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ABSTRACT:
JNK-associated leucine zipper protein (JLP) is a scaffold protein in
the Mitogen-activated protein kinase (MAPK) known to be essential for
mediating MAPK functions= such as mice spermatogenesis. The role of
JLP in immune cells was unknown until recently our lab demonstrated its
diverse function in the regulation of specific functions of dendritic cells
(DC), B-cell, and T-cell. However, the role of JLP in the regulation of NKcell function and/or migration remains unknown. Using a JLP-deficient
(JLP-/-) mouse model, I found JLP was dispensable in the development of
NK cells. IL-2 and IL-15 could activate JLP-/- NK cells in cultures. We
previously demonstrated IL-2 activated NK cells showed enhanced
chemotaxis towards conditioned media from LPS-mature DC in
conventional trans-well assay and microfluidic devices. Thus, I tested
migratory properties of IL-2 and IL-15 activated JLP+/+ (WT), JLP+/(heterozygous) and JLP-/- (knockout) NK cells in the systems. I observed
impaired migratory responses of JLP+/- and JLP-/- NK cells towards LPS
conditioned medium in vitro. Our preliminary data suggested a critical role
of JLP in the regulation of NK-cell migration. Future work will elucidate
the underlying mechanism and other putative roles of JLP in regulating
other NK-cell functions.
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1.0 CHAPTER 1
INTRODUCTION
1.1. Natural Killer cells
1.1.1 Discovery of Natural Killer Cells:

Natural Killer cells are a part of the innate immune system known
for its combat against abnormal cells such as tumor and pathogen infected
cells. What makes NK cells unique is their ability to mediate cytotoxicity
by recognizing their target cells and eliminating them without prior target
activation, as seen with adaptive immune cells (1, 2). In addition, NK cells
produce an array of cytokines/chemokines (e.g.; IFN,TNF, and GMCSF) that are crucial in immune-cells interaction and adaptive immune
response (3-5). NK cells were first found in murine lymphoid system as
cells that enabled cytotoxicity and produced cytokine(5, 6). In early 1970s,
Herberman and colleagues identified murine lymphoid cells exhibiting
cytotoxicity against several syngeneic and allogeneic mouse tumors
without any prior stimulation (6, 7). Later Kiessling and colleagues noted
the selective target recognition feature of these lymphoid cells. These
identified cells were demonstrating impaired cytotoxicity against
mastocytoma line P815 and few other leukemic cells of non-Moloney
origin.

Their distinguishable function in terms of cytotoxic responses
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along with the absence of common T and B- lymphocytes receptors at that
time, termed this lymphoid cell as Natural killer cells (8, 9).
1.1.2 Natural Killer Cells maturation subset, distribution and
development:

NK cells exist as a diverse population in the innate immune system.
These cells can be differentiated by their site of residence, cytotoxic
potential, cytokine production ability and activation threshold. These
characteristics classify NK cells into its heterogeneous subpopulation (10,
11). NK cells in in human express CD56 receptors. The density of the
expressions is sub grouped into, CD56bright and CD56dim. With emerging
studies, it has been shown; the subgroup can be differentiated on the basis
of their unique functional attributes, and distinct roles in human immune
response (12). CD56bright subset has lower natural cytotoxicity and reduced
Fcgamma receptor III (CD16) expression in comparison to CD56dim subset.
CD56bright CD16dim is a minor population mostly residing in the secondary
lymphoid tissues expressing L-section (CD62L), CCR7 and CXCR3. This
subset needs continued activation to be able to produce ample IFN, TNF
and other immunoregulatory cytokines(13, 14). On the flip side, majority
of human NK cells appear as a CD56dim and CD16high phenotype. This
subset has an increased cytotoxic function and reduced cytokines
production (15).
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In mouse model, NK cells maturation stages are defined by the
expression of CD 11b, CD 27 and CD 43 surface receptors, which also help
dictate the acquired effector functions of these killer cells (16). Based on
CD 27 surface expression, mature NK cells have been divided into two
different subpopulations. The subpopulation CD 11bhi CD 27hi secrete
excessive amount of IFN and show strong cytotoxicity against target cells
compared to CD11bhi CD27low in response IL-12/IL-18 stimulation. Given,
CD 11bhi CD27low cells are found in blood, spleen, lung and liver, they
have an increased expression of inhibitory receptors, which might explains
their hyper-responsive effector function (16-18).

Another subset of NK cell expressing B220+CD11c+CD49+, a hybrid
phenotype of NK and dendritic cells namely, interferon producing killer
dendritic cells (IKDC) was discovered a decade ago. This subset is
considered as non-conventional NK cells residing in the lymph nodes,
spleen, bone marrow and secret several cytokines (19). Another subset of
NK cells was reported with CD 127 surface expression that originated from
thymus and demonstrates higher dependency on GATA3 transcriptional
factor. These cells also are found in secondary lymphoid tissues (SLT) and
producing increased IFN(20). The identification of all reported
developmental intermediates of human and mouse NK lineage rationalize
17

BM as the primary site of NK cells development (21). Besides the BM,
NK-cell intermediates have also been reported in several other anatomical
locations (such as lymph node (LN), liver, spleen, thymus, intestine and
uterus) suggest multiple potential sites of NK cell development (22-24).

The development of NK cells occurs predominantly in the BM(25,
26). These cells originate from hematopoietic stem cells (HSCs) and
require BM environment (27). Cytokine signaling, along with transcription
factors from the BM stromal cells dictate the developmental process that
turns HSC into common lymphoid progenitors (CLP). These CLPs have
the potential to develop into bipotent T/NK progenitor (T/NKP) to the
committed NK progenitors (NKP), which eventually shapes the NK cells
down the developmental stage(28, 29). So far, (T/NKP) and NKP have
been identified in the mouse fetal liver and thymus(30, 31). Fms-related
tyrosine kinase-3 ligand (FIt3L), stem cells factor (SCF) and IL-7
cytokines are involved in the early development stages, maintain, enhance
the extension of HSCs and induce CD122 (IL-2Rbeta) expression on
NKP(32, 33).

NKP known as IL-15 responsive intermediate represents a diverse
population. IL-15 stimulation supports survival, proliferation and
differentiation signals as well as mediating the transition of committed
18

progenitors to an immature stage. Impaired IL-15 signaling associated with
JAK3 and STAT 5a/b impairs the generation of effector NK cells (34, 35).

Unlike mouse, human NK developmental process still remains
unclear. Some studies indicated potential cellular intermediates of human
NK cells but were unable to clarify the developmental NK process. Human
NK cells are defined by CD56+ and CD3-. Undetectable levels of CD122 in
CD34+ HSC (a developmental intermediate) prior to the expression of
CD94, poses a challenge for identifying NK cells lineage (36). It is a
general consensus that BM-derived hematopoietic progenitor cells (HPCs)
through a common lymphoid progenitor (CLP) has the potential to develop
as mature human NK cells (37, 38). CLP represent a heterogeneous
population found in BM and shows responsiveness to IL-15 signaling in
vitro. Similarly, more than two NK cell developmental intermediates have
been identified in the human secondary lymphoid organs. Theses
intermediates are able to generate mature NK cells in response to IL-15
stimulation in vitro. These cells show the phenotype mature human NK
cells that express surface receptors such as CD56, NKG2D and CD161.
The expression of killer immunoglobulin-like receptors (KIRs) and CD16
is limited to the late maturation stage(39). Expression of high level of
inhibitors of DNA binding protein (Id1,Id2,Id3,Id4), which binds E protein
to drive NK lineage, differentially regulate NK development. Over19

expression of ID3 in CD34+ progenitors blocks T- cell development and
promotes NK development. However, the frequency of mature NK cells in
the secondary lymphoid organ has been linked with ID2 deficiency in mice.
Interestingly, this mouse model exhibits relatively normal frequency of NK
-precursors and immature NK cells (40). Ikaros and E4BP4 (Nfil3) play
important role during early and late phases of NK development. Mutation
of Ikaros gene affects the transition of CLP to earliest defined NK
expression helps the maturation of NK cells in periphery(41). Moreover,
E4BP4 expression helps the development and maturation of NK cell.
E4BP4 deficient mice exhibit aberrant progression of NKP into immature
and mature phases (42, 43).

Ets1 (E26 transformation-specific) family proteins are key
regulators of T-bet and Id2 expression transcriptional factors needed in the
early phases of NK cell development. PU.1 one of the Ets family members
mediates lymphopoiesis and its deficiency has been show ton correlate with
impaired progression of HSC to NKP (28). Besides the transcription factors
mentioned above, function of other transcription factors which belong to
the Ikaros family and others remain unclear in NK cell development.

1.1.3 Target Recognition of NK cells:
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NK cells activating and inhibitory surface receptors recognize
specific ligands on potential targets to discriminate between self and nonself (44, 45). However, the balance between activating and inhibitory
signals decides the functional outcome of an activated NK cell (46). Since
NK cells are cytotoxic immune cells, deregulation in their effector
functions could result in deleterious consequences. Therefore, it is believed
that NK activation must be tightly regulated to ensure their protective
responses. Several models have been proposed which explicate the
mechanism involved in NK target recognition and self-tolerance. In this
regard, Ljuggren and Karre (1986) proposed the first model major
histocompatibility complex MHC-1 dependent model of education,
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formally

termed

as

“missing-self

hypothesis”(47,

48).

Figure 1: NK-cell self-tolerance and the 'missing-self' hypothesis. 1. Self: NK cells
recognize target cell as normal and avoids lysis. 2. Missing Self: Target cell with no
MHC-I expression is recognized as “missing self” and undergoes lysis. 3. Non-self:
Expression of a foreign MHC-I receptor is recognized as “non-self” and undergoes
lysis. 4 Induced-self: Stress induced proteins expressed by the target cells is recognizing
as “altered-self” and undergoes lysis.

As per this hypothesis, target cells lacking or having altered
expression of MHC-1 as happened frequently in viral infection or
tumorigenesis, become sensitive to NK cell killing. MHC-1 molecule, a
hallmark of “self” ubiquitously expressed on normal cells, generate
dominant protective signals to inhibit NK activation. Identification of
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Ly49A and Killer cell immunoglobulin-like receptors (KIR) inhibitory
receptors in mice and human NK cells respectively and their specificity in
subsequent investigations reinforced is the credibility of this model(49, 50).
NK cell inhibitory receptors demonstrate a positive functional correlation
with the expression of MHC-1 on target cells. It has been shown previously
that NK education and self-tolerance was confined to the bone marrow.
However, subsequent studies demonstrated NK effector function could be
modulated and reprogrammed by tuning the MHC-1 environment. NK cells
become anergic when transferred to MHC-1 deficient host whereas NK
cells derived from ß2m deficient or Transporter associated with Antigen
Processing 1. (Tap1) mutated mouse background acquired functional
competence when adoptively transferred to MHC-1 sufficient environment
suggests how MHC-1 expression regulates NK education and target
recognition (51-53).
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Interestingly,

MCH-11

dependent

recognition

(responsiveness) is not an independent event and NK cell requires the
involvement of activating receptors to mediate effector functions. It is
thought that activating receptors are involved in the education and selftolerance of NK cells during development (54, 55).

Therefore, the role of activating receptors in NK education
and self-tolerance cannot be ruled out. Collectively, NK cell activation
(responsiveness) is predominantly under control of inhibitory receptors that
specifically recognize and binds with MHC-1 molecules in addition
different subset of NK cells may acquire one or multiple MHC-1 specific
inhibitory receptors by a process that is largely random To anticipate these
variations in MHC-1 context, following models postulated to define NK
education and self-tolerance.
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1.1.4 NK cell receptors:

Table 1: NK cell surface receptors and their ligands. Receptors of NK cells are
classified based on their primary function (inhibitory receptors, activating receptors,
and activating co-receptors).
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1.1.5 NK cell inhibitory receptors

The first ever NK cell inhibitory receptor was discovered by
Yokoyama and colleagues (51, 56). Recently, these receptors specific to
MHC-1 molecules have been divided to three families including Ly49 in
mice, KIR in human and CD94/NKG2A both in mice and human (55, 57).
NK cells express combinations of activating and inhibitory receptors
during their development to balance NK functions in discrimination
between self and non-self MHC1 molecules. Inhibitory receptors contain
immunoreceptor tyrosine-based inhibitory motif, (ITIM) which gets
phosphorylated after the engagement of inhibitory receptors with specific
ligands. ITIM phosphorylation leads to the activation of SHP-1, SHP-2 and
SH-2 that contains Inositol 5’ phosphatase (SHIP). This activation of
phosphatases is important in controlling NK responsiveness inhibitory
pathway(58-61).
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Ly49 receptors:
Ly49 receptors are lectin like type II transmembrane proteins
expressed on the surface of NK cells, NKT-cells and T lymphocytes
(62). The family of Ly49 receptors comprise of both inhibitory and
activating receptors. In mouse, inhibitory isoforms like A, G, C and I are
well categorized. Certain polymorphic epitopes on MHC-1 molecules are
the primary ligand for most of the Ly49 inhibitor receptors, however,
Ly49H, a member of Ly49 family recognize murine cytomegalovirus m157
on mouse cytomegalovirus (MCMV) infected cells and acts as activating
receptors. Majority of the Ly49 receptors have unknown ligands other than
MHC-1 molecules (62).

KIR immunoglobulin-like receptors (KIR):
KIR receptors are expressed by human and express both activating
and inhibitory receptors. KIR receptors are type 1 integral membrane
proteins and part of Ig-superfamily. KIR expresses two extracellular Ig
domains (cytoplasmic domain). Long cytoplasmic tail KIR proteins
associated with inhibitory signals whereas short tail domain restricted to
the activated signal (63, 64).
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CD94/NKG2A receptors:
CD94/NKG2A is a C-type lectin superfamily expressed on NK cell
surface in early developmental stages. In tumor and infections,
upregulation of human leukocyte antigen HLA-E and Qa1 connected to
CD94/NKG2A inhibitory receptors and mediate the destruction of immune
responses(44, 65, 66).

1.1.6 NK cell activating receptors

NK cells have shown the expression of several activating receptors in
both mice and human. These receptors get activated once they recognize
non-self MHC-1 molecule. Activating receptors mediated their signaling
through immunoreceptor tyrosine-based activation motif (ITAM) present in
the cytoplasmic tail. The phosphorylation of ITAM results in the activation
of downstream signaling molecules such as PI3K, phospholipase and
extracellular signal regulated kinases ERK. Upon activation, NK cells
secrete pro-inflammatory cytokines and/or cytotoxic granules to activate
the immune responses(67, 68).
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Ly49/KIR receptor:
Some of Ly49 and KIR receptors are activating receptors and associated
with DAP12 ITAM. For e.g., Ly49H, Ly49D, Ly49P and Ly49W have
different function including recognition and specificity. In addition,
KIR2DS1 and KIR2DS2 are members of KIR receptor mediate activating
signaling pathways (69, 70).

Natural cytotoxicity receptors (NCR):
NCR contains many activating receptors such as NKp46, NKp44 and
NKp30 mediate anti-viral and anti-tumor activity in human. Recently, the
role of NKp46 (the only NCR with conserved sequence reported in
mammals including mice) was proven to control T responses. Moreover,
NKp30 is ligand to tumor nuclear factors such as BAT3 and B7-H6(71-73).

NKG2D receptor:
NKG2D is a type II transmembrane glycoprotein found on all NK cells.
NKG2D is an important activating receptor, which has two different
isoforms, associated with DAP10 and Dap12 adaptor molecules to
mediate signaling cascade. Stress molecules/proteins expressed in infected
or transformed cells that share structural homology with MHC-1
molecules such as PAe-1 H60, Murine ULBP-like Transcript 1 (MULT1)
in mouse and MHC -1 polypeptide related sequence A (MICA), MHC-1
29

polypeptide-related sequence B (MICB). UL16 binding protein 1
(ULBP1-4) in human is the primary ligands of this receptor (74).

NKP-PIC (NK 1.1) receptor:
This receptor is the mist specific and widely disturbed surface marker
on NK cells in C57BL/6 mice and associated with Fc mediated
degranulation and cytokine production in antibody cross linking, yet its
natural ligand remains unknown(75).

CD16 receptor:
CD16 receptor is a low affinity Fc-receptor binds to the Fc portion
of the immunoglobulin G IgG antibody. NK cells use low affinity receptor
to eliminate cellular targets(76).
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1.1.7 Dual function receptors:

2B4(CD244):
This receptor binds to non-MHC related molecules. CD244
recognizes CD48; a glycoprotein expressed on hematopoietic cells and
mediates different functions. The strength of cross-linking is based on the
level of 2B4 (77, 78).

1.1.8 Cytokine mediated NK activation:

NK cells express surface receptors for several cytokines such as IL15, IL-2, IL-12, IL-18 and IFN. Such cytokines on combination with other
cellular factors regulated NK cell responses. For example, IL-2 IL-18 and
IL-12 cytokines are associated with the increase of granzyme-B and
perforin in resting NK cells, which enhanced the effector functions (79).
IL-15 and IL-2 promotes early development, proliferation and stimulate
resting NK to produce cytokines such as IFN and TNF through
JAK/STAT pathway (80). IL-2 mediates the induction of FAS-L
expression on tumor cells through promoting proliferation and stimulation
of naïve cells to produce IFN and TNF (81-83)
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1.1.9 NK cell effector functions (Cytotoxicity and Cytokines)

Granules exocytosis is considered as the principle cytotoxic pathway
that NK cells used to eliminate infected cells (84). The process of NK cells
cytotoxicity begins when NK cells contact target cells and form an
immunological synapse (IS), which more triggers the transport of lytic
granules contained perforin and granzymes for entry at IS> Perforin is a
cytolytic protein that disrupts the membrane at IS, assisting granzymes to
enter the cytoplasm of target cells (85). Alternatively, perforin and
granzymes stay in an enlarged endosome and endocytoses into the cytosol.
Perforins create pores in the endosome to release granzyme into the cytosol
(86). NK cells in both human and mice express granzymes (A, B, C, D, E,
F, G, K and M) with different cytosolic substrates. However, granzyme B
in combination with perforin, has been found critical in inducing apoptosis
of target cell by cleaving proteins such as pro-caspase 3 and 7(24). NK
cells express Fas-ligand (Fas-L) a molecule that belongs to TNF-receptor
family, mediates NK killing of tumor cells. NK cells express also TNFrelated apoptosis-inducing ligand (TRAIL) a type II transmembrane
protein, mediates downstream signaling by activating target cells capase-8
and subsequently caspase-3 to induce cell death. However, cytokine
stimulations including IL-2, IL-15 and IFN can induce TRAIL expression
on NK cells as well (87-89).
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1.1.10 Regulatory role (s) of NK cells:

NK cells establish either cell-cell contacts or provide soluble
factors to communicate with other immune cells such as T-cells
macrophages, neutrophils and dendritic cells. NK derived IFN in
particular has been implicated in a wide variety of immune responses
including viral defense, skewing Th1 and promoting cytotoxic T
lymphocyte CTL responses as in the maturation of DC and macrophages.
The secretion of IFN, TNF by activated NK cells and cell-cell contact
dependent signals induced DC maturation before they gain access T-cell
enriched zones in the lymph nodes promoting antigen specific T cells
responses (23, 90). In addition, NK cells eliminate deregulated immature
DCs from the site of infection (91, 92). Moreover, activated macrophages
and resting microglia are the targets of NK mediated cell cytotoxicity via
NKG2D and NKp46 activating receptors (22, 93). Such immune regulatory
functions

preclude

inappropriate

T

cell

polarization

and

avoid

immunopathology. Releasing IFN and providing 2B4-CD48 mediated costimulation to the T cells, NK cells have been involved in skewing Th1
responses studies have also demonstrated that NK cells eliminate highly
activated and auto-reactive T cells as well. These cells express stress
ligands during infection, which greatly increase their susceptibility to
NKG2D, and NKp46 mediated NK killing in vitro. These studies
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emphasize the significance of NK mediated negative regulation in the
prevention of potential autoimmune disorders (94, 95).

During an infection, it has been demonstrated that NK cells
accelerate antiviral and antitumor CD8T cell responses in vivo (96). NK
cells are amongst the early responders in infection. In collaboration with
other immune cells NK cells orchestra subsequent immune responses. In
mice model of influenza, NK cells facilitate CD8 T cell recruitment to the
peripheral LN “by secreting IFN”. In turn NK mediated DC maturation
results in IL-12 production, which promotes priming and generation of
CTLs (97, 98). In inflammatory conditions, NK cells are implicated in
many physiological situations. NK cells are involved in immunoglobulin Ig
isotype switching and regulate B cell differentiation as well as decidual NK
cells are found as a source of vascular endothelial growth factor VEGF,
placenta growth factor PLGF, which further promote angiogenesis during
pregnancy (99, 100).
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1.1.11 NK cell migratory properties:

NK cells ability to migrate and mediate cytotoxicity is closely
regulated. Data suggests common proteins involved in both the molecular
pathways competitively trigger one pathway at a time, in a mutually
exclusive manner. Proteins involved in cytoskeleton rearrangement, such as
synaptotagmin or myosin members are considered to be responsible for
either of the two molecular pathways. Synaptotagmins are Rabinteracting
proteins needed for vesicle trafficking and fusion. They are found to
regulate cytotoxicity in CD8 T cells and migration in neutrophil(101, 102).
Myosin motor proteins have been shown to couple antigen presentation and
migration and involved in cytotoxicity in DCs. Another factor that can be
responsible for motility are the chemokine stores in NK cells that are
released alongside perforin and granzymes (103). Alternately, migration
and interactions with target cells are not always opposite one another.
According to studies using time-lapse microscopic have shown nanotubes
are formed in vitro when NK cells contact target cells and move apart (62).
These long membrane tethers could aid the lysis of distant target cells
either directly or by moving target cells along the nanotube path into close
contact for lysis via a conventional immune synapse. NK cell ability to
migrate is a complex and orchestration of chemo attractants and their G
protein coupled receptors (GPCRs). Homing of NK cell subsets in the body
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is determined by the differentiation of NK cells during the maturation
stage. This can be assessed by the expression of distinct sets of chemotactic
receptors, for e.g. CXC chemokine receptor CXCR3 or CXCR4, during
differentiation process are lost, whereas other receptors, such as S1P5 or
CX3C chemokine receptor CX3CR1, are gained. The shift of receptor
expression suggests fundamental differences in trafficking of NK cell
subsets. It can also be used to distinguish the NK cell subset based on the
expression of these chemotactic receptors. For example, as CXCR3 and
CD27 are coregulated in murine NK cells, for which reason CXCR3
expression could be used to distinguish NK cell population (104).
S1P is a lysophospholipid that regulates many biological
functions in intracellular and extracellular compartments. S1P5 a subset of
the S1P was recently identified to be specifically expressed in human and
mouse NK cells. Upon NK cell maturation S1P5 expression are
upregulated, whereas S1P1 expression is extremely low in both NK cell
subsets(104). S1P5 along with the contribution of S1P1 is required by NK
cells to migrate from BM sinusoids and efferent lymph to the blood even
though the expression level of S1P1 are barely there(105). Recent studies
have shown Phosphoinositide 3-kinase (PI3K) P110d to be needed but not
crucial for NK cell migration to S1P (106).
NK cells in human LNs, CD56bright express CCR7 unlike mouse
LN NKs making CD56bright NK cells therefore the predominant NK cells in
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human LNs, since CD56dimNK cells lose expression of CCR7. However,
CCR7 expression can be acquired upon culture with mature DCs by
immature NK cells such as CD56dim KIR+ NK cells. This process could
endow NK cells with the capacity to migrate to the CCR7 ligands CCL19
or CCL21(107). NK cells can rapidly migrate towards inflammation caused
by viral, bacterial infection, allergy or, autoimmunity.
Recent literature highlights the roles of CCR1, CCR2, CCR5,
CXCR3, CX3CR1 and ChemR23 in NK cell recruitment to inflamed
organs given different chemokine receptors mediate NK cell recruitment,
as per the inflammation. For eg: Type I and type II IFNs expressed early
during viral infections usually induce expression of CXCR3 ligands
CXCL9 and CXCL10 in high amounts(108). On the other hand, during
bacterial infections, CCR5 ligands are produced in large amounts by
maturing DCs in response to stimulation through TLRs(109), which might
lead to recruitment of NK cells via CCR5.
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2.0 Scaffold Proteins:
2.1 Scaffold proteins in the biological system:

Protein scaffolds are termed as control center for the integration and
dissemination of subcellular information, however with preceding years
this concept has evolved. In earlier studies, scaffolding proteins were first
categorized as modules that help in the assembly of macromolecules, to
mediate protein- protein interaction and a key medium between signaling
elements. Soon scaffolding proteins gained popularity for being known as
organizational proteins that help determine specificity of information being
flown in a intracellular network. Signaling pathways are highly dependent
on scaffolding proteins for they can confer regulatory properties on the
function of signaling pathways or by irrelevant stimuli they can also
prevent signaling network activation, thus gaining control over precise
regulation in signaling pathways.
One of the earliest and fundamental studies on scaffolding protein
was done in Saccharomyces cerevisiae. In a pheromone induced setting, the
S.cerevisiae activates the three-tiered mating MAPK signaling cascade.
The three-tier kinase module consists of MAP3K Ste11, MAP2K Ste7 and
a MAPK Fus3. The pheromone receptor binds to the heterotrimeric G
protein. Upon activation; the G protein dissociates to its α and βγ subunits.
Ste5 scaffolding protein binds its RING domain to the βγ subunit of the G
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protein, which leads to the rapid recruitment of proteins to the plasma
membrane. This promotes the binding of Ste11, Ste7 and Fus3 in a threetire cascade. The Ste5 also organize Ste11 as such to be phosphorylated by
Ste20, which eventually leads to the phosphorylation of the three-tier
MAPK cascade.

Besides mating, Ste5 participates in regulatory process

S.cerevisiae. When the cell cycle regulator kinase Cdk blocks the
accumulation of Ste5 at the cell membrane, the three-tier MAPK cascade
interrupted. The Ste5 undergoes conformational change that leads to the
recruitment of Fus3 to another binding site of Ste5. This phosphorylation
help shapes the yeast morphological response ‘shmooing’ which occurs
during mating; helping opposite haploid yeast cells to migrate towards one
another and form diploid cells (105).
The ability of Ste5 to switch cell fate using the same MAPK
complex for mating highlights the functional diversity of scaffolding
proteins. Ste5 highlights the basic function of scaffolding proteins of being
a potential platform for signaling molecules to assemble. Other functions of
scaffolding

proteins

include

localization

of

signaling

molecules,

coordinating feedback loops and to insulate crosstalk amongst kinases to
mediate specific signal transduction. The ability of scaffolding protein to
localize signaling pathway can be seen in the interaction of A-kinase
anchor proteins (AKAPs) and cyclic –AMP- dependent protein kinase
(PKA). AKAPs targets and co-localizes PKA with other signaling (REF
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2004). Slight differences in membrane-targeting mechanism direct AKAP
to distinct compartments of the plasma membrane. This mediates local
regulation of PKA and specified phosphorylation of its substrate at various
sites in the cells. Kinase suppressor of RAS (KSR) is a scaffolding protein
that is multifunctional. KSR is the mammalian equivalent of Ste5 in yeast.
This binding protein compiles and modulates members of the three- tier
ERK cascade. The ERK cascade consists of MAPKKK Raf, MAPKK1
(MEK-1) and ERK. This tier helps convey signals from the cell surface
receptors to the nucleus via guanosine triphosphate Ras (106, 110). The
ERK cascade activation is important for the expression of genes that cause
cellular proliferation, differentiation, etc. In assembling multiple kinases to
a single platform, it is suggested that KSR could function to enhance kinase
specificity 3) as well as amplify or inhibit a signaling cascade depending on
many variables (111-114). It has been grounded before that a scaffolding
protein can bind a MAPKKK, a MAPKK and a MAPK inhibits signal
amplification by preventing kinases to phosphorylate downstream
substrates (111, 112, 115). Even though the ability of scaffolding protein to
regulate signaling is dependent on where they are located in the cell, how
stable are the interaction between the kinases and the scaffolds and the
basal phosphatase activity in the cell(112).
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2.2 Scaffold proteins in non-immune cells
2.2.1 MAPK scaffold protein in non-immune cells:

Mitogen-activated protein kinase (MAPK) pathways are the
fundamental kinase modules that bring together and regulate cellular
processes such as growth, proliferation, differentiation, migration and
apoptosis. MAPK pathways can be broken down to a three-tier kinase
module. Due to any stimuli, MAPK is activated upon phosphorylation by a
mitogen-activated protein kinase kinase (MAPKK), which goes on to get
activated when phosphorylated by a MAPKKK. The MAPK family
members include six distinct groups, namely extracellular signal-regulated
kinase (ERK)1/2, ERK3/ 4, ERK5, ERK7/8, Jun N-terminal kinase
(JNK)1/2/3 and the p38 isoforms a/b/g (ERK6)/d .(116-118). These
signaling pathway maintain harmony in the mediating complex signals thus
abnormalities in MAPK signaling impact critically in the development and
progression of cellular deformities that lead to cancer. MAPK members
such as JNK and p38MAPK involve scaffolding proteins in these pathways
that contribute to immune cell regulation. JNK-leucine zipper protein (JLP)
is known functionally to bridge Max and cMyc with JNK and p38 MAPK
members to mediate specific signaling(119). JLP comprises of a leucine
zipper domain and a C-terminal domain. JLP is made up of three SH2- and
SH3-binding sites. JLP interacts with the transcriptional factor Max
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through the first leucine zipper domain, it interacts with Myc as well with
domain at the proximal N-terminus and a domain flanked by the two
leucine zipper domains (119). JLP has also shown to interact with MEKK3
and MKK4, which are members of the MAP3K, MAP2K and MAPK of
JNK/ p38MAPK module alongside Max and Myc. Both JNK1 and
p38MAPKa have been identified to be the downstream MAPKs that can
interact with JLP.
Two different domains of JLP bind to the interactive sites of JNK1
and p38MAPKa. This highlights the versatility of JLP as a scaffold protein
to co-regulate two kinases together. JLP can tether both JNK and
p38MAPK so that signals can be transmitted from the upstream MAPK
members. As mentioned earlier JLP is also a scaffold protein in p38MAPK
signaling pathway. JLP via Cdo, a receptor-like transmembrane protein
mediates myogenic differentiation(120). Unlike JLP, the JIP4-splice
variant expression is observed in testis, brain, kidney and liver, with
weaker expression in heart. JIP4 plays an important role in the activation of
p38MAPK module involving the MAP2Ks MKK3 and MKK6 compared to
interacting with MEKK3, MKK4 and JNK(121). Another splice variant of
JLP consisting 84kDa protein is known as the sperm –associated antigen 9
(SPAG9). SPAG9 interacts with JNK1, JNK2 and JNK3 via specific Nterminal JNK-binding domain(122). Even though SPAG9 has been shown
to be important for spermatogenesis, however, the scaffold protein JLP is
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expressed intensely in the spermatids of mice during development, and in
the absence of JLP fertility of mice is greatly reduced(123). Similar to this,
JLP has been shown to play vital role in regulating ultraviolet B induced
apoptosis in mice. One of the stress factors that activate the JNK pathway
includes UV radiation. UVB- induced apoptosis in the skin of JLP deficient
mice were strongly reduced. JLP in the keratinocytes of mice are strongly
susceptible to UVB- induced stress, which gives rise to the activation of
pro-apoptotic p38 MAPK pathway via JLP scaffold protein. UVB exposure
has been shown to stimulate the generation of reactive oxygen species
(ROS) that regulate p38 activation(124, 125). Thus, it can be suggested that
UVB-induced ROS may activate JLP- mediated p38 signalling pathways.
This finding identifies JLP as crucial regulator for UVB-induced
apoptosis(126). As mentioned previously isoforms of JIP, JSAP1 and JLP
are mostly found in the brain. They are known to play overlapping roles in
neurons, which includes axonal transport and cytokinesis(127, 128).
Deficiency of both JSAP1 and JLP especially in the cerebellar Purkinje cell
(PC) has been shown to hamper brain development in mice. Ablation of
these scaffold proteins lead to axonal degradation and gradual neurological
loss with time. Lack of JSAP1 and JLP caused deregulated kinesin-1dependent axonal transport in PCs. In the absence of JSAP1 and JLP an
increased activation of autophagy was observed, due to defective
mitochondrial transport which gave rise to autophagy, even though it has
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been reported JNK functions as a negative regulator of autophagy in
neurons(129). This concludes that JSAP1 and JLP are essential for the
development of neurons, and regulation of axonal transport in the brain in
the PCs (130).
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2.3 Scaffold protein in immune cells
2.3.1 MAPK scaffold protein in immune cells:

JNK and p38MAPK: One of the two most discussed members of
MAPK pathways is JNK and p38MAPK. Both Jun N-terminal kinases
(JNK) signaling and p38MAPK are predominantly activated by factors that
induce stress and cytokines. Together JNK and p38MAPK orchestrate
different

signaling

pathways

that

activate

cellular

proliferation,

differentiation, survival and migration of certain cells (131, 132). JNK is
made up of JNK-interacting protein (JIP) 1, JIP2, JSAP1/JIP3 JLP and
POSH (133). These also including different splice variants, which makes a
total of 10 JNK isoforms (134). These include (JIP1a/Islet-brain 1 (IB1),
JIP1b), JIP2 (JIP2 and IB2), JSAP1 (JSAP1a, b, c, d and JIP3) and JLP
(JLP, JIP4 and Spag9) (119, 135, 136). On the other hand p38MAPK
encodes MAPK14 (p38α), MAPK11 (p38β), MAPK12 (p38γ) and
MAPK13(p38δ)(137). JNK is encoded by 3 genes namely – Jnk1, Jnk2
and Jnk3. Jnk 1 and 2 are expressed abundantly, whereas Jnk3 expression
is found specifically in the brain, heart and testis.
To activate JNK, dual phosphorylation occurs on tyrosine and threonine
residues at a specific TPY motif, a reaction is catalysed by the
phosphrolyated MEK4 and MEK7 which eventually causes JNK to move
from the cytoplasm to the nucleus and eventually getting activated.
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p38MAPK are activated by upstream MKK3, and MKK6 kinases these
phosphorylates p38MAPK which eventually regulates major transcription
factors such as p53 and activating transcription factor 2(ATF2) and protein
kinases such as MAPK-activated kinase 2(MK2) and mitogen-and stressactivated protein kinase 1(MSK1)(132). JNK primarily targets transcription
factor c-Jun, which causes the activation of the transcription factor AP1.
AP1 activation via the JNK/Jun pathway regulates cell cycle, survival and
apoptosis of cells. Besides JNK, p38MAPK actively regulates tumor
suppressor gene p53 making JNK and p38MAPK pathway on of the
leading pathway in the study of tumor and cancer biology(138). Amongst
the JNK interacting proteins, amongst many, recently found scaffold
proteins are JLP and its isoform JIP4.
JLP is one recently found scaffold protein and a member of the JIP
family JLP was found while screening for Myc/Max-interacting proteins
using Max as a probe in a λgt11 expression library(119). Similar to
JSAP/JIP3, JLP consists of leucine zipper domains as well as a C-terminal
domain, which is highly conserved. JLP also contains three SH2- and SH3binding sites. JLP has been shown to interact with transcriptional factors
Myc as well as Max. They do so through distinct non-overlapping
regions(119). Besides transcription factors, JLP interacts with specific
MAP3K, MAP2K and MAPK components of JNK/p38MAPK module.
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2.3.2 Role of JLP in immune cells:

T cells: One of the important functions of JLP was recently
highlighted in the regulation of CD4+ T cell activation(139). CD4+ T helper
cells are an integral part of the adaptive immune system, also known to
play a key role in orchestrating the innate immune responses(140). One of
the early activation markers on CD4+ T cells are known as CD 154(141).
These co-stimulatory molecules belong to the type II membrane protein of
the TNF superfamily(142). Interaction between CD154 and CD40 is
important to generate immune responses(143). Autoimmune diseases such
as rheumatoid arthritis (RA), multiple sclerosis (MS) and systemic lupus
erythematosus (SLE) display abnormal expression of CD154 on CD4 + T
cells (144). The expression of CD154 is primarily initiated with increased
intracytoplasmic Ca2+([Ca2+]) concentration. This leads to the activation of
calmodulin/calcineurin(145,

146).

Activated

calcineurin

causes

dephosphorylation of NF-AT thus activating this cytoplasmic transcription
factor. This mediates transcription of CD154 and IL-2(147-149). JLP has
been shown to be critical in each of the steps mentioned to express CD154
such as T cell IL-2 production, proliferation response, Ca2+ influx, and
activation of NF-AT.
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Thus JLP has shown to be crucial in the regulation of TCR
initiated CD4+ T cell activation and the expression of CD154 surface
ligand. It was been reported that JLP deficiency caused impaired NF-AT
activation and reduced TCR induced Ca2+ influx without hampering the
activation of MAPK signaling. JLP besides being the key regulator for CD
154 expression, absence of JLP does not effect the expression of other
surface molecules such as CD25, CD69, and TCR itself(139).

B cells: As mentioned in CD4+ T cells, CD154 tend to interact
with CD40 to generate immune responses. These CD40 are expressed on
the surface of B-lymphocytes and other innate cells(150). Upon CD154 and
CD40 engagement, these TNF receptors lead to the activation of MAPK
cascade in the B-lymphocytes via the CD40 cytoplasmic tail(151). CD 154
and CD40 engagement causes CD40 lipid rafts to form on the cell
membrane(152-154). CD40 is then internalized and mediates downstream
signaling(155). These steps are essential for CD40 mediated Blymphocytes functionality, development of memory B cells, cytokine
production and maturation(156). What has been observed, in the absence
of JLP CD40 internalization is faulty upon CD154 engagement. This is
because, JLP mediated vesicle transportation with the help of Rab5 and
dynein is what makes CD40 internalization possible. Thus JLP is required
for the CD40–dependent activation of the MAPK pathway specially in the
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JNK signaling but not NFκB Besides being the master component for
CD40 internalization, other JIP members prevent complete annulment of
CD40 internalization such as JIP1 and JIP3 (157-159). This hints CD40
cytoplasmic translocations in B cells happen through JIP-dependent
mechanism. Conclusively, JLP has been shown to be pivotal for CD40
internalization in B cells(160).

Dendritic cells (DC): Similar to B cells CD40 is expressed in other
immune cells such as macrophages and DC (161). However, CD40 is
weakly expressed in immature DC and with increasing maturation, the
CD40 expression also increases(162, 163). CD40 engagement in DC with
CD154 in T cells causes a cascade of CD40 mediated MAPK signaling
activation of DC cells(164, 165). These activations include DC antigen
presentation for an extended period, improves cell migration, up regulation
of co-stimulatory molecules and regulation of DC existence(166-169).
Thus hampered CD40 expression on DC cells has an effect on its cellular
functionality, which makes tight regulation of CD40 in DC cells crucial for
the cell. It has been reported that JLP is strongly required in the regulation
of CD40 expression on mature DC cells in vivo model. Like CD40, JLP
expression in immature DC cells remains weak, but improves with maturity
of the cells via LPS stimulation. However, during JLP deficiency CD40
engagement in mature DCs gets down regulated in surface expression of
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CD40 and produces increased levels of IL-2 than JLP sufficient DC
cells(170).
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3. Gap of Knowledge, Hypothesis and Aims:
3.1 Gap of Knowledge and rationale

The contribution of MAPK pathways and their scaffold proteins have been
long involved in regulating many cellular processes, with increasing
research, new studies are now linking the contribution of these scaffold
proteins in the light of immune cells. JLP being one of the newest members
of the MAPK pathways has shown to be extremely crucial in the
functionality of non-immune and immune cells. Besides JLP’s general
function in assembling JNK signalling, JLP has shown to be important in
different cell types including neurons where it holds a critical role in
regulating kinesin-1-dependant axonal transport. As previously mentioned,
JLP contribution to regulate immune cells such as T cell, B cell and DC
cell functionality makes it a very novel scaffold protein that is
multifunctional. However, JLPs involvement with other immune cells such
as natural killer cells (NK) still remains unexplored. NK cell development
and effector functionality has been driven by major signalling pathway
such as MAPK, but the delineation of any scaffold protein in the regulation
of cellular processes has not been highlighted in NK cells.
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3.2 Hypothesis
Thus I hypothesize JLP scaffolding protein is a critical modulator of
NK cell functions.

3.3 Goals
The goal of the study is to understand the role of JLP in NK cells. To
address this concern, I used JLP-deficient mouse model to elucidate the
role(s) of the JLP scaffolding protein in two main aspects of NK cells; its
development and cellular function migration

3.4. Specific Aims:
1. To determine the JLP gene expression in JLP knockout and JLP
heterozygous mice.
2. To examine NK-cell development and characterization in the JLPdeficient mice by phenotype analyses of NK-cells.
3. To explore the migratory function of activated NK cells in JLPdeficient mice
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2.0 CHAPTER 2
GENERAL MATERIALS AND METHODS
2.1. Ethics statement:
Natural Killer cells were obtained from JLP+/+, JLP+/- and JLP/-

C57BL/6 (B6) mice from GMC animal house at University of Manitoba,

Winnipeg, Canada. All mice were maintained in Animal Care facility, the
University of Manitoba under pathogen free conditions and used according
to the guidelines specified by the Canadian Council for Animal Care.
Heterozygous (JLP+/−) mice were kindly gifted by Prof. Katsuji Yoshioka
(Kanazawa University, Japan). By inbreeding JLP+/− mice wild type
(JLP+/+) and homozygous (JLP−/−) mice were generated followed by
genotyping with PCR and Western blot as previously described (171). JLP
+/+

and JLP −/− 8–10 weeks-of-age weight- and sex-matched littermates were

used in the experiments. Research ethics board of the University of
Manitoba, Winnipeg, Canada, approved the current study.
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2.2. Reagents:
Mouse NK cell isolation kit was purchased from StemCell
Technologies (Vancouver, BC). JLP primers were designed and
purchasedfrom Invitrogen, Life Technologies (Minneapolis USA).
Serial No.
1
2
3
4

Antibody
Clone
Company
NK 1.1
PK136
eBiosciences
17A2
eBiosciences
CD3
Ly-49 C/F/I/H 14B11
eBiosciences
KLRG1
2F1/KLRG1
eBiosciences
(MAFA)
NKp46
29A1.4
eBiosciences
5
CD314
C7
eBiosciences
6
(NKG2D)
CD27
LG.3A10
eBiosciences
7
CD11b
M1/70
BD Pharmigen
8
CD183
CXCR3-173
eBiosciences
9
(CXCR3)
CD184
L276F12
eBiosciences
10
(CXCR4)
Vstm3 (TIGIT) 1G9
eBiosciences
11
CD223 (LAG- C9B7W
eBiosciences
12
3)
CD279 (PD-1) 29F.1A12
eBiosciences
13
Table 2. A summary of used NK and DCs antibodies, their clones and
source
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2.3. Natural Killer purification:
Primary NK cells (CD3-NK1.1+) were purified from mouse spleen.
The obtaining of splenocytes was from homogenized spleen by density
gradient centrifugation using Ficoll- Paque PLUS (GE Healthcare,
Sweden) following the manufacturer’s described protocol. Primary NK
cells were enriched using the EasySep mouse NK negative selection kit
(StemCell Technologies, Vancouver, BC). NK cells cultured at 37 oC and
5% CO2 in mouse medium containing 10% fetal bovine serum (FBS from
Hyclone), 1% PSG (invitrogen), 1.6 mmol/l 2-mercaptoethanol (2-ME) and
IL-2 (1000U/ml), IL-15 (50ng/ml), concentration was used in the
experiments.

2.4. Primary mouse bone marrow NK cells:
The bone marrow cells were extracted from the mice tibia and
femur. Single cell suspension was obtained from RBC lysis and filtration
through a 70μm-filter.

2.5. Conventional PCR:
Total RNA was extracted from NK by using PureLink RNA Mini
Kit (Invitrogen, Life Technologies, Cat #: 12183018A, CA, USA)
according to the manufacturer’s protocol. RNA concentration was
measured using NanoDrop™

Lite

Spectrophotometer

(Thermo

Scientific, CA, USA). To synthesize cDNA, reverse transcription was
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performed with 1 μg of total RNA using a High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, USA, Cat #: 4368814) in a total
volume of 20ul as per manufacturer’s protocol. cDNA of each sample and
sequence specific JLP and GAPDH primers (10μM) were added to Master
Mix (Applied Biosystems, USA, Cat #: 4472908). PCR was performed in
small tubes using Master cycler gradient for 25 cycles. All samples
including 100kb DNA ladder were loaded to 2% agarose gel
electrophoresis running into 1% TAE buffer for 30 minutes with 100
voltages. The gel image was taken in Alphaimager EC (Thermo scientific).

2.6. Quantitative Real-Time PCR:
Real-Time PCR was performed in 96-well optical plate with an initial 1
cycle denaturation step for 10 minutes at 95°C, 40 cycles of PCR (95°C for
15 s, 55 °C for 35 s and 72°C for 35 s), 1 cycle of melting and 1 cooling
cycle (Applied Biosystems 7500 Real-Time PCR system). Average data
collection and detection of fluorescent products were performed at the end
of the 72°C extension period. Performing melting curve analysis and
examining the quality of amplification curves assessed products specificity.
Normalizing to the amplification of GAPDH and then normalizing to
control groups calculated the amplification of target genes. Then the
normalized values were expressed as fold increase decrease of relative
quantitative (RQ) over the values calculated with other groups.
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Primer

Sequence (5’-3’)

Detection

Accession

GAPDHF
GAPDHR
JLP-F

CCATCACCATCTTCCAG
GAG
TCTCCATGGTGGTGAAG
ACA
AAAAAGGATTTACAGAC
GCGAGT
TCTGATGCAGTGCGTTA
TATTCC

GAPDH

GU214026

JLP

AF327451

JLP-R

2.7. Western blot:
Mature DC and IL-2 activated NK cells (1x10^6) from WT, JLP+/and JLP-/- were lysed in Np40 lysis buffer (containing 150 mM sodium
chloride 1.0% NP-40, 50 mM Tris pH 8.0). Cell extracts (12.5μg) were
loaded into the wells of an 4-10% gradient SDS-PAGE gel with equal
amounts, subjected to electrophoresis for 100 minutes at 100 volts followed
by 60 minutes transfer at 100V to PVDF membranes. Using 5% milk as
blocking buffer, the membranes were incubated with indicated primary
antibodies anti rabbit JLP (ab12331) and anti-beta Actin antibody (ab8227)
overnight, followed by conjugated secondary antibodies and finally
imaging. Protein images were acquired with Biorad infrared imaging
system and its corresponding application software. Quantity One analysis
software (Bio-Rad Laboratories, Hercules, CA) was performed to quantify
the band intensity of blotted proteins.
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2.8. Surface staining:
NK cells were incubated with Fc-blocker (ebiosciences) in flow
tubes for 10 minutes on ice. For surface staining, NK cells were stained
with NK1.1+ mAb (10μg/ml) and/or CD3 fluorochrome-conjugated
monoclononal antibodies all at (10μg/ml) for 30 minutes on ice. After
washing with flow buffer, cells were fixed with 2% para-formaldehyde
(PFA). Samples acquisition was performed on FACS Canto II (BD
Biosciences) using Diva software and data was analyzed using FlowJo
software.

2.9. Transwell based migration and cytokine/chemokine
analysis:
NK cell chemotaxis against mouse medium, conditioned medium
from immature, LPS mature DC was performed in the transwell system.
IL-2, IL-15 activated NK cells (3x104 in 100 μl) were loaded onto the upper
chamber (5 μm pore Trans-well insert). The lower chamber contained
either mouse medium or conditioned media (600 μl).

The cells were

incubated at 370C for 90 minutes. After 90 minutes, migrated NK cells
were collected in the lower chamber, transferred to a polypropylene tube,
centrifuged at 300g for 10 minutes and counted under microscope.
Absolute number of the migrated cells was calculated (172). The
conditioned medium was made with murine DCs, which were generated,
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from BM precursors. Briefly, mouse BM cells were extracted from the
femur and tibiae, and were plated at 1 × 10^6 cells/mL in RPMI 1640
(HyClone, Thermo Fisher Scientific, Rockford, IL, USA) medium
supplemented with 1% penicillin/streptamycin/ L-Glutamine (Invitrogen),
2-ME, 10% fetal bovine serum (HyClone), and 20 ng/mL GM-CSF,
(PetroTech, Rocky Hill, NJ, USA). Culture medium was collected from the
wells and spun down to cellular debris and replaced back to the same well
with 500 µL fresh GM-CSF containing medium on day 2. If required, LPS
(Sigma, Oakville, Ontario, Canada) was added to the culture at 1 µg/mL for
24 h on day 7/8 and conditioned media were collected on day 8/9 for
further use. Another condition media for the transwell assay was made
using mouse media with 0.6ng/ml of recombinant mouse CXCL12 (SDF1α) protein (578702, Biolegend).

2.10. Microfluidic device-based NK cell migration assay:
2.10.1 Triple docking microfluidics device and gradient generation:
For the study, triple docking device (D3-Chip) was used for each
experiment (Fig. 2 a). As per the design, 3 inlets have been mentioned
where we introduce different condition media, while the cell inlets leads
the migrating cell to the docking area of the chip. In this system we can
conduct three independently controlled cell migration on a single chip to
capture different conditions of cell migration in parallel (Fig. 2 b). In the
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three docking sections stable chemical gradient could be rapidly generated
in the three test channels without requiring external pumps for up to
40min, which was sufficient for NK cell migration experiments (Fig. 2 c).
For the experiments, we introduced complete media that consisted of no
FITC-Dextran, a marker to denote the direction of the gradient, an
immature DC culture medium LPS stimulated DC medium were topped
up intermittently to the inlet wells to maintain the stable gradient for a
longer period of time. At the docking area cells align next to the barrier
channel before the chemical gradient exposure, which eases cell migration
assay operation and analysis with improved accuracy (Fig. 2 d). The NK
cells are made to migrate over a period of 40 minutes providing real-time
monitoring and cell tracking analysis by time-lapse microscopy.

Figure 2. Illustration of the microfluidic device.: a Schematic illustration of the
triple docking microfluidic device; b Image of the three microfluidic channels and
docked cells; c The fluorescent image and profile plot of the FITC-Dextran gradient
in the triple docking microfluidic device; d Illustration of the microfluidic cell
migration assay that simply involves cell seeding and solution loading followed by
incubation and final end-point imaging analysis. An image of activated cells in the
microfluidic device at the end of the assay was shown on the right panel.
60

2.10.2 Microfluidics cell migration experiments:
Activated NK cells were loaded to the three parallel test units
of the microfluidic device from the cell inlets and allowed to align in the
docking structures. Then equal volume of condition medium was added
into the three pairs of source wells to configure different gradient
conditions. For wildtype IL-2 activated NK cells, the conditions included
CM (complete media) as the control group, iDC medium (immature DC
culture supernatant) and LPS medium (LPS stimulated DC culture
supernatant) as the experimental group. FITCDextran 10kD was added to
the chemoattractant solution for gradient measurement. The microfluidic
device was placed on the imaging stage of an inverted microscope (Ti-U,
Nikon, Japan). The fluorescent intensity of FITC-Dextran in the
microfluidic channel was indicative of the gradient and the gradient profile
was analyzed using NIH ImageJ. For the migration, cell migration in the
devices was recorded by time-lapses microscopy at 240 frames/min for
total 40 min using the Nikon Ti-U microscope. The microscope was
equipped with an environmental control chamber to maintain the
microscope stage at 37 °C. NK cells were tracked from time-lapse images
using the “Manual Tracking” plug-in in the NIH ImageJ software. For the
end-point migration distance analysis, cells’ final positions at the end of the
experiments were measured from the center of the cell with the help of
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NIH ImageJ. Then the cell migration distance along the gradient direction
from the docking area (i.e. cells’ initial position) was calculated following
the previously described method (173). For each experiment, 50-70 cells
were analyzed.

2.11. Statistical analysis:
Data were analyzed statistically using GraphPad Prism
(GraphPad Software, Inc). Results were shown as the mean ± SEM. Twotailed student’s t-test was used in the statistical analyses of two data
groups. One-way ANOVA was used in the statistical analyses of multiple
data groups. A p-value of <0.05 was considered statistically significant.
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3.0 Chapter 3
RESULTS

3.1 Phenotypes of resting and or activated natural killer cells in the
JLP-deficient and knockout models
NK cells undergo development and maturation while residing in the
bone marrow. It is through a series of well-coordinated differentiation that
NK cells reach its functional competency and finally resides in tissues such
as spleen as mature NK cells. In the developing process, MAPK signalling
pathway actively participates in facilitating the steps(174). JNK and p38
members that are closely regulated by JLP are key players in the
development of NK cells. I therefor first examined the impact of JLP
deficiency on NK-cell development and phenotypes in bone marrow and
spleen.
3.1.1 Examination of JLP expression in the JLP-deficient and JLPknockout mice.
We generated homozygous (JLP

−/−

) mice by inbreeding two

heterozygous (JLP+/−) mice. The bred JLP+/+ (WT), JLP+/- (JLP-deficient)
and JLP-/- (JLP knockout) mice were genotyped by PCR (Figure 3.1.1a).
The WT, JLP+/- and JLP-/- mice were then sacrificed. As the NK cells we
could isolate from these JLP-deficient/-knockout animals for western blot
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analyses limited us, I first examined whether JLP protein expression
differed in the bone marrow derived DC from the JLP+/- and JLP-/- mice
(Figure 3.1.1b). As expected, I observed JLP protein was absent in the
JLP-/- DC.

In addition, I observed a reduced level of JLP protein

expression in the JLP+/- DC when compared to the WT. Normalized to the
Actin, the JLP expression in the JLP+/- was 40% less while the JLP-/- was
98% absent compared to the WT (Supplementary 1). I examined the JLP
mRNA expression in the NK cells of these animals using qPCR. I isolated
total RNA from IL-2 activated NK cells to prepare cDNA. JLP mRNA
expression was analyzed by qPCR using JLP-specific primers. GAPDH
was used as an internal control in all PCR analyses. I used real-time PCR
(qPCR) to quantify the mRNA expression of JLP in the IL-2 activated NK
cells. IL-2 activated WT NK cell express strong JLP gene expression
compared to the JLP+/- which showed reduced JLP expression and much
reduced expression to no expression in JLP-/- (P < 0.05 and <0.0001)
(Figure 3.1.1c). This confirmed the reduced gene expression of JLP in
JLP+/- and JLP-/- NK cells, which together with the western blots of
BMDC, suggested a gene dosage effect of JLP protein expression in the
NK cells from JLP+/- and JLP-/- mice.
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Figure 3.1.1: Characterization of JLP. a. Genotyping of JLP deficient (+/-) and
knockout (-/-) B6 mice shows the absence of JLP and reduced gene expression in the
heterozygous model. Section of the mice ear was taken to carry out DNA based
genotyping. b. Western blot analysis of JLP in DC cells of WT, JLP+/- and JLP-/mice. Around 1x10^7 DC were lysed and quantified for protein to determine the
presence of JLP (156.8kDa) at the protein level c. IL-2 activated NK cells in JLP-/showing mRNA expression. Jlp has been normalized to that of GAPDH mRNA. For
qPCR, analysis, ΔΔCT method was used. Statistical analysis was done using Graph
Pad Prism.(n=3), Two-tailed student’s t-test was used in a single, two-group
comparison data (P * <0.05). One-way ANOVA was used for comparing data from
than three groups (P **** < 0.0001).
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3.1.2 NK cell population remained unchanged in the absence of JLP:

I harvested spleens from either WT, JLP+/- or JLP-/- mice to
prepare single cell suspension. Cells extracted from spleen were counted
using a hemocytometer. A portion of the cells was used for surface
receptor staining to determine the phenotype of mature NK cells while the
rest were seeded after isolating NK cells using the isolation kit. NK cells
were checked for purity after isolation via flow cytometry (Supplementary
2). Similarly cells from the femur and tibia of the mice I extracted the
bone marrow. These cells were counted to stain cell surface receptor for
immature NK cells. My data showed the lymphocyte population obtained
from the splenocyte was 34x10^6 cells which was similar across WT,
JLP+/- and JLP-/- mice. As for the bone marrow I obtained 53x10^6
lymphocytes across WT, JLP+/- and JLP -/- (Table 3). This suggested
that JLP did not affect global splenocyte developement. After isolation, I
also verified the cell count of purified isolated NK cells were unaffected
in the absence of JLP.
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C57BL/B6

CELL COUNT

WT

Spleenocyte
Mean±SD
34.6x10^6±1.3

Isolated NK
Mean±SD
0.8x10^6±0.07

Bone Marrow
Mean±SD
53.6x10^6±1.2

JLP+/-

34.2x10^6±1.0

0.8x10^6±0.07

53.6x10^6±1.1

JLP-/-

34.6x10^6±1.5

0.8x10^6±0.09

53.5x10^6±1.1

Table 3: JLP deficiency does not hamper lymphocytes population and isolated
NK cell count. Cells from the WT (n=10), JLP+/-(n=10) and JLP-/-(n=6) mice were
counted and compared to observe the change in cell numbers across spleenocyte,
bone marrow and isolated NK was insignificant.

As MAPK signaling is involved in cytokine activation of NK
cells, I further activated the mature NK cells isolated from the spleen with
IL-2 (1000 μg/ml) and IL-15 (50ng/ml) for 4 days. Post activation, NK
cells were counted to measure the changes in cell count. NK cells from
WT, JLP+/- or JLP-/- all responded to the activation of either IL-2 or IL-15
(showed an increased cell count, doubling in number) without apparent
differences (Table 4). This suggested JLP has no significant effect on the
proliferation of NK cells during the process of IL-2 or IL-15 activation.
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C57BL/B6

WT

IL-2 ACTIVATION
Pre-activation
Post activation Fold change
Mean±SD
Mean±SD
1.9
0.8±0.1
1.5±0.1

JLP+/-

0.8±0.1

1.6±0.1

1.9

JLP-/-

0.8±0.1

1.5±0.1

2.0

C57BL/B6

WT

IL-15 ACTIVATION
Pre-activation
Post activation Fold change
Mean±SD
Mean±SD
2.0
0.7±0.1
1.5±0.1

JLP+/-

0.8±0.1

1.6±0.1

1.9

JLP-/-

0.7±0.1

1.6±0.1

1.9

Table 4: JLP deficiency does not hamper NK cell activation. NK cells isolated
from the spleen of C57BL/ B6 mice were cultured with IL-2 and IL-15 for 4 days.
Both resting and activated NK cell count do not drastically vary across WT (n=10),
JLP+/-(n=10) and JLP-/-(n=6).

To identify specific population of lymphocyte subsets in the JLP-+/or JLP-/- mice, I used CD3 and NK1.1 markers to detect the NK, T cells
and NKT cells in the spleens of each of these mice (Figure 3.1.2). The
population distribution of T cells to that of NK cells remains the same
across WT, JLP+/- and JLP-/- mice (Figure 3.1.2a). The T cells being
greater in population compared to NK and NKT remained similar in
population across the WT, JLP+/- and JLP-/- spleen highlighting the
impact of JLP on the immune cell population was insignificant (Figure
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3.1.2b). Similarly the mature NK cell populations in the spleenocytes of
these animals showed no apparent difference.
a.
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Figure 3.1.2 Mature NK cell remains unaffected in the absence of JLP. a. Dot
plot representation of T cell (CD3+), NK cell (NK1.1+) in WT, JLP+/- and JLP-/- in
the spleen. 0.5x10^6 cells were washed with ACK lysis buffer to remove red blood
cells from the samples followed by blocking and staining of cell surface receptors for
T cells (CD3+) NK cells (NK1.1+) and NKT cells (CD3+ and NK1.1+). Each samples
were acquired using flow cytomtery followed by analysis was done using FlowJo.b.
Graphical representation of the NK, T and NKT cell population in spleen across WT
(n=7), JLP+/-(n=7) and JLP-/-(n=6) mice. ns= non-significant, statistical analysis was
done using 2 was ANOVA.
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3.1.3 NK cell development remained unaffected in the absence of JLP

NK cells residing in the bone marrow are at different
maturation stages, unlike spleen where mature NK cells reside (Figure
3.1.3a). One of the major interests in my work was to see the effect of JLP
in NK cell development. To be more specific in the analyses of pre-NK
cells subsets in NK-cell development, I stained cells from the spleen and
bone marrow with developmental markers CD27, CD11b to distinguish
different subsets of developing NK cells. Across the WT, JLP+/- and JLP/- samples NK cells (NK1.1+, CD3-), the expression of developmental
markers remains similar. In the spleen, NK cells expressing CD27 showed
no significant difference in the absence of JLP when compared to the WT
and JLP+/- mice. CD11b expression showed similar results of no major
difference in the absence of JLP (Figure 3.1.3b). In the bone marrow
immature NK cells tend to express high level of CD27 compared to that in
spleen. However, CD27 expression was not hampered in the absence of
JLP (Figure 3.1.3.c). CD11b similarly showed no significant difference in
its expression across WT, JLP+/- and JLP-/-. In summary, the
developmental markers for developing NK cells remained unaffected in the
absence of JLP (Figure 3.1.3d), highlighting the dispensable nature of JLP
protein in the NK-cell development.
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Figure 3.1.3: NK cell development remains unaffected in the absence of JLP in
bone marrow and spleen. a. Murine NK cell subset phenotype and function. b. MFI
expression of CD 27 and CD 11b WT, JLP+/- and JLP-/- NK cells in the spleen.
0.5x10^6 cells were washed with ACK lysis buffer to remove red blood cells from the
samples followed by blocking and staining of cell surface receptors for T cells (CD3+)
NK cells (NK1.1+) and developmental marker (CD27) and (CD11b). Each sample
were acquired using flow cytomtery and analyzed. WT (n=7), JLP+/- (n=7), JLP-/(n=6), ns= non-significant. Statistical analysis: two way ANOVA.

71

d.

Spleen

CD 27

WT

JLP+/-

JLP-/-

Bone Marrow

CD 11b

Figure 3.1.3: NK cell development remains unaffected in the absence of JLP. d.
Gated on CD3- and NK1.1+ population of NK cells expressing the developmental
markers in WT (n=7), JLP+/- (n=7) and JLP-/- (n=6) in spleen and bone marrow.
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3.1.4 Activation and inhibitory receptors of mature NK cells in spleen
remained unchanged in the absence of JLP.
Expression of activating and inhibitory receptors on a single
NK cell distinguishes specific NK-cell subset and functional responses in
target recognition. I examined the effect of JLP, if any, on the expression of
the activating and inhibitory receptors on the JLP+/- or JLP-/- NK cells.
As described previously, cells from the spleen and bone marrow were
stained with NK activation receptors (Ly49 C/F/I/H, NKG2D), inhibitory
receptors (KLRG1) and cytotoxic receptors (NKp46) along with T cells
(CD3+) and NK cells (NK1.1+) Figure (3.1.4). The data showed no
significant effect of JLP on the expression of these activating receptors
across WT, JLP+/- and JLP-/- (Figure 3.1.4a). Ly49 C/F/I/H is highly
expressed compare to other inhibitory and cytotoxic receptors. However,
the difference remained insignificant when I compared their expression if
the WT, JLP+/- and JLP-/- NK cells. Similarly KLRG1 and NKG2D
expression remained similar across WT, JLP+/- and JLP-/- NK cells.
NKp46 being expressed the least amongst the other receptors, did not show
a hampered expression when JLP was absent or deficient compared to the
WT (Figure 3.1.4b). MFI expression of these receptors was at the similar
range besides NKG2D. However, when comparing WT samples to JLP+/and JLP-/- no significant difference was observed (Figure 3.1.4c). This
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highlights JLP does not effect the expression of these activation and
inhibitory receptors on the mature NK cells residing in spleen.
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Figure 3.1.4: Activating and inhibitory NK cell receptors in the spleen remains
unaffected in the absence of JLP. a. Dot plot representation of mature NK cell
receptors gated on CD3- and NK1.1+. 0.5x10^6 cells were washed with ACK lysis
buffer to remove red blood cells from the samples followed by blocking and staining
of cell surface receptors for T cells (CD3+) NK cells (NK1.1+) and activating (Ly49
C/F/I/H, NKG2D), inhibitory receptors (KLRG1) and cytotoxic receptors (NKp46).
Each of the dot plots is accompanied with a histogram representation of the receptor
expression. The receptors expressions (red) are compared to the unstained samples
(blue). Cells from WT (n=7), JLP+/- (n=7) and JLP-/- (n=6) were acquired using
flow cytomtery followed by analysis was 75
done using FlowJo.
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Figure 3.1.4: Activating and inhibitory NK cell receptors in the spleen remains
unaffected in the absence of JLP. b. Surface receptor expression of activating (Ly49
C/F/I/H, NKG2D), inhibitory receptors (KLRG1) and cytotoxic receptors (NKp46) in
WT, JLP+/- and JLP-/- NK cells. c. MFI of activating (Ly49 C/F/I/H, NKG2D),
inhibitory receptors (KLRG1) and cytotoxic receptors (NKp46) in WT JLP+/- and
JLP-/- NK cells. ns= non-significant. Statistical analysis: two-way ANOVA.

76

3.1.5 Activation and inhibitory receptors of immature NK cells in the
bone marrow remained unchanged in the absence of JLP.
The experiment mentioned above was repeated on bone
marrow resident cells to determine the effect of JLP on the activating and
inhibitory receptors of immature NK cells (Figure 3.1.5a). The data
showed, Ly49 C/F/I/H to be the most expressed whereas KLRG1, NKG2D
and NKp46 express at similar levels (Figure 3.1.5b). Across WT, JLP+/and JLP-/- receptor expression of LY49, KLRG1, NKG2D and NKp46
remains similar when compared. MFI expression of these receptors varied
across the receptors, besides NKp46, which had the strongest MFI
compared to the rest. However, when comparing WT samples to JLP+/and JLP-/- no significant difference was observed (Figure 3.1.5c). This
shows JLP does not effect the activation, inhibitory and cytotoxic receptors
of the immature NK cells residing in the bone marrow
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Figure 3.1.5: Bone Marrow resident NK cell remains unaffected in the absence of
JLP. a. Dot plot representation of immature NK cell receptors gated on CD3- and
NK1.1+. 0.5x10^6 cells stained with cell surface receptors for T cells (CD3+) NK cells
(NK1.1+) and activating (Ly49 C/F/I/H, NKG2D), inhibitory receptors (KLRG1) and
cytotoxic receptors (NKp46). Each of the dot plots is accompanied with a histogram
representation of the receptor expression. The receptors expressions (red) are
compared to the unstained samples (blue). Cells from WT (n=7), JLP+/- (n=7) and
JLP-/- (n=6) were acquired using flow cytometry followed by analysis was done using
FlowJo.
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Figure 3.1.5: Bone Marrow resident NK cell remains unaffected in the absence of
JLP. b. Surface receptor expression of activating (Ly49 C/F/I/H, NKG2D), inhibitory
receptors (KLRG1) and cytotoxic receptors (NKp46) in WT, JLP+/- and JLP-/- NK
cells. c. MFI of activating (Ly49 C/F/I/H, NKG2D), inhibitory receptors (KLRG1)
and cytotoxic receptors (NKp46) in WT JLP+/- and JLP-/- NK cells. ns= nonsignificant. Statistical analysis: two-way ANOVA.
.
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3.1.6 JLP deficiency has no effects on the expression of LAG3 and
TIGIT in activated NK cells.

NK cell activation does not require priming to mediate
effector function. This can be brought upon by either direct NK cell
interactions with target cell, or by boosting cytokines such as IL-2 or IL-15.
However, these activated NK cells can undergo exhaustion due to
deregulated NK cell receptor signalling. JLP being a key regulator of the
MAPK signalling pathway, I wanted to examine whether JLP regulated
cytokine-induced expression of exhaustion markers on cytokine-activated
NK cells. I examined the representative exhaustion markers (PD-1, LAG3
and TIGIT) that are expressed on activated NK cells (Figure 3.1.6a). PD-1,
TIGIT and LAG3 are inhibitory receptors that are up regulated in
exhausted NK cells, which hamper NK cells activity. Amongst the three
markers, PD-1 has the highest MFI (Figure 3.1.6b). In activated NK cells,
the expressions of LAG3 and TIGIT markers remained similar across WT,
JLP+/- and JLP-/-. This highlighted JLP not having an effect on the LAG3
and TIGIT markers expressed on activated NK cells.
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Figure 3.1.6: Expression of exhaustion marker in IL-2 activated NK cells
remains unchanged in the absence of JLP. a. Contour plot representation of the
exhaustion marker TIGIT, PD-1 and LAG3 in IL-2 activated WT, JLP+/- and JLP-/NK cells. 0.1x10^6 cells were blocked, and stained with TIGIT, PD-1 and LAG3
surface markers. Samples were acquired via flow cytometry followed by analysis
using Flow Jo. c. MFI of exhaustion marker in IL-2 activated WT, JLP+/- and JLP-/NK cells (n=3).
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3.2 ROLE OF JLP IN REGULATING NK CELL MIGRATION
During the onset of an inflammatory response, NK cells like
other lymphocytes are recruited to the site of action from their resident
station. This process of recruitment requires several complex steps that
include chemokines, adherent cells and most importantly the functional
asset of NK cells to mediate migration in coordination with these helper
molecules. NK cell migration is vital for its effector function. Our
laboratory has previously reported that conditioned medium from immature
and mature DC supported chemotaxis of activated NK cells (175). Thus, I
wanted to find out if such NK-cell migrations depended on JLP function.
To determine the migration of NK cells, we carried out the experiments in
a trans-well based assay and in a triple doc microfluidics assay to
determine NK cell migration in real time. NK cells from the spleen of WT,
JLP+/- and JLP-/- were isolated and activated with IL-2 or IL-15 for 4 days
prior to the experiments. To study the NK cell migration, a chemokine-rich
media was made using the DC cell from the PBMC of regular B6 mice
bone marrow. Mature DCs were generated cells under GM-CSF while the
mature DCs were prepared by stimulating immature DC with LPS
overnight after 7 days of culture. Activated NK-cell migrations were
examined in the Trans-well and triple dock microfluidic assays using
mouse medium or DCs conditioned medium.
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3.2.1 JLP deficiency impaired IL-2 or IL-15 activated NK cellmigration in the trans-well assays.

To determine the NK cell migration in a trans-well setting, IL2 activated NK cells were made to migrate in complete mouse media
(negative control), immature DC cell condition medium and LPS (1μg/1μl)
added to DC condition medium (positive control). Each of these condition
media mimicked different chemokine concentrated microenvironment
(Figure 3.2.1a). In carrying out these experiments across WT and JLP+/cells, my data showed a significant decrease in the migration of JLP+/- NK
cells in iDC and LPS condition media (Figure 3.2.1b). Similarly, a greater
decline in migration was seen in NK cells in LPS condition media when
JLP-/- was compared to the WT (Figure 3.2.1c). JLP-/- NK cell migration
was much less compared to JLP+/- NK cells in both iDC and LPS media
(Figure 3.2.1d).
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Figure 3.2.1: JLP deficiency hampers IL-2 activated NK cell migration. NK cells
were purified and activated with IL-2 for 4 days. DCs condition medium were
collected at day 8 of DCs culture. DCs conditioned medium underwent different
conditions including iDC, or stimulated DCs with LPS (1μg/ml). a. IL-2 activated NK
cells were set up to run for 90 mins in complete media (CM), iDC and LPS stimulated
media. b. IL-2 activated JLP+/- NK cells had a reduced migration in iDC and LPS
stimulated media compared to the WT (P<0.05), (P<0.01). c. JLP-/- NK cells had a
reduced migration when compared to WT (P<0.001) in LPS stimulated media. d. JLP/- NK cells show a decrease in migration in iDC (P<0.01) and LPS (ns) condition
media. JLP+/+ (n=9), JLP+/- (n=9), JLP-/- (n=4), ns= non-significant. The statistical
analysis was done using two-way ANOVA.
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Similar to IL-2, IL-15 is another common cytokine to generate
granulated functional NK cells. I examined IL-15 activated NK cells
migration in WT, JLP+/- and JL+/- NK cells (Figure 3.2.1e), using the
same experimental conditions I described above. In carrying out these
experiments across WT and JLP+/-, my data showed a significant decrease
in the migration of JLP+/- NK cells in iDC and LPS condition media
(Figure 3.2.1f). Similarly a greater decline in migration was seen in NK
cells in LPS condition media when JLP-/- was compared to the WT (Figure
3.2.1g). However, when comparing JLP-/- NK cell migration JLP+/- NK
cells in both iDC and LPS media, the difference in migration between the
two was similar (Figure 3.2.1h).

Collectively, these data showed the

impact of the lack of JLP on NK-cell migration in a chemokine-rich
microenvironment produced by LPS-stimulated DC.
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Figure 3.2.1: JLP deficiency hampers IL-15 activated NK cell migration. NK
cells were purified and activated with IL-15 for 4 days. DCs condition medium were
collected at day 8 of DCs culture. DCs conditioned medium underwent different
conditions including iDC, or stimulated DCs with LPS (1μg/ml). a. IL-15 activated
NK cells were set up to run for 90 mins in complete media (CM), iDC and LPS
stimulated media. b. IL-2 activated JLP+/- NK cells had a reduced migration in iDC
and LPS stimulated media compared to the WT (P<0.05), (P<0.01). c. JLP-/- NK
cells had a reduced migration when compared to WT (P<0.001) in LPS stimulated
media. d. JLP-/- NK cells show a decrease in migration in iDC (P<0.01) and LPS
(ns) condition media. JLP+/+ (n=9), JLP+/- (n=9), JLP-/- (n=3), ns= non-significant.
The statistical analysis was done using two-way ANOVA.
.
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3.2.2 JLP deficiency impaired IL-2- or IL-15-activated NK-cell
migration in microfluidics assay.
I wanted to confirm the migration defects I observed in the
trans-well migration assay using an independent microfluidic migration
platform we developed in collaboration with Dr. Francis Lin’s laboratory.
This microfluidic system provides tracking of single cell over a certain
time lapse, thus supporting also analyses of live cell imaging of NK-cell
migration across a well-defined chemical gradient. I designed the same
experiment as that in transwell assay to determine the effect of JLP
deficiency in activated NK-cell migration in the established microfluidic
system in vitro. In the triple docking device the NK cells are all introduced
in the docking section of the chamber, where over a period of 40 minutes
the NK cells were to migrate across the gradient generated with complete
media (CM), iDC condition media and LPS stimulated DC condition
media. The NK cells were observed via confocal microscopy for real-time
monitoring and cell tracking analysis (Figure 3.2.2). At every 10-minute
interval the distance covered by the NK cells from the docking point
towards the gradient was measured. In each condition, I observed the
number of IL-15 activated NK cells of JLP+/- that migrated towards the
gradient over the time period kept reducing (Figure 3.2.2a, b), with
significant reduction in LPS stimulated DC condition media. (Figure
3.2.2c)
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Figure 3.2.2: JLP deficiency effects IL-15 activated NK cell migration in
microfluidics system. NK cells were purified and activated with IL-15 for 4 days.
DCs condition medium were collected at day 8 of DCs culture. DCs conditioned
medium undergo different conditions including iDC, or stimulated DCs with LPS
(1μg/ml). NK cells were counted at each time interval over a 40 mins time frame. a.
IL-15 WT and JLP+/- do not show a significant difference in migration (n=4). b. in
an iDC condition media migration of IL-15 activated WT and JLP +/- NK cells
don’t show a significant difference (n-=3) c. However, IL-15 activated JLP+/- NK
cell migration have a reduced cell count in LPS stimulated media compared to the
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WT (n=4), P<0.05. Statistical analysis: two way ANOVA.

The same experiment was performed with IL-2 activated NK cells. With
similar setting I observed the activated NK cells migration in WT, JLP+/and JL+/- NK cells. In carrying out these experiments across WT and
JLP+/-, my data showed the number of JLP+/- NK cells that migrated
towards the gradient over the time period kept reducing (Figure 3.2.2d, e),
with significant reduction in LPS stimulated DC condition media. (Figure
3.2.2f)
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Figure 3.2.2: JLP deficiency effects IL-2 activated NK cell migration in
microfluidics system. d. IL-2 JLP+/- seems to show a reduced migration compared
to the WT (ns) in the control complete medium (n=4). e. In iDC condition media
migration of IL-2 activated WT is robust compared to the JLP +/- NK cells (ns) (n=3) f. Similar observation is seen in the migration of IL-2 activated JLP+/- which is
still lesser than the WT NK cells (n=4). Statistical analysis: two way
ANOVA.ns=non-significant
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However, in JLP-/- IL-2 activated NK cells, we observed reduced
migration of NK cells in three factors, cell count, distance and speed when
compared to WT (Figure 3.2.2a). This data showed that, besides JLP
deficiency having some effect on the migration of activated NK cells,
absence of JLP can drastically reduce NK cell migration.
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Figure 3.2.2: IL-2 activated NK cell migration is reduced in the absence of JLP
in microfluidics system. Purified NK cells were activated with IL-2 for 4 days. DCs
condition medium were collected at day 8 of DCs culture. DCs conditioned medium
undergo different conditions including iDC, or stimulated DCs with LPS (1μg/ml).
a. NK cells were counted at each time interval over a 40 mins time frame to
determine the number of NK cell migrated in CM media b. iDC condition media and
c. LPS stimulated DC condition media. Both JLP+/- and JLP-/- IL-2 NK cells have a
drastic reduction in cell count, when compared to the WT (n=1).
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3.2.3 Migratory receptors CXCR3 and CXCR4 remain unchanged in
the JLP-deficient activated NK cells.
NK cell migration is facilitated by chemokine receptors that
communicate with soluble factors and helper molecules in the
microenvironment at the target site. Chemokine receptors such as CXCR3
and CXCR4 are expressed in activated NK cells. These receptors bind to
their respective chemokine ligands to mediate NK cell trafficking. In the
experiments mentioned previously, I observed reduced migration of both
IL-2 and IL-15 activated NK cells in JLP+/- and JLP-/- samples. The
purpose of this finding was to establish any possible connection between
theses chemokine receptors and JLP deficiency. I looked at the expression
of CXCR3 (Figure 3.2.3a) and CXCR4 (Figure 3.2.3b) receptors after
activation. Both CXCR3 and CXCR4 are highly abundant and expressed
strongly in activated NK cells. However, the absence or deficiency of JLP
has no significant difference in the level of expression across WT, JLP+/and JLP-/- (Figure 3.2.3c,d). This showed that expression levels of key
chemokine receptors such as CXCR4 and CXCR3 remained unaffected in
the absence of JLP.
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Figure 3.2.3: JLP deficiency has no significant effect on the CXCR3 and CXCR4
chemokine receptors of IL-2 activated NK cells. a. Contour plot representation of
chemokine (CXCR3) receptor in IL-2 activated WT and JLP+/-, WT and JLP-/- NK cells. b.
(CXCR4) receptor in IL-2 activated WT and JLP+/-, WT and JLP-/- NK cells. Activated NK
cells were blocked stained with CXCR4 and CXCR3 along with NK1.1. Each dot plot is
accompanied by a histogram to determine the expression of the surface makers (red) to that
of the unstained samples (blue).
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Figure 3.2.3: JLP deficiency has no significant effect on the CXCR3 and
CXCR4 chemokine receptors of IL-2 and IL-15 activated NK cells. c. MFI of
CXCR3 and CXCR4 receptors in IL-2 activated WT, JLP+/- and JLP-/- NK cells
(n=3). d. MFI of chemokine receptors in IL-15 activated WT, JLP+/- and JLP-/- NK
cells. ns= non-significant. Statistical analysis: two way ANOVA
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3.2.4 JLP deficiency affected migration of activated NK cells in a
CXCL12 condition media.
To understand the correlation between CXCR4 and its ligand
CXCL12, I repeated the trans-well migration assay to assay for the
migration responses of these activated NK cells towards recombinant
CXCL12 (a ligand for CXCR4)(Figure 3.2.3b). I observed consistently that
JLP deficiency (n=3) caused reduced activated IL-2 NK cell migration
towards recombinant CXCL12, although significance cannot be obtained in
our current study.
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Figure 3.2.4 JLP deficiency effects the migration of activated NK cells in a
CXCL12 condition media: NK cells were purified and activated with IL-15/ IL-2
for 4 days. DCs condition medium were collected at day 8 of DCs culture. DCs
conditioned medium underwent different conditions including iDC, or stimulated
DCs with LPS (1μg/ml) and complete media with CXCL12 (0.6ng/ml) as a positive
control. Transwell migration was set for 90 mins. NK cells from each condition
were counted to determine migration. a. IL-2 activated NK cell count in CXCL12
condition media, is not dramatically affected in JLP+/- and JLP-/- compared to WT.
b. IL-15 activated NK cell count in CXCL12 condition media, is not dramatically
affected in WT compared to JLP+/- and JLP-/- (n=3). The statistical analysis was
done using two-way ANOVA.
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4.0 Chapter 4
General discussion:
Natural Killer cells are unique lymphocytes that generate early
immune responses against foreign bodies. This requires NK cells to
recognize and terminate their target by cytotoxic function, which involves
release of cytokines and chemokines. To mediate such responses NK cells
are dependent on the complex signaling of MAPK pathways. The signaling
facilitates NK cells to respond by circulating to the site of target,
identification followed by killing the target.

JLP a scaffold protein in the MAPK signaling pathway is critical in
executing specific signaling. Its ability to tether specific combinations of
kinases is what makes it a unique regulating spot for the pathway. Besides
cellular function, the involvement of MAPK in immune cell responses is
highlighted by the participation of different MAPK kinases in immune cell
cytotoxic function, differentiation, migration etc. In the Kung lab, it was
previously established the importance of JLP in CD4+ T cell activation and
its critical role in CD40 signaling in B cells. However, any relation
between JLP and NK cells still remains unknown. One of the main focuses
of my study was to determine the importance of JLP in NK cells. My key
finding was the importance of JLP in the migration of NK cells, a

97

functional

aspect

of

NK

cells

that

is

crucial

to

mediate

immunosurveillance.
My primary finding suggested JLP deficiency to have no major
effect on phenotype expression of NK cells, at the mature and immature
stages of NK cells. The phenotype of NK cells was determined by the
expression of common activating (LY49 C/F/I//H, NKG2D) and inhibitory
(KLRG1) receptors. I also assessed the expression of NKp46, a cytotoxic
receptor that is seen at the early stages of mature and immature NK cells.
With JLP not having an effect on the expression of these receptors it can be
suggested that the scaffold protein is not strongly involved in the
development of these vital receptors.

I began with the characterization of JLP to determine the disposition
of JLP both at the gene and protein level (Figure 3.1.1). Besides the
knockdown model, I wanted to experiment with JLP heterozygous mice.
Even though the phenotype is unchanged compared to the WT, however,
the lack of gene can have some functional or physiological effect on the
mice. I wanted to observe the effect of JLP in NK cells at the mRNA level
(Figure 3.1.1c). The point was to assess the down regulation of JLP mRNA
expression in the JLP+/- and JLP-/- model compared to the WT. This
would help answer the gene dosage response of JLP on NK cell phenotype
expression and its functionality.
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To determine the stages of NK cell maturity, I picked NK cells that
resided in the spleen and the bone marrow. Here, NK cells are at different
stages of their priming till they end up in spleen as mature NK cells. NK
cells in the bone marrow, express certain receptors that can help
differentiate the lineage stages. To determine NK cell development in the
bone marrow and spleen I assessed the CD27 and CD11b receptor
expression. In both bone marrow and spleen, we see CD27 + CD11b- and
CD 27- CD11b+ populations (Figure 3.1.3 to be similar across WT, JLP+/and JLP. This dictates JLP scaffold protein may not be actively involved in
the development and differentiation of NK cells, both in the early and latter
stage. To further confirm on the lack of JLP impact on NK cell growth and
development, the cell population across spleen and bone marrow remained
the same across WT, JLP+/- and JLP-/-. Even after isolation, purified NK
cells from splenocytes showed the total NK cell population across WT,
JLP+/- and JLP-/- to remain unchanged (Table 3). Besides NK cells, other
lymphocytes such as T cells and NKT cells in the spleen remained the
same (Figure 3.1.2). Purified NK cells activated with IL-2 and IL-15 (Table
4) after 4 days was also assessed to determine any change in cell count, to
see there were no difference in the WT to that of JLP deficient NK cells.
This established JLP did not hamper the growth of NK cells.
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NK cell activated with IL-2 and IL-15 become more granulated and
cytotoxic in nature. With cytokine activation, these NK cells start
expressing more inhibitory receptors and less activating receptor to mediate
lysis of target cells. This leads to NK cells undergoing exhaustion similar
to that seen in T cells. These NK cells also express exhausting markers
such as PD-1, TIGIT and LAG3. I observed the exhaustion marker
expressions remain unchanged in the JLP+/- and JLP-/- NK compared to
the WT (Figure 3.1.6). The reason to look at the expression of these
markers was due to the localization of JLP. JLP tethers ERK and p38 in the
MAPK pathway, which undergoes phosphorylation to mediate cellular and
cytotoxic function by NK cells. Thus it was crucial to understand the
involvement of JLP in the exhaustion of activated NK cells

Besides the cytotoxic function of NK cells, activated NK cell
migration is one of the functions I focused on. Migration is an essential tool
for lymphocytes to maintain immune surveillance. NK cells in the
physiological condition migrate to the site of action when required by a
series of interaction with adhesion molecules and presence of chemokines.
One of the key findings in my study was looking at the migration property
of NK cells. IL-2 and IL-15 activated NK cell migration was designed in a
trans-well assay to determine the migration of NK cells via chemoattraction
behavior when surrounded by a plethora of chemokines. One of the most
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common chemokine attractions of NK cells is seen prior to NK-DC
crosstalk. NK cells naturally migrates towards DC cells, for its ability to
release an array of chemokines that makes NK cells moves towards
chemokine rich sites. To create a similar scenario, I wanted to observe the
JLP deficient activated NK cell migration in different condition media
(Figure 3.2.1). I placed IL-2 or IL-15 activated NK cell in the trans-well
chamber and made them migrate in condition media such as regular mouse
media (CM) as the control group, immature DC culture condition media
(iDC) and LPS stimulated DC condition media. With each condition the
concentration of chemokines is to be more intense. As per my finding, I
found JLP deficient NK cells had impaired migration property compared to
WT, and a further reduction in the migration of activated NK cells where
JLP was completely absent.

JLP deficient IL-2 activated NK cells have more than 50% reduced
less NK cell count which underlines the reduced migration capacity of NK
cells compared to the WT in LPS stimulated condition media while a 35%
reduction NK cell count in iDC condition media. On the other hand, JLP-/IL-2 activated NK cells has a 70% reduced NK cell count which highlights
the impaired migration property of NK cells in LPS condition media
compared to the WT NK cells. When comparing the JLP deficient and JLP/- activated NK cell migration, the migration of JLP+/- NK cells is stronger
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compared to the JLP-/- NK cells in LPS (not significant) whereas, the
difference is more prominent with a 70% reduced cell count in iDC
condition media which confirms the importance of JLP scaffold protein in
activated NK cell migration.

In the case of IL-15 activated NK cells, JLP +/- NK cells migrated
much less compared to the WT as the cell count difference was more than
50% in LPS condition media (Figure 3.2.1d). When compared to JLP-/-,
NK cells count was around 70% less compared to the WT in LPS condition
media, highlighting the reduced NK cell migration in a strong chemokine
environment. However, JLP+/- and JLP-/- activated NK cells showed
difference in the migration of NK cells in both LPS and iDC condition
media (ns). This adds another layer to the importance of JLP in the
migration of NK cells. Activation of NK cells with different cytokines is
equally affected in the migration in the absence of JLP.

The trans-well experiment was taken a step further. I wanted to
observe NK cell migration in a more sensitive assay to pick up the absolute
difference in the impairment of NK cell migration. This was possible my
repeating my experiments in a triple docking microfluidics assay, courtesy
of Dr. Lin lab. The microfluidics setup helps monitor cellular migration in
real time over a time period via confocal microscopy. This method helps us
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determine, the number of NK cells that migrated, the speed with which
they migrate and the distance covered over the experimental time period.

My NK cells activated migration data of the microfluidics (Figure
3.2.2) is reflective on what I had observed in the trans-well assay. Both for
IL-15 and IL-2 activated NK cells in LPS condition media a reduced cell
count was observed by the end of the experiment, which reflects the
reduction in NK cell migration across a chemokine gradient. An impaired
migration was witnessed when JLP -/- activated NK cells showed a
reduced cell count in CM, iDC and LPS condition media compared to the
WT and JLP+/- over 40 minutes (Figure 3.2.2). Along with reduced cell
count, activated NK cells showed reduced speed and distance migrated in
LPS stimulated media compared to the WT confirming the effect of JLP on
the impaired migration of NK cells in different facets (Supplementary 3).

A reason for this phenomenon could be the impairment of
downstream interaction of JLP with G protein couple receptors subunit like
Gα12/Gα13. These Gα12 and Gα13 are subunit of G12 subfamily. G12 is
one of the recent findings in the heterotrimeric G protein classifications.
Cellular responses such as cellular growth, migration and transformation
are mediated by G12 subfamily(176). These G12 subfamilies promote
downstream activation of JNK, p38 in the MAPK via JLP. They do so by
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activating downstream Rho- specific guanine nucleotide exchange factors
(RhoGEFs), which sequentially activates JNK via JLP. Activation via
stimulation of Rho signaling is necessary for the regulation of migration. It
can be suggested that impaired JLP expression can have a drastic effect on
the interaction with the G12 subfamily. Even though both G α12 and Gα13
have distinct biological function but overlap to mediate cellular migration.
Deficiency in JLP can terminate the migratory property of NK cells. To
establish this, a possible finding could be looking at the expression of G12
subfamily such as Gα12 and Gα13 in JLP deficient models. Stimulation of
Rho could also be assessed to determine migration intensity.

To further examine the migration property of NK cells, I wanted to
know the common migratory receptors expression on the activated NK
cells. Two of the abundant and commonly found chemokine receptors are
CXCR3 and CXCR4. These receptors help in the chemotaxis of NK cells
towards CXCL12 abundant site. I determined the expression of CXCR3
and CXCR4 receptors in activated NK cells via flow cytometry. In the
absence of JLP, the migratory receptor expression remains unchanged in
JLP+/- and JLP-/- NK cells compared to the WT (Figure 3.2.3). I carried
out a transwell experiment with an added condition media that consisted of
CXCL12 to the current setup of assay (Figure 4.3.1). It was to observe the
migration of NK cells in presence of single chemokine condition media
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compared to the other conditions mentioned previously. The migration of
NK cells was impaired (ns) in CXCL12 media compared to the WT. The
pattern was similar to the migration of JLP+/- NK cells in iDC and
CXCL12. Similar observation was seen in JLP-/- NK cells in iDC and
CXCL12 media (Figure 3.2.4). It can be suggested CXCR4 and CXCR3
may not be the primary migratory receptors that are hampered in reduced
migration of NK cells when JLP is absent. There is a possibility of other
migratory receptors or chemokine receptor that is directly affected in the
absence of JLP. Besides chemokines, absence of JLP affecting migration
can also be explored in the intermediates of MAPK signaling pathway. JLP
is known to activate JNK or p38 signaling pathway, looking at the
expression of phosphorylated JNK or phosphorylated p38 at the protein
level could answer the impairment of migration in NK cells. With this
novel finding, it will be interesting to see the effect of JLP in the cytotoxic
function of NK cells. This section still remains unexplored and shall help
answer the signaling mechanism that maybe involved in making these NK
cells deficient in function.
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Limitations and Future Directions:
Some of the limitation of the study was the seldom availability of
JLP-/- mice compared to the JLP+/- and WT. This reduced the repeats of
experiments that showed statistically significant data with JLP+/- and WT.
This raises the question of JLP having a developmental defect in the
embryonic stage of the mice. However, it has been previously reported of
no such issue, except for reduced fertility of male mice that lacked JLP
splice variant SPAG9. This lead to breeding of JLP+/- male mice with
other JLP+/- or JLP-/- female mice rather than cross breeding JLP-/- mice
with another. As per the initial experiments done, I reported JLP having no
effect on NK cell development. However, to bypass the developmental
stage and target JLP’s effect on NK cells function, transducing shRNA
lentiviral vector to mature NK cells in vitro to silence the JLP gene can be
applied.

Migration is a vital functionality of NK cells. Often during an
infection or manifestation of cancerous bodies, NK cells like other
lymphocytes distribute themselves to the site for an effective action. My
finding highlights the role of JLP in regulating NK cells migratory
functions(177).

To be able to screen out the important chemokines

released by DC cells that mediate NK cell migration would help answer
how JLP is closely regulating the chemokine receptor and ligand
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interaction. The involvement of JLP in the migration of NK cells will also
lead us to the involvement of other upstream signaling molecules. In
success of this finding, NK cell migration significance can be studied in
vivo models to determine the accuracy of the study. The importance of JLP
can also be studied on memory-like NK cells, which are known to be
migratory in nature in an adaptive transfer setting(178).

My current study does not address the importance of JLP in
regulating other NK-cell effector functions such as IFNg, TNFa release
during a target effector interaction. Future work will require use of
established cytokine and cytotoxicity assays to examine functions of IL-2
or IL-15 activated NK cells from WT, JLP+/- or JLP-/- mice. A good
understanding of how JLP scaffolding protein regulates NK cells
migration, and other effector functions may reveal new therapeutic targets
that support specific manipulation of NK-cell functions in immunotherapy
or disease settings.
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Supplementary data 1:
JLP expression normalized to Actin
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Jlp protein expression as seen in WT, JLP+/- and JLP-/- mice. Western blot
analysis of Jlp protein in WT, JLP+/- and JLP-/- DC cells. Protein
expression of Jlp gene has been normalized to the actin of the samples.

125

Supplementary data 2:

NK cells isolated from the spleen were checked for purity. These NK cells
were blocked and stained with CD3 and NK1.1 marker to determine the
total NK cell population after being isolated from the spleen. Around 84%
of pure NK cells were isolated which was later used to activate using
cytokine.
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Supplementary data 3:

Figure 3: IL-2 activated NK cell migration is reduced in the absence of JLP in
microfluidics system. a. NK cells were purified and activated with IL-2 for 4 days.
DCs condition medium were collected at day 8 of DCs culture. DCs conditioned
medium undergo different conditions including iDC, or stimulated DCs with LPS
(1μg/ml). NK cells were counted at each time interval over a 40 mins time frame to
determine the number of NK cell migration, the distance covered and the speed with
which they migrated. JLP-/- IL-2 NK cells have a drastic reduction in cell count,
distance and speed with proceeding time (marked with circle and *) when compared
to the WT (n=1).
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