC and
Sigma-Aldrich, respectively.

2.3 Cell sorting and flow cytometry

For flow cytometry, single-cell suspensions from skin, spleen and lymph nodes were
prepared. Cells were stained with proper combination of antibodies and analyzed on a flow
cytometer FC500 (Beckman Coulter) or BD LSR Fortessa. Splenic or skin cells were sorted
with Beckman Coulter Astrios Sorter for the OT-I adoptive transfer or cell culture.

2.4 In vivo T cell transfer

To study the role of CD8+ cells in skin homeostasis, we set up the OT1+ adoptive
transfer model, in which CD45.1/2 B6 WT mice were injected intraperitoneally with 0.5
million splenic CCR10 +/- or CCR10 -/- OT1+ cells, followed by 250 ug OVA albumin and
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50 ug clorin toxin (CT) application on the ears. The treatments were done twice with 7 days in
between. The mice were analyzed for OVA-specific OT1+ cells one week, one month and
three months after the 2nd OVA immunization. The same immunization protocol was applied
to WT or CD86 -/- OT-I cell transferred WT mice.
To confirm the results of adoptive transfer experiments, we used polyclonal CD8+ T cell
transfer model in which 0.5 million CCR10 +/- CD8+ cells or CCR10 -/- CD8+ cells were
injected intraperitoneally with 0.25 million CCR10 +/- CD4+ cells into Rag1 -/- recipient.
The establishment of CD8+ and CD4+ populations in skin was analyzed one month after the
transfer. The same protocol was applied to WT or CD86 -/- CD8+ cell transferred Rag1 -/mice.

2.5 OVA/DNFB-induced skin inflammation

Three months after OT1+ adoptive transfer, 50 ul 5mg/ml OVA or 0.5% DNFB in 4:1
acetone/olive oil was applied on the unimmunized mouse ear/skin. Before the treatment, the
baseline ear thicknesses of the ears were measured by a thickness gauge. Ear thickness was
measured at consecutive days after the challenge until it started to decrease. In polyclonal
CD8+ cell transfer model, 0.5% DNFB in 4:1 acetone/olive oil was applied on the mouse skin
one month after cell transfer and treated skin was analyzed for cytokine expression and Treg
percentage.
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2.6 Skin cell isolation

Skin cells were prepared similarly as previous described250. First, mouse hair was
removed from the skin with hair clipper and Nair (Church & Dwight, Princeton, NJ).
Subcutaneous fat was trimmed and mouse skin was then excised and minced as fine as
possible, following by 2-hour digestion with 4mg/ml Collagenase Type I (Worthington,
Lakewood, NJ), 2mg/ml Collagenase Type IV (Worthington, Lakewood, NJ), 2mg/ml
hyaluronidase type I-s (Sigma-Aldrich, St. Louis, MO) and 4% BSA (Sigma-Aldrich, St.
Louis, MO) in DMEM. Thirty minutes before the end of digestion, 0.0001% DNase
(Sigma-Aldrich, St. Louis, MO) was added into the digestion buffer. Mononucleocytes were
enriched from the cell preparations, using Percoll gradients (40%/80%), and then subjected to
flow cytometry analysis.

2.7 Skin Leishmania major infection

L. major NIH Friedlin V1 strain (MHOM/IL/80/FN) was grown in M199 medium
supplemented with 25 mM HEPES and 20% FCS until a stationary phase. Mice were injected
subcutaneously with 1x106 stationary-phase promastigotes in the ear dermis.

Infected ears

were collected at various time points and total genomic DNA was extracted with DNeasy
Tissue Kit (Qiagen, Valencia, CA). Tissue Leishmania genomic DNA levels were quantified
by

qPCR

with

primers

(JW11:

CCTATTTTACACCAACCCCCAGT;

JW12:

GGGTAGGGGCGTTCTGC GAAA) specific to L. major 16S rDNA and normalized on
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levels of mouse genomic -actin as previously described (30).

2.8 Real-time RT-PCR analysis of cytokine transcripts

Total RNA of mouse ears and skin tissue were isolated by TRIzol (Invitrogen) and
reverse-transcribed to cDNA by RNeasy Mini kit (Qiagen, Valencia, CA), which were then
subject to the Sybr green real-time PCR with following primers.
TNF-
Forward: TTCTATGGCCCAGACCC,
Reverse: GGCACCACTAGTTGGTTGTC;
IL-1
Forward: TCTCGCAGCAGCACATCA,
Reverse: CACACCAGCAGGTTATCATCAT;
IL-10
Forward: ACCAAAGCCACAAAGCAGCC,
Reverse: CCGACTGGGAAGTGGGTGC;
-actin
Forward: CCCATCTACGAGGGCTAT,
Reverse: TGTCACGCACGATTTCC;
IL-4
Forward: GGTCTCAACCCCCAGCTAGT,
Reverse: GCCGATGATCTCTCTCAAGTGAT;
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IL-5
Forward: CTCTGTTGACAAGCAATGAGACG,
Reverse: TCTTCAGTATGTCTAGCCCCTG;
IL-13:
Forward: CCTGGCTCTTGCTTGCCTT,
Reverse: GGTCTTGTGTGATGTTGCTCA.
Relative levels of transcripts were calculated with the delta delta CT method.

2.9 Surface marker staining

First aliquot 200 ul of cell suspension for each sample. Then centrifuge at 1500 rpm for 5
min and remove supernatant. Add a mixture of primary antibodies in 50 ul staining buffer for
each sample (for 1X104-2X106 cells). Mix the cells well and incubate for 15-30 min at room
temperature or 4℃ and wash with 250 ul staining buffer. Centrifuge at 1500 rpm for 5 min,
remove supernatant, twice. For biotin-conjugated primary antibody staining, a secondary
antibody should be used in 50ul staining buffer for each sample. After the secondary antibody
staining for 15 min at room temperature, wash the cells twice. Resuspend stained cells in
200ul staining buffer for flow cytometric analysis.

2.9 Intracellular cytokine staining

Mononucleocytes isolated from skin or ear tissue were cultured in media at 37°C for 3
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hrs in the presence of brefeldin A (Sigma), PMA (20ng/ml) and ionomycin (1ug/ml). Cells
were stained for cell surface markers in 1X permeabilization buffer after being fixed with 4%
paraformadehyde (Sigma) and permeabilized with 1x permeabilization buffer (eBioscience).
Intracellular cytokine staining was analyzed by flow cytometry for the production of IL-5,
IL-17A and IFN in gated subsets of immune cells according to the manufacturers’
instructions (eBioscience and Biolegend).

2.10 In vitro T cell stimulation

Skin Treg cells were purified and sorted from CCR10+/- FIR+ mice in which the red
fluorescent protein (RFP) gene is a report for Foxp3. CD8+ cells were sorted from WT or
B7.1-/- B7.2-/- mice. Treg or non Treg CD4+ cells were cultured with CD8+ cells at 1:2 ratio
in the presence of 2ng/ml IL-2 for one day. The cultured cells were then analyzed for their
survival by AnnexinV staining.

2.11 Statistical analysis

Data are expressed as means ±standard errors (SEM) and analyzed by two-tailed student
T test or Fisher test to determine statistical significance for two-group comparison. The
ANOVA test with Tukey adjustment was used for multiple group comparison. P < 0.05 is
considered significant.
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Chapter 3
CCR10 regulates balanced maintenance and function of resident
regulatory and effector T cells

3.1 Introduction

As the epithelial tissue covering the external surface of a body, skin is under frequent
assaults by various environmental agents. To maintain its integrity and function, immune cells
in the skin are tightly regulated to allow tolerance to harmless antigens but mount effective
response to dangerous assaults, and their dysregulation might increase incidence of skin
diseases. CCR10, with its ligand CCL27 uniquely expressed by keratinocytes, are the most
skin-specific chemokine/receptor pair implicated in the skin T cell migration and
inflammatory diseases in patients251. However, targeting CCR10 or CCL27 had little effects
on these processes in animal models and the regulation and function of CCR10 in vivo remain
elusive. Because of lack of efficient anti-CCR10 antibody, controversial results have been
reported from prior studies. Using a CCR10-knockout/EGFP-knockin (CCR10 -/-) mice, we
report herein that CCR10 is a critical regulator of immune homeostasis in the skin. We found
that in CCR10 -/-mice, imbalanced presence and dysregulated functions of memory-like
resident regulatory and effector T cells (Treg and Teff) result in enhanced/prolonged innate
and memory immune responses to the skin stimulation. CCR10 expression on the
memory-like resident T cells is preferentially imprinted early on their progenitors during skin
inflammation for their maintenance in homeostatic skin after resolution of inflammation but
not on skin-infiltrating effector T cells for their migration during inflammation. Chronic
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inflammation due to absence of Foxp3 + regulatory T cells prevents establishment of CCR10
+ resident effector T cells in the skin. Finally, the enhanced immune response due to
CCR10-knockout helps better clearance of infection of Leishmamia parasites in the skin,
suggesting clinical potentials of targeting the CCR10/ligand axis.

3.2 Results
3.2.1 Over-reactive innate response to allergen stimulation in skin of CCR10 -/mice

To assess roles of CCR10 in the skin inflammation, we tested CCR10-/- mice in several
models. Previous data in the lab showed that CCR10 -/- and CCR10 +/- mice had similar ear
thickness increases in a DNFB-induced CHS assay (Fig. 3-1A), indicating that CCR10 is not
critical for the T-cell mediated CHS response and consistent with the report that
CCR10-knockout does not affect the T cell migration. To see how innate response is in
CCR10 -/- and CCR10 +/- mice, we treated the mice with one-time DNFB and found that
CCR10 -/- mice had significantly larger ear thickness increases than CCR10 +/- mice early
after DNFB application (Fig. 3-1B), suggesting an enhanced innate response. Supporting this,
the treated ears of CCR10 -/- mice exhibited much higher levels of gene expression of TNF-α
and lower IL-10 than CCR10 +/- controls (Fig. 3-1C). Consistent with this, CCR10 -/- mice
also had an enhanced innate response to one-time treatment of another irritant/allergen FITC
(Fig. 3-1D-E). On the other hand, CCR10 -/- and CCR10 +/- mice had similar responses to
topical application of TPA, a strong mitogen that activates both keratinocytes and immune
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cells (Fig. 3-1F, performed by Dr. Mingcan Xia, a former member in the lab). Considering the
one-time DNFB or FITC treatments are weaker stimulators than TPA or repeated DNFB
treatments of the CHS assay, these results reveal that CCR10 -/- mice have a reduced
activation threshold to the weak stimulation but are able to mount full-scale responses once
the threshold is overcome by strong stimulators. The results suggested CCR10 -/- mice had
defective immune regulatory system in the skin.

3.2.2 Impaired T cell homeostasis in skin of CCR10 -/- mice

To investigate why CCR10 -/- mice had over-reactive immune response, we tested how
CCR10 affects the skin-resident Treg and Teff cells using EGFP reporter, which are a unique
group of memory-like T cells critical in the immune regulation and response. In the previous
experiments performed by Dr. Xia, the vast majority of skin-resident αβT cells highly
expressed CCR10 (EGFP) (Fig. 3-2A). Following his experiments, I compared total skin αβT
cells in CCR10 -/- mice to those in CCR10 +/- mice and found CCR10 -/- mice had fewer
total skin αβT cells (Fig. 3-2A), of which CD8 + subset was impaired more profoundly than
CD4 + subset (Fig. 3-2B-C). Notably, CCR10 -/- mice had significantly fewer Foxp3 + Treg
cells within the skin CD4 + population than CCR10 +/- mice (Fig. 3-2D-E). These results
indicate that CCR10 -/- mice had imbalanced presence of resident Treg vs. Teff cells that
could result in impaired immune homeostasis and over-reactive response in the skin.
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3.2.3 CCR10 is required for migration of infiltrating effector T cells into
homeostatic skin but no inflammatory skin

While the imbalanced presence and dysregulated function of skin-resident Treg vs. Teff
cells are consistent with the over-reactive innate response in CCR10 -/- mice, the normal CHS
response (Fig. 3-1A) suggests that CCR10 is not critical for migration of infiltrating effector T
cells during the inflammation. We noted that DNFB-inflamed skin of the CHS assay had
significantly lower percentages of CCR10+ T cells than untreated skin (Fig. 3-3A), which
suggest that CCR10 is not expressed on many new infiltrating T cells and might explain the
different effects of CCR10-knockout on skin-resident T cells under steady conditions vs.
infiltrating T cells during inflammation. Dissecting this further, we transferred EGFP - splenic
T cells of CCR10 +/- or CCR10 -/- mice into Rag1 -/- mice and analyzed the skin-infiltrating
donor T cells different time after induction of CHS. At the peak of inflammation (1 day after
the DNFB challenge), only few skin-infiltrating T cells were EGFP + (Fig. 3-3B). In marked
contrast, 1 month after the DNFB challenge when inflammation was resolved, about half of
skin T cells of CCR10 +/- donor were EGFP + , and the percentage of EGFP + skin T cells of
CCR10 -/- donor was significantly lower than that of CCR10 +/- donor (Fig. 3-3C-D).
Together, these results reveal an important role of CCR10 in migration of infiltrating effector
T cells into steady state skin but is dispensible for migration of effector T cells during
inflammation. As Treg cells play important roles in the maintenance of homeostatic skin, it is
likely that Treg cell–regulated immune homeostasis is critical for maintenance of CCR10+
resident T cells in the skin, which in turn help to maintain balanced presence and function of
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resident Treg and Teff cells there.

3.2.4 Imbalanced immune homeostasis results in defective resolution of memory
responses in CCR10 -/- mice

Skin-resident T cells also play important roles in memory responses. We therefore tested
CCR10 -/- mice using a DNFB-induced memory CHS assay in which mice were challenged
on the ear one month (instead of one week in the classic CHS) after the initial sensitization.
Compared to CCR10 +/- mice, CCR10 -/- mice had strikingly prolonged inflammation,
associated with enhanced TNF-α and IL-1β and reduced IL-10 expression in the skin (Fig. 3-4,
A-C), suggesting that the imbalanced maintenance and function of the resident Treg vs. Teff
cells also causes defective resolution of memory responses. Further supporting this, memory
CHS responses in Rag1 -/- mice transferred with splenic CCR10 -/- T cells, which had
defective maintenance of the donor-derived EGFP + memory-like T cells in the skin after
resolution of inflammation in classic CHS (Fig. 3-3, C and D), were also prolonged compared
to the recipients of CCR10 +/- T cells (Fig. 3-4D). Notably, although there was no difference
in the early memory response between immunized CCR10 +/- and CCR10 -/- mice the ﬁrst
day after reapplication of DNFB (Fig 3-4A), Rag1 -/- mice receiving CCR10 -/- T cells had
slower memory responses than Rag1 -/- mice receiving CCR10 +/- T cells (Fig 3-4D, day 1).
The different effects of CCR10 knockout on the early response between the two models are
likely because in direct comparison of CCR10 -/- and CCR10 +/- mice, the memory response
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could be affected by CCR10-regulated T cells, as well as other cells, whereas in Rag1 -/mice transferred with splenic T cells, some of the CCR10-regulated cells, such as the
epidermis-resident  T cells, are not reconstituted. The epidermis-resident  T cells are
known to affect the skin immune response252.

3.2.5 Accelerated clearance of Leishmania infection in the skin of CCR10 -/- mice

Our finding of the important role of CCR10 in regulating the skin-resident T cells to
prevent overactive immune responses suggest potentials of targeting CCR10 to enhance
immune responses against skin-specific infections or cancers for better treatments. Testing
this, we infected CCR10 -/- mice with Leishmania major, a parasitic pathogen that could
manipulate Tregs to evade immune attack for its long-term survival in the skin. Indeed,
CCR10 -/- mice cleared the parasite much faster than CCR10 +/- mice (Fig. 3-5A). Consistent
with an enhanced innate response, CCR10 -/- mice had higher TNF- and IL-1 production
than CCR10 +/- mice early post the infection (Fig. 3-5B). One month post the infection,
significantly higher percentages of CCR10 -/- mice developed visible inflammation at
infection sites than CCR10 +/- mice did [76% (13/17) vs. 38% (8/21), P=0.025] (Fig. 3-5C)
and the infected ears of CCR10 -/- mice had much more T cells, most of which were EGFP(Fig. 3-5 D and E), than the CCR10 +/- controls, demonstrating that absence of CCR10
increased effective T cell response for more efficient clearance of the infection.
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3.3 Discussion
CCR10/CCL27 are implicated in various skin allergy and inﬂammatory diseases, but the
in vivo function of the pair has been elusive, hindering our effort in understanding their
involvement in disease development. Using CCR10 knockout/EGFP knockin mice, we
provide the ﬁrst deﬁnite evidence that CCR10 is critical in the regulation of immune
homeostasis and resolution of inﬂammation, an advance from the current focus on the role of
CCR10 as a homing molecule for inﬁltrating T cells to promote the immune response in the
skin. Mechanistically, CCR10 could potentially function in several aspects to regulate skin T
cells. First, CCR10 is critical in the migration of CCR10 memory (or memory-like) T-cell
precursors into the skin under homeostatic conditions, whereas it is dispensable for inﬁltration
of T cells into the inﬂamed skin. In addition, CCR10 expressed on skin-resident Treg and Teff
cells is important for their balanced maintenance in the skin under homeostatic conditions,
potentially by regulating their retention, proliferation, and survival in the skin. Furthermore,
our studies also suggest that CCR10 might signal to regulate functions of skin-resident T cells,
such as their production of inﬂammatory and regulatory cytokines. In the absence of CCR10,
the dysregulated maintenance and functions of resident Teff and Treg cells in the skin could
result in the overactive immune response and impaired resolution of skin inﬂammation. In
light of our ﬁnding of CCR10 as a critical regulator of skin immune homeostasis in mice, the
roles of the CCR10/CCL27 axis in skin allergy and inﬂammatory diseases in patients need to
be carefully investigated before targeting the axis for treatment. It is possible that the
upregulated expression of CCL27 in inﬂamed skin is secondary to the inﬂammation for the
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purpose of regulation. Therefore developing a strategy to increase the number and activity of
CCR10+ resident Treg cells might help to restore immune homeostasis and treat inﬂammatory
diseases of the skin.
Considering both resident Treg and Teff cells are reduced in the skin of CCR10 -/- mice,
the overactive immune response to skin stimulation is likely due to the impaired presence and
dysregulated function of both populations. Consistent with this, our study suggests that
CCR10 has an intrinsic regulatory role in controlling the function of Teff cells (Th17), which
is in addition to potential regulatory effect of Treg cells on these Teff cells. Although
mechanisms underlying the intrinsic regulatory functions of CCR10 in the Teff and Treg cells
are not clear, our ﬁnding is reminiscent of functions of some other T-cell regulatory receptors,
such as programmed cell death 1 and cytotoxic T lymphocyte–associated antigen, that inhibit
Teff cell functions and enhance Treg cell functions.
Considering the importance of balanced production of inﬂammatory and regulatory
cytokines in immune homeostasis and inﬂammation, it would be important to elucidate the
mechanism of CCR10 in regulating T-cell activation and inﬂammatory cytokine production.
In addition, addressing the origin of CCR10, memory (or memory-like) Teff and Treg cells is
another important question to assess. CCR10 knockout affects the presence of CD8 Teff and
Treg cell subsets in the skin to a larger extent than CD4 Teff cells, suggesting that the
different resident T-cell subsets are intrinsically different in their requirements of CCR10 for
maintenance. Although the underlying mechanism is not clear, it seems to be associated with
the different mobility and expression of skin retention molecules of the different T-cell
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subsets. Of note, the skin-resident CD8 memory T cells do not move, whereas the CD4 cells
are highly mobile. Although the mobility of skin-resident Treg cells is well studied, they
express the skin adhesion molecules CD103, as do the resident CD8 cells, whereas the
resident CD4 Teff cells do not. Although a predominantly net effect of CCR10 knockout on
skin immune responses is overreactive and prolonged inﬂammation, CCR10 might be
important for an efﬁcient effector memory T-cell response. Rag -/- mice reconstituted with
CCR10 -/- T cells had a slower and prolonged memory response compared with those
reconstituted with CCR10 +/- T cells, suggesting that both effector and resolution phases of
the memory response are impaired. It is likely that the CCR10-dependent efﬁcient and
balanced maintenance of resident Teff and Treg memory T cells in the skin allows a rapid Teff
response to a challenge, as well as proper resolution of the effector response after clearance of
the challenge. Such efﬁcient effector and regulatory responses are important for preservation
of skin function while dealing with harmful environmental challenges. Dysregulation of either
phase of the response could result in skin disease.
In summary for this part, we found that CCR10 knockout leads to overreactive skin
immune responses and prolonged inﬂammation. In the absence of CCR10, effector memory
T-cell response is impaired because of imbalanced production of inﬂammatory and regulatory
cytokines. Overall, our findings suggest that CCR10 regulates balanced maintenance and
function of resident regulatory and effector T cells.
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Fig 3-1
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Figure 3-1 Over-reactive innate response to stimulation in skin of CCR10 -/- mice.
(A) Ear thickness changes (∆T) of CCR10 -/- and CCR10 +/- mice in a DNFB-induced CHS
assay. N≥6.
(B) Ear thickness changes of CCR10 -/- and CCR10 +/- mice after the one-time topical
application of DNFB on the ear. N≥10. *P<0.05; **P<0.005; ***P<0.001 and NS: no
significant difference (applied to all figures).
(C) qRT-PCR analysis of RNA isolated from treated ears 3 days after the one-time DNFB
application for TNF-, IL-1 and IL-10. N=5 each. “No” indicates untreated skin
samples (N=3). The values are relative levels normalized on b-actin.
(D) Ear thickness changes of CCR10 -/- and CCR10 +/- mice after the one-time topical
application of FITC (0.5%). N=21 for CCR10 +/- mice and N=19 for CCR10 -/- mice.
(E) qRT-PCR analysis of RNA isolated from the treated skin 3 days after the one-time
FITC-application for TNF-, IL-1 and IL-10 as in (C). N=4 each.
(F) Ear thickness changes of CCR10 -/- and CCR10 +/- mice after the one-time topical
application of TPA. N≥10 for each genotype.
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Fig 3-2
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Figure 3-2 Imbalanced maintenance of Treg and Teff cells in the skin of CCR10 -/- mice.
(A) Flow cytometric (FACS) analysis of skin lymphocyte preparations of CCR10 -/- and
CCR10 +/- mice for EGFP + total CD3+ T cells (top) and

T cells (bottom). The

number next to each gate is the percentage (%) of the gated cells of total events in the
histograph. The CD3 high CCR10 low cells are V 3+ T cells.
(B) FACS analysis of gated skin EGFP + CD3 + T cells of CCR10 -/- and CCR10 +/- mice
for CD4+ and CD8+ subsets.
(C) Average percentages of EGFP+ CD8+ and CD4+ cells of skin lymphocyte preparations in
CCR10 +/- and CCR10 -/- mice, calculated by multiplying % of total EGFP+ T cells (A)
and % of CD4+ and CD8+ cells of the total EGFP + T cells (B).
(D) FACS analysis of gated skin EGFP + CD4+ T cells of CCR10-/- and CCR10+/- mice for
Foxp3+ Treg cells.
(E) Average percentages of Foxp3+ CD25+ Treg cells of skin CD4+ T cells in CCR10 +/- and
CCR10 -/- mice calculated from the FACS analysis in Fig 3-2D (n ≥10).
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Fig 3-3
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Figure 3-3 Treg cell–regulated immune homeostasis is critical for maintenance of CCR10+
memory-like resident T cells in the skin.

(A) FACS analysis of T cells of untreated or DNFB-inﬂamed skin of CCR10 +/- mice for
CCR10 (EGFP) expression. The inﬂamed skin was of mice 1 day after DNFB-induced
CHS response. The gray lines indicate WT cells as negative controls for EGFP (N=2).
(B-D) FACS analysis for EGFP on skin T cells in Rag1 -/- mice transferred with CCR10 +/or CCR10 -/- EGFP+ splenic T cells 1 day (B) or 1 month (C and D) after
DNFB-induced CHS. Average percentages of EGFP+ skin T cells of CCR10 +/- versus
CCR10 -/- donors 1 month after CHS induction are shown in D (N=10 each).
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Fig 3-4
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Figure 3-4 Defective resolution of immune memory responses in the skin of CCR10 -/- mice.
(A) Ear thickness change of CCR10 -/- and CCR10 +/- mice in a DNFB-induced memory
CHS assay (N=6).
(B) Representative hematoxylin and eosin staining of ear sections 3 days after the
DNFB-induced memory CHS response (magniﬁcationX400; N=4).
(C) Quantitative RT-PCR analysis of TNF-a, IL-1b, and IL-10 transcripts in treated skin 3
days after DNFB-induced memory CHS (N=4).
(D) Ear thickness changes of Rag1 -/- mice transferred with EGFP- CCR10 -/- and CCR10 +/
splenic T cells in DNFB-induced memory CHS (N=6).
*P < .05, **P < .005, and ***P < .001.
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Fig 3-5
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Figure 3-5 Accelerated clearance of L major infection in skin of CCR10 -/- mice.
(A) Levels of L major–speciﬁc 16S rDNA in skin of CCR10 -/- and CCR10 +/- mice at
different time points after infection, as determined by using quantitative PCR and
normalized on mouse -actin (N=11, 10 and 4 of each genotype for 3 days and 1 and 2
months after the infection, respectively).
(B) Quantitative RT-PCR analysis of TNF-, IL-1, and IL-10 transcripts in infected ears of
CCR10 -/- versus CCR10 +/- mice on day 3 after L major infection (N=5 each).
(C) Representative ear lesions at infection sites in CCR10 -/- and CCR10 +/- mice 1 month
after L major injection.
(D) Numbers of total, EGFP+, and EGFP- T cells in infected ears of CCR10 -/- and CCR10
+/-mice 1 month after L major infection (N=3 each).
(E) Representative ﬂow cytometric analysis of T cells isolated from L major–infected ears of
CCR10 -/- versus CCR10 +/- mice for different T-cell subsets and their expression of
EGFP. Mice were analyzed 1 month after infection.
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Chapter 4
Skin resident CD8+ T cells regulate local immune homeostasis
4.1 Introduction

Immune cells residing in epithelial tissues covering the surface of a body play important
roles in protecting against assaults of environmental agents and maintaining local tissue
homeostasis. Among them, resident T cells are a major component in immunity against
re-occurring infections but could be also responsible for development of chronic tissue
inflammatory diseases253,254. Most resident T cells in epithelial tissues such as the skin display
activated memory T cell phenotypes. Comparing to circulating memory T cells, tissue resident
Trm cells have a great advantage in mounting faster and more effective responses against
local infections97,149,150. Trm cells also serve as local sensors of the previously encountered
infections to coordinate other innate and memory cell responses151. The unique location and
property of Trm cells hold promise in developing better vaccines against many medically
important pathogens that infect through epithelial sites. In addition, Trm cells could be
responsible for repeated lesion development at specific sites in T cell-mediated tissue
inflammatory diseases such as atopic dermatitis, psoriasis and contact dermatitis142,155,156.
Previous studies found that Trm cells highly express CD103 and CD69, both of which
promote their maintenance in the epithelial tissue. However, little is known about the
regulation and function of CCR10+ T cells in the local tissue. Understanding mechanisms
underlying establishment and regulation of Trm cells in specific epithelial tissues is
fundamental in development of vaccines as well as therapeutics for treatment of tissue
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inflammatory diseases.
In the skin of humans and mice, most resident T cells express the chemokine receptor
CCR106,255. One of ligands for CCR10, CCL27, is uniquely expressed by epithelial cells of
the skin but not mucosa255-257. As such, CCL27/CCR10 are suggested to be the skin-specific
chemokine/receptor pair that regulates localization of memory T cells into the skin256,258,259.
However, an earlier study found that CCR10 is not required for migration of T cells into the
immunization site of the skin260. Using a strain of CCR10-knockout (KO)/EGFP-knockin (KI)
mice in which a CCR10-coding sequence is replaced with a DNA fragment coding for EGFP
(enhanced green fluorescent protein) to report CCR10-expressing cells261, we recently
demonstrated that CCR10 is critical for migration of CCR10+ T cells into the healthy skin
distal from immunization sites of the skin6, suggesting that CCR10 might be involved in
establishment of Trm cells throughout the skin. In this chapter, I will focus on the role of
CCR10 in establishment of skin OVA-specific OT-I CD8+ T cells and its relevance with skin
immune homeostasis and response. We found that the defective migration of CCR10-KO
CD8+ T cells into the skin severely impairs establishment of CD8+ skin Trm cells and,
surprisingly, the reduced presence of CD8+ Trm cells leads to dysregulated skin immune
homeostasis and overactive memory response to antigen challenge.
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4.2 Results
4.2.1 CCR10 is critical for localization of CCR10+ T cells into homeostatic skin

The results in Chapter 3 indicated that CCR10 -/- mice had imbalanced presence of Teff
and Treg cells in the skin and developed over-reactive immune responses to DNFB/FITC
challenge. However, a drawback with the DNFB/FITC model is the difﬁculty of following
antigen-speciﬁc T cells. Therefore we crossed CCR10 -/- mice to OT-I or OT-II mice that
carry CD8+ or CD4+ T cells expressing transgenic  TCRs specific for OVA antigens,
respectively. Purified naive splenic EGFP- CCR10 +/- or CCR10 -/- OT-I (or OT-II) T cells
were transferred into WT mice, followed by epicutaneous immunization with OVA on the ear
(twice with a week interval)262. One week after the second immunization, inflamed ear and
uninflamed torso skin were analyzed for OVA-specific T cells.
In the inflamed ear skin, newly infiltrating, OVA-specific CD8+ OT-I T cells accounted
for the majority of total T cells (Fig 4-1A). However, only a small portion of this subset was
EGFP+, and CCR10 knockout did not affect the percentage of EGFP+ OT-I T cells in the ear
(Fig 4-1, A and C). In striking contrast, much higher percentages of inﬁltrating OT-I T cells in
the untreated (and therefore uninﬂamed) torso skin were EGFP+, and CCR10 knockout
signiﬁcantly reduced the EGFP+ OT-I cell numbers in the untreated skin (Fig 4-1, B and C),
revealing that CCR10 is critical for localization of the CCR10+ CD8+ T cells into uninﬂamed
but not inﬂamed skin, even in the same mouse. Similarly, CCR10 is also required for
localization of CCR10+ CD4+ OT-II T cells into untreated skin but dispensable for their
localization into inﬂamed skin stimulated by OVA immunization (Fig 4-1, D and E). Taken
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together, these results are consistent with what I found in the Rag1 -/- transfer model after
DNFB challenge. As the number of OT-II cells was much less than that of OT-I cells after
Ova immunization, I focused on OT-I adoptive transfer model in the following experiments.

4.2.2 CCR10 is important for establishment of CD8+ resident memory T cells in
the un-inflamed skin

To address how CCR10 was involved in establishment of CD8+ Trm cells in the skin, we
used a T cell transfer model in which naïve Ovalbumin (Ova)-specific transgenic OT-I CD8+
T cells of CCR10-/-OT-I or CCR10+/-OT-I mice were transferred into wild type (WT)
recipient mice (referred as CCR10-/-OT-ITR and CCR10+/-OT-ITR mice respectively), followed
by epicutaneous immunization on ears with Ova proteins, which activated the transferred T
cells to differentiate into EGFP (CCR10)+ skin-homing T cells6. One week after
immunization, nearly all EGFP(CCR10)+ OT-I T cells isolated of the skin displayed a
molecule marker expression pattern typical of Trm cells (CD103+CD69+CD44+CD62L-)(Fig.
4-2A)263, suggesting that they might represent Trm progenitors. EGFP(CCR10)+ OT-I T cells
of skin-draining lymph nodes (sLNs) and spleens had similar patterns of marker expression as
those of the skin except lower levels of CD69 (Fig. 4-2 B and C), consistent with the notion
that CD69 is upregulated on Trm cells within the skin
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. Unlike CCR10+ OT-I T cells, the

molecule expression pattern on EGFP(CCR10)- OT-I T cells was more heterogeneous (Fig.
4-2A). Similar patterns of marker expression on EGFP+ OT-I T cells of CCR10-/- and
CCR10+/- genotypes suggest that CCR10 is not involved in generation of the memory-like
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progenitor cells (Fig. 4-2A), even though it was important for their migration into the skin6.
Consistent with the latter notion, when purified splenic EGFP+ CCR10-/- and CCR10+/- OT-I
T cells were co-transferred into same WT recipients, the CCR10-/- donor cells were found
much less frequently in the skin than the CCR10+/- donor cells (Fig. 4-2D). According to lab
member Dr. Jie Yang’s experiment, co-transfer of polyclonal EGFP+ T cells of
un-manipulated CCR10-/- and CCR10+/- mice into WT recipients resulted in the same
conclusion (Fig. 4-2E).
We then analyzed presence of CCR10-/- and CCR10+/- OT-I T cells in Ova-immunized
mice at the memory phase to assess directly how the impaired migration due to CCR10-KO
affected establishment of Trm cells in the skin. One month after immunization, there were
much fewer CCR10-/- OT-I T cells than CCR10+/- controls in the untreated torso skin, and
the percentage of EGFP+ CCR10-/- OT-I T cells were also lower than the CCR10+/- control
(Fig. 4-3A). In contrast, the percentage of CCR10-/- and CCR10+/- OT-I T cells at the
immunization site of the skin (ear) was similar (Fig. 4-3A), consistent with the notion that
CCR10 is not important for migration of T cells into the immunization site at the effector
phase. There were slightly more EGFP+ CCR10-/- OT-I T cells than EGFP+ CCR10+/- OT-I
T cells in spleens (Fig. 4-3B), consistent with the notion that impaired migration of EGFP+
CCR10-/- cells into the skin resulted in their abnormal accumulation in internal organs6. Three

months after immunization, numbers of CCR10+/- and CCR10-/- OT-I T cells in the torso
skin were both drastically reduced compared to those at one month after immunization (Fig.
4-3C right vs. 4-3A right). However, folds of the reduction were roughly similar for
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CCR10+/- OT-I cells and CCR10-/- OT-I cells (from ~20% to ~1% and ~2% to ~0.17%
respectively) (Fig. 4-3C vs. 4-3A). On the other hand, CCR10+/- and CCR10-/- OT-I T cells
still accounted for about half of total CD8+ T cells at the original immunization site (ears) and
there was still no significant difference between them (Fig. 4-3C left). These results all
suggest that CCR10 is not involved in retention of Trm cells in the skin. Notably, most OT-I
Trm cells of immunized sites and un-treated skin did not express EGFP three months post
immunization (Fig. 4-3C) while they expressed different levels of EGFP at earlier time-points
(Fig. 4-3A)6. In addition, few OT-I T cells were detected in spleens 3 months after
immunization (Fig. 4-3D), indicating that memory cells are better maintained in the local
tissue. Taken together, these results demonstrate that CCR10 is critical in migration of
memory progenitor cells into the healthy skin for establishment of Trm cells but not involved
in their retention in the local tissue. In contrast, CCR10 is dispensable for establishment of
Trm cells at immunization sites of the skin.
The different requirements of CCR10 for establishment of Trm cells in un-treated and
immunized parts of the skin could be due to increased inflammation and/or preferential
stimulation of T cells by local antigens at immunization sites264. To dissect these,
CCR10-/-OT-ITR and CCR10+/-OT-ITR mice were immunized with Ova on the ear and
painted with DNFB on one side of the back skin at the same time to induce Ova-relevant
inflammation on the ear and Ova-irrelevant inflammation on the back. The mice were
analyzed one week after immunization. Like Ova-immunized ears, DNFB-treated skin had
more infiltration of OT-I T cells than an untreated part of the skin, mainly due to increased
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CCR10 (EGFP)- OT-I T cells (Fig. 4-3E). Therefore, inflammation overrides requirement of
CCR10 for migration of T cells into the skin under steady-state conditions and allows for
infiltration of both CCR10 + and CCR10 - T cells.

4.2.3 Over-reactive skin inflammatory responses to antigen challenges in mice

with defective resident CCR10-/- CD8+ memory T cells

Trm cells play important roles in memory responses. We then tested how reduced
CCR10 -/- OT-I Trm cells would affect memory responses. Three months after Ova
immunization on one ear, CCR10-/-OT-ITR and CCR10+/-OT-ITR mice were challenged with
Ova on the other non-immunized ear or torso skin. Surprisingly, compared to
CCR10+/-OT-ITR mice, CCR10-/-OT-ITR mice had larger thickness change of challenged ears
(Fig. 4-4A), indicating enhanced immune responses, which was confirmed by H&E staining
of the ear sections (Fig. 4-4B). Further supporting this, there were more neutrophils and
macrophages in the challenged skin of CCR10-/-OT-ITR mice than of CCR10+/-OT-ITR mice
on Day 3 after challenge (Fig. 4-4C), while there were still fewer CCR10-/- OT-I T cells than
CCR10+/- OT-I T cells at this time point (Fig. 4-4D). Like OT-I Trm cells before challenge,
most OT-I T cells did not express CCR10 on Day 3 post challenge (Fig. 4-4E vs. 4-3C). By
Day 7 after challenge, percentages of CCR10-/- OT-I T cells reached the same level as those
of CCR10+/- OT-I T cells in the skin and most of them did not express CCR10 (EGFP-) (Fig.
4-4F), likely due to recruitment of activated OT-I T cells of the central memory.
Furthermore, compared to CCR10+/-OT-ITR controls, the challenged skin of
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CCR10-/-OT-ITR mice had enhanced TNF- (Fig. 4-4G), correlating with increased
inflammation. In addition, it had reduced IL-10 expression, suggesting defective immune
regulation (Fig. 4-4G). Considering Treg cells are a dominant regulatory cell population, we
assessed their presence in the challenged skin. Indeed, percentages of Foxp3+ Treg cells in
the challenged skin of immunized CCR10-/-OT-ITR mice were significantly lower than those
of corresponding CCR10+/-OT-ITR controls (Fig. 4-4H).
To gain more clues on how reduced CCR10-/- OT-I Trm cells resulted in over-active
immune

responses,

we

also

challenged

Ova-immunized

CCR10-/-OT-ITR

and

CCR10+/-OT-ITR mice with DNFB on the skin to induce OT-I irrelevant inflammatory
responses. Compared to CCR10+/-OT-ITR controls, the immunized CCR10-/-OT-ITR mice also
had enhanced skin inflammation in response to DNFB challenge with larger ear thickness
change and more inflammation shown in the H&E staining (Fig. 4-4 I and J). Together, the
enhanced responses to both antigen-specific and non-specific stimulations suggest a defect in
the general regulatory machinery in the skin of immunized CCR10 -/- OT-ITR mice.

4.2.4 Modulation of local Treg cell homeostasis by skin resident CD8+ T cells

We assessed whether there was a difference in resident CD4+ T cells, particularly Treg
cells, in the skin of CCR10-/-OT-ITR versus CCR10+/-OT-ITR mice three months after Ova
immunization (without Ova re-challenge). There were significantly fewer Foxp3+ Treg cells
in the skin of immunized CCR10-/-OT-ITR mice than of CCR10+/-OT-ITR controls (Fig. 4-5A).
Skin CD4+ T cells of immunized CCR10-/-OT-ITR mice at the memory phase also contained
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lower percentages of IFN+ but higher percentages of IL-17+ cells than CCR10+/-OT-ITR
controls (Fig. 4-5B). These results demonstrate that reduced CCR10-/- CD8+ OT-I T cells in
the skin result in defective CD4+ T cell homeostasis, which suggests that CD8+ T cells might
modulate CD4+ T cells, including supporting Treg cells, in the skin. Differences in Treg,
IFN+ and IL-17+ Teff cells between CCR10+/- OT-ITR and CCR10 -/- OT-ITR mice were also
observed as early as one week after Ova immunization (Fig. 4-5 C and D), suggesting that
modulation of skin resident CD4+ T cells by infiltrating CCR10+ CD8+ OT-I T cells began
early at the effector phase of immunization.
To test whether regulation of CD4+ T cells by CD8+ T cells in the skin was a general
phenomenon, we used another cell transfer model in which polyclonal CD8+ T cells of
spleens of CCR10-/- or CCR10+/- mice were co-transferred with WT splenic CD4+ T
(including Treg) cells into Rag1-/- mice. One month after transfer, we analyzed donor CD8+
and CD4+ T cells in the skin of recipients. There were fewer CCR10-/- CD8+ T cells in the
skin than CCR10+/- CD8+ T cells (Fig. 4-5E), consistent with the requirement of CCR10 for
T cell migration into the skin. Associated with this, there were lower percentages of Foxp3+
Treg cells in the skin of recipients co-transferred with CCR10-/- CD8+ T cells than those with
CCR10+/- CD8+ T cells (Fig. 4-5F). In addition, skin CD4+ cells co-transferred with
CCR10-/- CD8+ T cells expressed higher levels of IL-17 but lower IFN- than those with
CCR10+/- CD8+ T cells (Fig. 4-5G). Those suggest that CD8+ T cells promote CD4+ T cell
homeostasis, including supporting Treg cells, in the skin to help local immune homeostasis.
Further supporting this notion, Rag1-/- recipients co-transferred with WT CD4+ and
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CCR10-/- CD8+ T cells had enhanced skin inflammation in response to DNFB stimulation
than those receiving WT CD4+ and CCR10+/- CD8+ T cells (Fig. 4-5 H and I).

4.2.5 IFN is not required for regulation of Treg cells by skin resident CD8+ cells

How do CD8+ T cells regulate CD4+ T cell homeostasis in the skin? To search for clues,
we first targeted on IFN because it has been reported to trigger broadly active antiviral and
antibacterial genes expression248. To test whether CD8+ T cell-derived IFN mediates ILC
and CD4+ T cell homeostasis in vivo, we co-transferred IFN -/- or WT CD8+ cells and WT
splenic CD4+ cells (including Treg) into Rag1-/- mice. One month after transfer, I analyzed
IL5-expressing ILCs, IL17-expressing and IFN-expressing CD4+ T cells and Treg cells. I
found little difference in the four subsets between Rag1 -/- transferred with IFN -/- and WT
CD8+ cells (Fig. 4-6 A-F), suggesting IFN is not involved in regulation of ILC, CD4+ and
Treg cells.

4.2.6 B7.2 expressed on resident CD8+ T cells supports maintenance of Treg cells
in the skin to promote immune homeostasis

To further search the clue of how CD8+ T cells supports immune homeostasis in skin, I
analyzed skin CD8+ T cells for expression of multiple molecules potentially capable of
mediating interaction with CD4+ T cells. Notably, skin CCR10+ CD8+ T cells highly
expressed the co-stimulatory molecule B7.2 (CD86) but no or low levels of other
co-stimulatory molecules B7.1 (CD80), PD-L1, PD-L2, B7H, B7H3 and B7x or MHCII (Fig.
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4-7A). Of the two receptors for B7.2, CD28 was similarly expressed on CD4+ skin Treg and
Teff cells while CTLA-4 was highly expressed on the surface of skin Treg cells but not or at
low levels on CD4+ skin Teff or splenic Treg cells (Fig. 4-7B). While both receptors are
involved in maintenance and function of T cells265-269, CTLA-4 binds to B7.2 with a much
higher affinity than CD28270. Therefore, B7.2 expressed by skin CD8+ T cells likely
preferentially supports skin Treg cells to promote CD4+ T cell homeostasis.
I then tested whether B7.2 was required for CD8+ T cell modulation of survival of skin
CD4+ Treg or Teff cells by co-culturing them with purified B7.2-sufficient or deficient skin
CD8+ cells in vitro. Treg cells were isolated from the skin of Foxp3-RFP mice in which red
fluorescent protein (RFP) reports Foxp3 expression271. Based on Annexin V+ staining and
loss of RFP signal (due to leakage of cytosolic RFP), significantly higher percentages of Treg
cells became apoptotic and fewer remained alive one day after co-culture with B7.2-/-B7.1-/CD8+ cells than with WT CD8+ cells (Fig. 4-7C). On the other hand, CD4+ Teff cells had
similar survival rates after co-culture with either B7.2-/-B7.1-/- or WT CD8+ cells (Fig. 4-7C).
I also tested the survival of Treg cells with anti-CD86 antibody to block CD86 expression on
CD8+ T cells. Consistent with what I found with B7.2-/- B7.1-/- CD8+ cells, significantly
higher percentages of Treg cells became apoptotic and fewer were alive one day after
co-culture with normal CD8+ cells than with anti-CD86 antibody blocked CD8+ cells (Fig.
4-7D). These results indicate that B7.2 expressed on CD8+ T cells preferentially support
survival of Treg cells.
To test whether B7.2 mediated CD8+ T cell regulation of CD4+ T cell homeostasis in
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vivo, we co-transferred B7.2-/-B7.1-/- or WT CD8+ cells and WT splenic CD4+ cells
(including Treg) into Rag1-/- mice. One month after transfer, mice receiving WT CD4+ and
B7.2-/-B7.1-/- CD8+ T cells had fewer skin Treg cells than those receiving WT CD4+ and
WT CD8+ T cells (Fig. 4-7E). In addition, skin CD4+ T cells of recipient mice co-transferred
with B7.2-/-B7.1-/- CD8+ T cells expressed higher IL-17 and lower IFN (Fig. 4-7F). These
demonstrate that CD8+ T cells regulate skin CD4+ T cell homeostasis through the
B7.2-mediated signal pathway. Interestingly, there were also fewer B7.2-/-B7.1-/- donor
CD8+ T cells in the skin of recipients than WT donor CD8+ T cells (Fig. 4-7G), suggesting
potentially bidirectional effects of B7.2/receptor interaction on homeostatic maintenance of
Treg and CD8+ T cells in the skin.
I further tested whether B7.2-KO in CD8+ OT-I T cells would affect skin CD4+ T cell
homeostasis using the OT-I T cell transfer model, in which B7.2-/- or WT OT-I T cells were
transferred into WT mice (referred as B7.2-/- OT-ITR and WT OT-ITR mice), followed by Ova
immunization on ears. One week after immunization, the percentage of Treg cells was slightly
lower in the untreated skin of B7.2-/- OT-ITR mice while there was no significant difference in
infiltration of B7.2-/- and WT OT-I T cells into the skin (Fig. 4-7H). One month post
immunization, there were significantly lower percentages of donor OT-I T cells and Treg cells
of the host origin in the untreated skin of B7.2-/- OT-ITR than of WT OT-ITR mice (Fig. 4-7I),
while percentages of Treg cells were similar in spleens of B7.2-/- OT-ITR and WT OT-ITR mice
(Fig. 4-7J). These results indicate that B7.2/CTLA-4 signals are important in the maintenance
of CD8+ T and Treg cells in the skin, suggesting their cross-regulation to promote the local
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immune homeostasis.

4.3 Discussions

Skin harbors abundant resident CD8+ T cells. Their role in the local immune
homeostasis is not well understood. Prior studies have found that CD4+ T cells regulate
CD8+ T cell-mediated skin immune responses by restricting effector T cell development
through a Fas ligand-dependent mechanism272. CD4+ T cells inhibit the magnitude and
duration of CD8 T cell-mediated responses in the skin. However, whether CD8+ T cells
regulate CD4+ T cells including Treg cells in the local tissue remains largely unknown. Our
study here reveals that resident CD8+ T cells regulate CD4+ T cell homeostasis in the skin, at
least partly by supporting maintenance of Treg cells, which is important in ensuring proper
immune response to different antigen stimulations to prevent inflammatory damage. Our
results suggested a “regulatory” role of CD8+ Trm cells in skin homeostasis, which may be
achieved by direct regulation of both CD4+ T cells and Treg cells or indirect regulation of
CD4+ T cells via Treg cells. As pathogen-specific Trm cells persist in local tissue after an
infection to provide rapid control upon reinfection, vaccination strategies that create Trm cell
pools at sites of pathogen entry are attractive.
As CCR10 is not required for expression of memory markers, it is interesting that
CCR10 is only important for migration of CD8+ Trm cells to homeostatic skin but not
inflammatory skin. Given the different local environment between homeostatic and
inflammatory skin, it is plausible to hypothesize that some factors in the homeostatic skin
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allows DCs to “imprint” CCR10 expression on responding CD8+ T cells. In addition, it has
been reported that Treg cells up-regulate skin homing molecules to maintain immune
homeostasis in skin273. Moreover, our results showed that CCR10 -/- mice had significantly
reduced number of Treg cells in the skin. Therefore, Treg cells might support expression of
CCR10 on memory-like CD8+ cells and their migration into healthy skin, which in turn helps
maintain immune homeostasis there.
As the percentage of both CCR10 +/- OT-I cells and CCR10 -/- OT-I cells reduced at the
similar ratio three months after Ova immunization (Fig. 4-2C vs. 4-2A), we concluded that
CCR10 is not important for the maintenance of OT-I cells after they migrate into the local
skin. CCR10 might get down-regulated after the OT-I cells arrive at the local tissue. However,
we found most of skin T cells are CCR10+ in homeostatic condition, suggesting that CCR10+
cells are constantly migrating into homeostatic skin to replace the CCR10 downregulated
cells. It would be interesting to see what factors contribute to the downregulation of CCR10
and how CCR10 downregulated cells are functionally different from original CCR10- cells.
While CCR10-/-OT-ITR mice had enhanced immune response to antigen stimulation due
to impaired migration of CCR10 -/- CD8+ Trm cells, it remains unclear that whether the
reduced number of CCR10-/- CD8+ Trm cells, the functional change of CCR10-/- CD8+ Trm
cells or the combination of both leads to the decrease of Treg cells and enhanced immune
responses. To test this, we could do in vitro experiment with equal number of CCR10 +/- and
CCR10 -/- CD8+ cells cultured with Treg cells. If no difference is found in Treg numbers
between CCR10 +/- and CCR10 -/- CD8+ culture, it can be concluded that the number of
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CD8+ cells does affect the survival of Treg cells. Otherwise, CCR10 -/- CD8+ may have
some functional deficiency that results in decreased survival of Treg cells. As CD8+ T cells
are a major source of IFN and other group has reported that cytokine IFN is the most likely
factor controlling the transcriptional alterations seen in Trm cell – conditioned skin248, we
then examined whether IFN secreted by CD8+ Trm cells plays a role in the regulation of
CD4+ T cell and Treg cells. We found that there was no difference in IFN expression
between CCR10 +/- OT-I and CCR10 -/- OT-I cells. However, the possibility that IFN can
regulate immune homeostasis in skin cannot be ruled out because the amount of IFN is
reduced with fewer CCR10 -/- OT-I cells even though their IFN-secreting ability remains the
same as CCR10 +/- OT-I cells. Therefore, I tested whether IFN plays a role in the regulation
of CD4+ and Treg cells by transferring IFN -/- or WT CD8+ cells with WT CD4+ cells into
Rag1 -/- mice. My results showed that there were no differences in the percentage of Treg,
IFN-producing and IL-17-producing CD4+ cells and IL-5-producing ILCs in the skin
between IFN -/- and WT CD8+ cell transferred Rag1 -/- mice. The difference between my
results and the reported function of IFN-derived Trm cells could be due to that I focused on
immune homeostasis regulation while their study examined Trm triggered antiviral activity.
Hence, IFN expressed by CD8+ Trm cells may contribute to pathogen control by activating
IFITM3 in the local skin cells but is not involved in immune homeostasis regulation. In
addition to indirect regulation via cytokine secretion, CD8+ Trm cells may directly interact
with CD4+, Treg or ILCs in the skin. As CD8+ cells do not express MHCII, I examined what
costimulatory molecules they express and whether the costimulatory molecules interacting
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with the receptors on CD4+ T cell and Treg cells could explain how CD8+ Trm cells control
skin homeostasis in the local tissue. Surprisingly, we found skin CD8+ cells highly express
B7.2 and its receptor CTLA-4 is highly expressed by skin Treg cells. My results revealed that
B7.2 supports the maintenance of Treg cells and regulates the function of CD4+ T cells in the
skin. However, it remains unclear that whether CTLA-4 on the Treg cells is the target through
which B7.2 regulates the immune homeostasis. To get a better understanding of this, we can
use anti-CTLA4 antibody in the in vitro culture experiment. If Treg survival rate decreases
after CTLA-4 is blocked in the culture with WT CD8+ cells, it would suggest that CTLA-4 is
critical in the regulation of Treg cells by CD8+ cells. We can also test whether CD8+ cells
regulate Foxp3- CD4+ cells directly or indirectly through Treg cells by in vitro culture and
antibody block.
While detailed mechanisms of the regulation needs further study, it is interesting to note
that the B7.2/CTLA-4 axis is involved in mediating interaction of CD8+ T cells with Treg
cells without involvement of antigen-specific MHCII/TCR interaction. In addition, our study
with the role of CCR10 in establishment of CD8+ Trm cells in the skin reveals that different
molecular mechanisms are used in establishment and maintenance of Trm cells in
immunization sites and untreated parts of the tissue. Considering that most potential
infections would likely occur through sites different from original immunization sites, a better
understanding of how establishment of Trm cells is regulated in different tissue parts distant
from immunization sites would help designing better vaccines that promote tissue-specific
Trm cells.
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Fig 4-1
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Figure 4-1 CCR10 is critical in localization of CCR10+ CD8+ OT-I and CCCR10+ CD4+
OT-II cells into homeostatic skin.
(A and B) Flow cytometry of gated CD3+ CD8+ T cells isolated from OVA-treated inﬂamed
ear skin (A) and untreated torso skin (B) for donor-derived OT-I T cells (CD45.1CD45.2+; top) and expression of EGFP of donor OT-I T cells (bottom).
(C) Average numbers of EGFP+ CCR10 +/- and CCR10 -/- OT-I T cells isolated from
inﬂamed ear skin and unaffected torso skin based on analyses in Fig 3-6, A and B (N=5-6).
**P < .005.
(D) Flow cytometry of gated CD3+ CD4+ OT-II cells isolated from OVA-treated inﬂamed ear
skin (left) and untreated torso skin (right) for their expression of EGFP.
(E) Average percentages of CCR10 +/- and CCR10 -/- OT-II T cells of the inﬂamed ear skin
and uninﬂamed torso skin that express EGFP (CCR10) (N=3 each). *P < .05.
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Fig 4-2:
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Figure 4-2 CCR10 is important for establishment of memory-like CD8+ T cells in
homeostatic skin.
(A) Flow cytometric analysis of skin infiltrating CCR10 (EGFP) + and CCR10 (EGFP) - OT-I
cells of CCR10 +/- or CCR10 -/- OT-ITR mice for Trm cell-associated markers one week
after Ova immunization. One representative of at least 5 analyses.
(B-C) Flow cytometric analysis of EGFP (CCR10) + and EGFP (CCR10) - OT-I cells of
skin-draining lymph nodes (B) and spleens (C) of CCR10 +/- or CCR10 -/- OT-ITR mice
for molecules associated with memory T cell progenitors one week after Ova
immunization. Representative of at least three experiments.
(D) Representative flow cytometric analysis of total skin CD8+ T cells to detect donor
CCR10+/- (CD45.1+CD45.2-) and CCR10-/- (CD45.1-CD45.2+) OT-I cells in WT
recipients one week after their transfer (left). Relative percentages of donor EGFP+
CCR10+/- versus CCR10-/- OT-I T cells in the skin of WT recipients one week after their
co-transfer. N=9 pooled of two experiments (right).
(E) Representative flow cytometric analysis of polyclonal donor EGFP+ CCR10+/(CD45.1+CD45.2-) and CCR10-/- (CD45.1-CD45.2+) T cells in the skin of WT
recipients two days after their transfer (left). Relative percentages of polyclonal donor
EGFP+ CCR10+/- and CCR10-/- T cells in the skin of WT recipients two days after their
transfer (right). N≥3.
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Fig 4-3
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Figure 4-3 CCR10 is important for establishment of CD8+ resident memory T cells in
un-inflamed skin but not for their retention.
(A) Analysis of CCR10+/- and CCR10-/- OT-I T cells in Ova-immunized ear and un-treated
torso skin one month after Ova immunization. Flow cytometry was on gated CD3+CD8+
T cells to detect donor OT-I T cells (CD45.1-CD45.2+) (top) and their expression of
EGFP (bottom). The bar graphs on the right show average percentages of CCR10+/- and
CCR10-/- OT-I T cells of total skin CD8+ T cells. N≥6 pooled of three experiments.
(B) Flow cytometric analysis of spleen CCR10+/- and CCR10-/- OT-I cells and their EGFP
expression one month after Ova immunization. N=3
(C) Analysis of CCR10+/- and CCR10-/- OT-I T cells in Ova-immunized ear and un-treated
torso skin three months after Ova immunization. Flow cytometry was on gated
CD3+CD8+ T cells to detect donor OT-I T cells (CD45.1-CD45.2+) (top) and their
expression of EGFP (bottom). The bar graphs on the right show average percentages of
CCR10+/- and CCR10 -/- OT-I T cells of total skin CD8+ T cells. N≥6 pooled of three
experiments.
(D) Flow cytometric analysis of spleen CCR10+/- and CCR10-/- OT-I cells and their EGFP
expression three months after Ova immunization. N=3
(E) Flow cytometry of CCR10+/- OT-I cells (top row) and their CCR10 (EGFP) expression
(bottom row) in Ova-treated (left), untreated (middle) and DNFB-treated skin (right) one
week after Ova immunization. One representative of three experiments.
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Fig 4-4
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Figure 4-4: Reduced CCR10-/- CD8+ resident memory T cells leads to enhanced skin
inflammatory response to antigen stimulations.
WT mice were transferred with CCR10-/- OT-I or CCR10+/- OT-I T cells, immunized with
Ova on ears, rested for three months, and challenged again on un-immunized parts of the skin.
Skin immune responses were analyzed after the challenge.
(A) Ear thickness changes on different days after Ova challenge. N=9 for WT and 8 for KO,
pooled of two experiments.
(B) H&E staining of ear sections on day 4 post Ova challenge. One representative of six of
two experiments.
(C-D) Analysis of neutrophils (Gr1+CD11b+) and macrophages (F4/80+CD11b+) (C) and
OT-I T cells (D) in Ova-challenged skin day 3 post challenge. Flow cytometry was on
isolated skin mononuclear cells. Bar graphs show calculated numbers of the cells. N=5
pooled of two experiments.
(E) EGFP expression on skin OT-I T cells on day 7 post Ova challenge.
(F) Flow cytometric analysis of skin CCR10+/- or CCR10-/- OT-I cells and their EGFP
expression on day 7 post Ova challenge on the skin of mice that were immunized with
Ova three months ago. Representative of three.
(G) Levels of TNF-α, IL-1β and IL-10 transcripts in Ova-challenged skin on day 3, based
on real-time RT-PCR analysis of skin RNA samples. Normalized on -actin levels. N≥6
each pooled of two experiments.
(H) Analysis of Foxp3+ Treg cells in Ova-challenged skin on day 7. Flow cytometry is on
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gated CD4+ T cells. N=6 pooled of two experiments.
(I) Ear thickness changes on different days after DNFB challenge. N=8 pooled of two
experiments.
(J) H&E staining of skin sections on day 3 after DNFB treatment. One representative of 5 of
two experiments.
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Fig 4-5
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Figure 4-5: Skin CD8+ cells regulate local CD4+ T cell homeostasis.
(A-B) Analysis of Treg (A), IL-17 and IFN-producing CD4+ T cell subsets (B) in the skin of
WT mice that were transferred with CCR10+/- or CCR10-/- OT-I T cells and immunized
with Ova on ears three months earlier. Flow cytometry is on gated CD4+ cells, from
which average percentages of different subsets are calculated and shown in the bar graphs
on the right. N=9 pooled of three experiments.
(C-D) Representative flow cytometric analysis of skin Foxp3+ Treg (C left), IFN+ and
IL-17+ CD4+ T cells (D left) in CCR10+/- OT-ITR and CCR10-/- OT-ITR mice one
week after Ova immunization. Average percentages of skin Foxp3+ Treg (C right), IFN+
and IL-17+ CD4+ T cells (D right) in CCR10+/- OT-ITR and CCR10-/- OT-ITR mice one
week after Ova immunization. N=6 pooled of 2 independent experiments.
(E-G) Percentages of polyclonal CCR10+/- or CCR10-/- CD8+ T cells (E), Treg cells (F), and
IFN+ and IL-17+ CD4+ cells (G) in Rag1-/- recipient mice one month after co-transfer
of the CCR10+/- or CCR10-/- CD8+ T cells and WT CD4+ T cells. N=6 pooled of two
experiments.
(H) Ear thickness change of DNFB treated ears of Rag1-/- recipients that are co-transferred
with CCR10+/- or CCR10-/- CD8+ T cells and WT CD4+ T cells. N=6 pooled of two
experiments.
(I) H&E staining of ear sections on day 3 after DNFB treatment of Rag1-/- recipients one
month after they are co-transferred with CCR10+/- or CCR10-/- CD8+ T cells and WT
CD4+ T cells. One representative of 6 analyses of two experiments.
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Fig 4-6:
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Figure 4-6. CD8+ T cell-derived IFN does not play a role in the regulation of skin immune
homeostasis
(A-C): Representative flow cytometric analysis of IL5-producing ILC (A), IL-17 and
IFN-producing CD4+ T cell subsets (B) and Treg cells (C) in the skin of Rag1 -/mice that were transferred with WT or IFN -/- CD8+ T cells and WT CD4+ T cells
one month later. Flow cytometry is on gated CD3- cells (A), CD4+ T cells (B and C),
from which average percentages of different subsets are calculated and shown in the
bar graphs in D-F. N=6 pooled of three experiments.
(D-F): Percentages of IL5-producing ILC (D), IL-17 and IFN-producing CD4+ T cell subsets
(E) and Treg cells (F) in Rag1-/- recipient mice one month after co-transfer of the WT
or IFN -/- CD8+ T cells and WT CD4+ T cells. N=6 pooled of three experiments.
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Fig 4-7
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Figure 4-7 Resident CD8+ T cells support Treg cells through B7.2/CTLA4 axis in the skin.
(A) Expression of MHCII, B7.1 and B7.2 on skin CD8+ T cells. One representative of 4 of
two experiments.
(B) Expression of CD28 and CTLA-4 on skin and splenic Treg and CD4+ Teff cells.
Representative of 4 analyses.
(C) Survival of Treg (RFP+) and CD4+ Teff (RFP-) cells one day after co-culture with WT or
B7.1-/- B7.2-/- CD8+ cells. Flow cytometry is gated on CD4+ Treg and Teff cells, from
which percentages of Annexin V- RFP+ live cells were calculated and shown in the bar
graph on the right. N=4 pooled of two experiments.
(D) Survival of Treg (RFP+) and CD4+ Teff (RFP-) cells one day after co-culture with WT or
CD8+ cells with anti-CD86 antibody. N=5 pooled of two experiments.
(E-G) Percentages of Treg cells of total CD4+ T cells (E), IL-17+ and IFN+ CD4+ cells (F)
and CD8+ cells (G) in the skin of Rag1-/- mice one month after they are transferred
with WT or B7.2-/-B7.1-/- CD8+ and WT CD4+ T cells. N=5 pooled of two
experiments.
(H-I) Analysis of donor WT and B7.2-/- OT-I cells and Treg cells of the host in the un-treated
torso skin of WT recipients one week (H) and one month (I) after Ova immunization on
ears. N=3 each.
(J) Flow cytometric analysis of Treg cells in spleen of WT recipient transferred with WT or
B7.2-/- OT1 cells one month after immunization. Representative of three.

99

Chapter 5
Discussion
The skin acts as a multitasking immune organ involved in promoting health. It hosts
commensal bacteria that interacts with immune cells, making toward the generation of
beneﬁcial and pathogenic immune responses. The migration and localization of memory T
cells to the skin is essential for long-term immune surveillance and the maintenance of barrier
integrity. Chemokines and their receptors help control the localization of cells of the immune
system. CCL27 is the skin-speciﬁc chemokine that attracts a subset of cutaneous memory T
cells expressing chemokine receptor CCR10 to the epidermis, a process called T cell
“homing”. In addition, CCR10 and CCL27 may inﬂuence the retention of T cells in or near
the epidermis. While the mechanisms controlling memory T-cell migration to peripheral
tissues are poorly understood, previous studies in human skin have found the localized
secretion of“imprinting” signals from tissue-resident dendritic cells in the draining lymph
nodes.
Vitamin D3 is enriched in the skin because of sun exposure. Its metabolite 1,25(OH)2D3
is presented by DCs to naïve T cells to induce CCR10 expression in human. Therefore,
vitamin D3 might help ‘program’ the migratory activity of skin-associated T cells. This
mechanism is similar to the induction of intestine homing molecules 47 and CCR9 by
retinoid acid presented by DC. However, it is unknown how CCR10 is induced on responding
T cells in mice as the skin histology is different between human and mice. It has also been
implicated that skin-specific factors-derived from keratinocytes induce preferential expression
of CCR8 by skin-resident memory T cells, which is independent of vitamins A and D. The
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induction of CCR8 under these conditions correlated with an increase in cutaneous
lymphocyte-associated antigen expression but it is unknown that CCR10 induction is also
correlated with CCR8 induction. It is likely that the ability of CCR10+ CD8+ cells to
preferentially populate barrier tissues was dependent on the stimulation of specific DCs rather
than being predetermined during their developmental stages. In this scenario, a specialized
subset of DCs imprints CCR10 expression on responding CD8+ T cells in the sLN. Without
CCR10, disrupted lymphocyte trafficking leads to the accumulation of mature T cells in
peripheral lymphoid organs such as spleen. As the majority of CCR10+ CD8+ cells are
localized in the homeostatic skin rather than inflammatory skin, it is plausible to hypothesize
that some soluble factors in the healthy skin controls the localization of CCR10+ memory T
cells.
Previous studies have found that CCL27 is upregulated in the inflamed skin of humans
with psoriasis and atopic dermatitis274,275, but downregulated in severe skin lesions of
psoriasis276,277, suggesting that disruption of CCR10/CCL27 signal pathway is associated with
the severe psoriatic skin inflammation to promote effector T cell infiltration. Controversial
conclusions have been drawn from the previous studies on different skin areas in various
disease models. Also because of lack of efficient anti-CCR10 antibody, the conclusions seem
not to be very reliable. Different from the previous finding suggesting CCL27 upregulation is
involved in promoting inflammation, our results showed CCR10+ cells play a regulatory role
rather than pro-inflammatory role in the skin, although CCR10+ cells can migrate to both
inflammatory and steady state skin. However, there are very few CCR10+ cells in severe
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lesional site, consistent with what other people found about the downregulation of CCL27 in
severe lesional skin. Associated with this, it was recently reported that nearly all skin-resident
T cells of the healthy skin express CCR10. However, CCR10 induction can be suppressed
during inflammation. During inflammation, chemokine gets up-regulated and DCs get
activated upon antigen pickup. It would be interesting to know whether and how different
chemokine “primes” DC to induce different chemokine receptors expression on native CD8+
cells in the sLN.
Both skin epithelial cells and skin-derived DCs are implicated in the programming of
skin-homing T cells165,249,278. CCR10 is not expressed on thymic  T cells, suggesting that
CCR10 expression is not programmed but can be induced in the sLN. Our result that EGFP
(CCR10)+ OT-I cells are reduced three months after the immunization suggested that CCR10
is not required for maintenance of memory-like CD8+ cells. We also found the majority of
homeostatic skin cells express CCR10. Taken together, the results suggested that CCR10+
cells constantly migrate to the skin to keep the percentage of CCR10+ cells high. However, it
is largely unknown what transcription factors are responsible for regulating the expression of
soluble factors and membrane ligands in both skin epithelial cells and APCs for the induction
of CCR10+ CD8+ cells and what factors drive the down-regulation of CCR10 after they are
localized at the skin. Moreover, it can not be ruled out the possibility that CCR10 can be
re-induced on skin memory cells after it is down-regulated in response to re-infection.
It is critical to maintain the immune homeostasis in order to attack the infecting organism
with the most effective mechanisms but also avoid the immunopathology caused by effector
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mechanisms. My studies suggested that the other important function of chemokine receptors
in addition to their role in recruiting immune cells to the inflammatory site. To achieve
optimal effector functions, the immune system has a versatile array of effector and regulatory
mechanisms. Our lab member Dr. Jie Yang’s results showed that CCR10+ ILCs play a
regulatory role under homeostatic condition, raising the possibility that CCR10 may be a
critical molecule expressed on ILCs, CD8+ or even CD4+ cells for maintenance of skin
immune homeostasis. Her results also showed that absence of ILCs results in reduced Treg
cells and increased Th17 cells in the skin under homeostatic condition, similar to what I found
with CCR10+ CD8+ cells. Molecules such as transcription factors that define the regulatory
and inflammatory functions of CD8+ cells need to be determined.
CCR10+ CD8+ cells highly express CD103, suggesting that they are memory-like. In
contrast, the expression of memory markers on CCR10- CD8+ cells are heterogeneous.
Memory-like CD8+ (CCR10+ CD8+) cells have plasticity that allows them to be able to enter
different peripheral tissue for proper functions in response to different stimulations under
homeostatic and inflammatory conditions. Under homeostatic conditions, CCR10+
memory-like CD8+ cells first migrate into healthy skin after being activated by DCs in the
sLN. Consistent with the immune surveillance function of CD8+ Trm cells, my results
suggested that they are involved in the regulation of effector CD4+ and Treg cells in the skin.
While my studies focused on the regulation of Treg cells by resident CD8+ cells in the skin, it
is possible that CCR10+ CD8+ cells also migrate into other mucosal tissue where their
ligands are expressed such as intestine and lung to play immune regulatory and immune
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surveillance role. However, as CCR10 is the most skin-specific chemokine receptor, the effect
of CCR10 in immune homeostasis may be most significant in the skin.
CD8+ Trm cells residing the mucosal tissue respond quickly and robustly against
pathogens during the second infection. While they play a critical role in the memory response
and are attractive as vaccination target, little has been known about their regulatory role in the
epithelial tissue. My studies found that B7.2 may interact with CTLA-4 to regulate the
survival of Treg cells and CD8+ cells. However, the decrease of Treg cells could also affect
the cytokine production of ILC and Th cells in CCR10 -/- CD8+ OT-ITR mice. The net result
of immune homeostasis condition is determined by both the direct and indirect regulation of
Th and ILC cells by CD8+ cells. In addition, B7.2 -/- mice had significantly lower percentage
of CD8+ cells, suggesting that B7.2 also supports the maintenance/survival of CD8+ itself
and thus B7.2 may play a bi-directional role in the regulation of CD8+ and Treg cells. I also
found resident CD4+ T cells in the skin express much less B7.2 than do resident CD8+ cells,
suggesting that the reduction of B7.2 signal from CCR10 -/- CD8+ cells may not be fully
compensated by CD4+ cells to support the survival of Treg cells. However, it cannot be ruled
out that other B7 ligands could be up-regulated to compensate for the reduction of B7.2 signal
and there are some other molecules involved in the cognation of B7.2 and CTLA-4 between
CD8+ Trm and Treg cells. Together, my study provides insights of mechanisms that regulate
the establishment of CD8+ Trm cells in the healthy skin and their cross regulation with Treg
cells, although further investigation is needed to address detailed molecular mechanisms
involved in the cross-regulation.
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Given the previous studies in our lab showing that CCR10+ ILCs may regulate Treg
cells via MHCII in the skin and my results suggesting that CCR10+ CD8+ cells may regulate
Treg cells via B7 ligands, it is likely that CCR10 is a critical regulator of immune homeostasis
in the skin. The net effect of immune homeostatic condition depends on the interactions of
different CCR10+ subsets with Treg cells and this regulation seems bi-directional. CD8+ T
cells are a major source of IFN, TNF and lymphotoxin to initiate cytotoxic function. These
CD8+ cells are named Tc1 cells as they express cytokines to activate cytotoxic functions in
macrophages and granulocytes. The other subset of CD8+ cells secret Th2 cytokines (Tc2)
and their functions haven’t been fully understood. My results revealed that in addition to the
cytotoxic functions of CD8+ cells, they play the regulatory role which may be associated with
the expression of Th2 cytokines. Although there is no difference in IFN expression between
CCR10+ and CCR10- CD8+, given the regulatory roles of CCR10+ CD8+ cells, it would be
interesting to further investigate whether there is any difference in Th2 cytokines expression
between CCR10 +/- and CCR10 -/- OT-I cells in the skin. Furthermore, while CCR10- CD8+
cells in the inflamed skin produce IFN at the same efficiency as CCR10+ CD8+ cells in the
homeostatic skin, it is yet to be known that whether pathogenic anti-viral CD8+ cells involved
in skin inflammation are different from CCR10+ CD8+ cells involved in skin homeostatic
regulation in terms of other cytokine producing abilities, co-stimulatory molecule expressions
and self-maintenance. Therefore, cellular properties including cytokine production potentials
might be involved in their regulatory versus inflammatory functions.
In conclusion, our recent finding that CCR10 expressed on skin-resident CD8+ T cells is
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important in homeostatic maintenance and prevention of over-active T cell responses to the
skin stimulations. Our discovery that CCR10+ CD8+ cells are also involved in regulation of
the skin immune homeostasis further supports that CCR10 is a critical skin immune
homeostasis regulator. Given the important role of CCR10 and B7.2 in the maintenance of
immune homeostasis, enhancing CCR10/ligand or B7.2/receptor signal could represent a
useful therapeutic strategy in restoration of immune homeostatic status in treatment of skin
inflammatory diseases.
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