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Abstract

The use of genome wide ENU mutagenesis screening has uncovered vast numbers of
novel genes involved in the control of the immune system. This thesis describes the
characterization of a novel mutant, Captain Morgan (CPM), originally identified in an
immunization screen designed to evaluate both the initial antibody response to antigen
and the ability to sustain antibody production. Mapping of this mutant lead to the
identification of a single base pair mutation in a novel guanine nucleotide exchange
factor, dedicator of cytokinesis 8 (DOCKS8). The mutation was found to result in
altered gene splicing of the DOCKS protein leading to the truncation of the protein

and loss of catalytic function.

The importance of understanding the role of DOCKS8 in host immunity has been
recently underlined by the discovery that cohorts of patients suffering from autosomal
recessive forms of hyper-IgE syndrome have loss-of-function or deletions in this
novel guanine nucleotide exchange factor. Disease in these patients is characterised
by recurrent viral and bacterial infections mainly of the skin and lungs, with reduced
levels of peripheral CD4" and CD8" T cells in the blood of patients. Patients also have
high levels of IgE and eosinophilia in the blood and are highly atopic with increased

prevalence of allergic diseases including asthma.

Loss of DOCKS function results in a number of phenotypes in CPM mice, which may
help understand the immunodeficiency syndrome experienced by DOCKS8 deficient
patients. CPM mice, like DOCKS8 deficient patients, are lymphopenic with losses of
both CD4" and CD8" T cells in the blood and secondary lymphoid organs. Challenge

of CPM mice with modified vaccina virus (MVVA) and influenza strain X31



demonstrated normal primary anti-viral responses. However, similar to the loss of
germinal centre B cells previously described in these mice, memory T cell responses
were diminished, which may explain the susceptibility of DOCKS8 deficient patients
to recurrent infections. In addition to the loss of peripheral T cells, rare populations of
lymphocytes such as invariant natural killer T cells (iINKT) were also reduced in the
liver and thymus. Due to their roles in bacterial and viral responses and cancer
immunosurveillance it is expected that loss of these cells will contribute to disease

severity.

Together these findings illustrate the importance of the ENU mutagenesis model for
generating new mutants, which can enhance our understanding of mammalian genes
and create disease models of human disease. Further characterization of DOCKS8
deficiency and the molecular mechanisms of DOCKS8 function will have important

implications for disease diagnosis and ongoing treatment for patients.
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Chapter 1

Introduction

1.1 The Importance of Understanding Immunological Memory

One of the most important goals in the field of immunology is the development of
new, effective vaccines to decrease the burden of infectious diseases. At present, three
diseases (AIDS, TB and Malaria) account for approximately half of deaths per year
globally. These diseases as a whole account for roughly 5 million deaths per year and
underline the desperate need for new vaccines. Great successes have been achieved in
the past with the successful implementation of vaccines against yellow fever and
smallpox, which have played crucial roles in the control of these infectious diseases
[1]. However, attempts thus far to formulate new vaccines have been unsuccessful
illustrating that there are still great caveats in our understanding of how
immunological memory is generated. Therefore, further research to improve our
understanding of the mechanisms underlying the generation and maintenance of

immunological memory are crucial to the success of the vaccination approach.

The study of immunological memory in humans is made difficult by several factors
including: accessibility to biological material from humans is restricted (most
routinely involving blood samples) and as the induction of memory takes place in the
secondary lymphoid organs, which we cannot gain access to, the relevance of these
samples are questionable; differences in exposure to infectious agents can alter
measurements taken; and the human population contains a vast array in genetic
susceptibility to pathogens which makes the interpretation of data unclear. Therefore,

the use of animal models has been key to advances in this field. The use of mouse
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models as infectious models is hugely advantageous for research, as animals have
defined genetic backgrounds and can be housed in pathogen free environments to
ensure previous exposures to pathogens will not affect the outcome of research
models. We now understand that factors including the dosage and nature of infectious
agent, the induction of inflammatory factors such as TNF-o. and the route of
vaccination all have important implications for the outcome of vaccination through

the use of such models [2-4].

Understanding both the cellular and molecular mechanisms of immunological
memory is of key importance to improving vaccine design. Many of our discoveries
in the vaccination field have been through knockout models of key genes
hypothesized to take part in the regulation and formation of memory responses.
However, a disadvantage of this approach is that the generation of knockout models is
difficult and some prior knowledge to the function or importance of the gene itself is
required. Because of this, other approaches have been sought to identify new genes
involved in host immunity. One strategy to identify new genes involved in host
immunity and to generate new models of human disease is the use of the mutagen N-

ethyl-N-nitrosourea (ENU).
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1.2 ENU Strategy and Identification of Captain Morgan (CPM)

1.2.1 ENU Strategy

N-ethyl-N-nitrosourea (ENU) is a highly potent mutagen used to induce single base
pair mutations in mice with the goal of identifying novel genes by forward genetics
[5]. This approach is based on “phenotype driven” analysis of pedigrees generated
from ENU treated founder mice to allow the identification of novel genes involved in
an area of interest. Original successes of this “phenotype driven” approach were in
naturally occurring mutants in genes such as Foxnl, FoxP3 and Fas which gave rise to
well established mouse strains known as “nude”, “scurfy” and “lpr” mice [6]. These
mice have easily recognisable disease phenotypes, which are associated with human
diseases including severe combined immunodeficiency (SCID), autoimmune
polyendocrinopathy, immune dysregulation, polyendocrinopathy, enteropathy, X-
linked syndrome (IPEX) and autoimmune lymphoproliferative syndrome respectively.
The use of these animal models has led to the dissection of the molecular mechanisms
underlying these diseases, which has now advanced the diagnosis and treatment of
patients. However, naturally occurring variants are rare and therefore methods to

accelerate the natural rate of mutation in hosts have been sought.

The mutagen ENU is estimated to induce 1 single base pair change per 1MB of
genomic DNA most commonly inducing A/T to T/A transversions and A/T to G/C
transitions [6-9]. However, recent work by our research group, with the use of whole
genome sequencing (WGS), more accurately measures the rate of mutation at
1/700,000 base pairs (Bull et al, unpublished). Mutations generated in male founder
mice (GO) are propagated to allow screening for dominant mutations (expected in

roughly 2% of G1 mice). Recessive mutations are bred to homozygosity by breeding

14



strategies including backcrossing of G2 mice to G1 mice or inter-crossing with G2
mice (Figl). There are several advantages to ENU mutagenesis compared to
alternative methods of inducing mutation (radiation and other chemical mutagens)
and targeted gene knockout models. The nature of mutation mimics that of natural
human variation introducing changes in genes including: loss or gain of function
mutations, altered gene splicing and truncation of genes, making these models more
biologically relevant. Point mutations are also less likely to create embryonic lethality
in offspring compared with gene knockout methods or radiation treatment, which can
cause large deletions or inversions involving multiple genes. However, the main
advantage of the ENU strategy is identifying novel genes due to the unbiased nature
of the experimental approach. Investigation is driven by phenotypes observed with no
prior knowledge of the genes altered thus allowing for new genes and alternative
pathways to be investigated. This approach can be extremely costly and labour
intensive due to the nature of breeding to maintain phenotypes, and thus genotypes, of
interest. Another downfall due to the random nature of mutation is this screening
process may result in the discovery of classically described genes, which may have
already been extensively researched. With advances in whole genome sequencing and
the characterization of large numbers of already existing ENU mutants for the
frequency of mutation it may soon be possible to omit the difficult and risky breeding
strategy required to maintain phenotypes and increase the rate of the discovery of new

genes.
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Figurel: The ENU pedigree structure for the discovery of novel genes. N-ethyl-N-

nitrosourea (ENU) treated mice, GO, containing point mutations are bred to C57BL/6
mice giving rise to G1 offspring. For identification of mutations, out-crossing of G1
mice to mapping strains gives rise to a second generation (G2), which are then inter-
crossed (IC) or backcrossed (BC) to produce G3 animals. G3 animals are screened

and animals of interest genotyped to identify causative mutations.

1.2.2 Identification of novel ENU mutant — Captain Morgan (CPM)

To discover new genes involved in the induction of humoral immunity and memory B
cells, our research group in collaboration with Chris Goodnow from the Australian
National University (Canberra, Australia) developed an immunization screen to
identify ENU mutants defective in the initiation and polarization of early antibody

responses and maintaining long-term humoral immunity. ENU mutants were
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immunized with a mixture of killed bordetella pertussis (B.pertussis) bacteria, and
chicken-y-globulin  (CGG) protein and bled 14 days post immunization [10]. IgG2c
(Th1 response) and 1gG1 (Th2 response) were measured to B.pertussis and CGG
respectively to establish successful initiation of responses and appropriate polarization
[10]. The majority of antibody produced at this stage is derived from the clonal
expansion of extra-follicular B cells occurring after interaction with T cells [11]. 28
days post immunization mice were bleed a second time to examine IgG levels, which
are derived from mature germinal centre responses. This immunization screen
originally identified two ENU mutants propagated from independent pedigrees with
reduced antibody titres 28 days post immunization but with normal primary B cell
responses [10]. These strains were later named “captain morgan” (CPM) and
“primurus” (pri). Mapping of both strains resulted in the identification of two
different mutations within the novel guanine nucleotide exchange factor, dedicator of
cytokinesis 8 (DOCK®) [10, 12, 13]. CPM contained a T-C substitution in intron 20,
which leads to the disruption of the exon 20 splice donor sequence whereas primurus
contained a T-C substitution in exon 43 which is part of the DOCK Homology Region
2 (DHR2) catalytic domain (Fig2A). The mutation found in CPM cells resulted in
altered gene splicing of the DOCKS8 protein with differing lengths of DOCK8
observed after amplification of mMRNA encoding exons 18-21 (Fig2B). This altered
gene splicing results in frameshifts and the introduction of premature stop codons,
which leads to the loss of the DOCKS8 protein as demonstrated by the lack of

detection in western blots (Fig2C).

The mutation found in pri results in an alteration in codon 1827 changing a serine

residue to a proline residue [10]. This conserved residue lies within a a-Helix
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structure, which is integral to the binding of the DHR2 domain to target molecules

and therefore the disruption of this secondary structure is expected to disrupt DOCKS8

function.
a com pri
* *
Ded
DHR1 DHR2
cyto
329-571 \ 1303-2090 \
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Figure 2: DOCKS8 domain structure and location of ENU mutations. a) The DOCKS8
protein contains two evolutionary conserved domains, the DHR1 (light green) and
DHR2 (yellow) domains that are integral to its function (the predicted GTP-binding
region is depicted in orange). Mutations in CPM and pri are shown with an asterisk

(*) which were both characterized as T-C substitutions [10]. b) Amplification of
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DOCKS exons 18-21 from cDNA generated from WT (BL6 and B10) or Captain
Morgan (CPM) lymphocytes derived from the thymus and spleen. Multiple bands are
only observed in CPM cells. ¢) Analysis of DOCKS8 protein expression by western

blotting demonstrates loss of expression in CPM cells.

The relevance of this model of DOCKS deficiency in animals has been reinforced by
the discovery of patients with mutations/deletions in the DOCKS8 genes. These
patients suffer from a primary immunodeficiency disease with increased susceptibility
to bacterial and viral pathogens. However, the role of DOCKS in haemopoetic cells is

still to be investigated.

1.2.3 Phenotypes observed in CPM mice

The deficiencies in humoral immunity in CPM and pri mice indicated DOCKS8 had a
crucial role in the adaptive immune system. Therefore, detailed analyses have been
carried out in both ENU strains. The two mutants show no significant differences in B
cell development with no obvious reductions of immature B cells in the bone marrow
[10, 12, 13]. In the periphery, no differences were seen in the numbers of follicular B
cells in organs such as the spleen. However, a severe reduction in marginal zone (MZ)
B cells is observed in the absence of DOCKS8 function [10]. This phenotype is cell
intrinsic based on mixed chimera experiments and has been observed in both ENU
mutants. Importantly, the discovery of two ENU mutants with mutations in the same
gene made it possible to generate compound heterozygotes to confirm that causative

mutations were indeed in the DOCKS gene. Compound heterozygote CPM* pri*”

display similar phenotypes to homozygote CPM and pri strains with loss of antibody

responses following immunization and loss of MZ B cells. These data act as strong
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evidence that the causative mutations in these strains are in the novel guanine
nucleotide exchange factor, DOCKS8. After further investigation of the failure of CPM
mice to maintain antibody responses, an intrinsic defect in germinal centre (GC) B
cell survival was established. Therefore, as well as the loss of MZ B cells, GC B cells
are also defective in the absence of DOCKS8 [10]. However, the role of DOCKS in

maintaining these cell populations is still to be elucidated.

1.2.4 Summary

ENU mutagenesis offers a unique approach to identifying novel genes involved in
immune regulation and to generating new mouse models of mendelian disease. The
approach has several advantages compared to gene knockout models including: 1) the
ability to identify new genes without any prior knowledge to gene function; 2)
mutations are more physiologically relevant as mutations induced by ENU mimic
natural variation in the human population; 3) many gene knockout models can be
embryonically lethal due to the removal of the entire gene; and 4) the ability to design
an immunological screen to identify genes involved in an area of interest to allow
research to be focused. The development of one such screen to identified mutants
with normal primary immune responses to immunization but lacking in long-term
antibody responses has led to the identification of a new gene involved in humoral
immunity — the guanine nucleotide exchange factor DOCKS8. The discovery of the
mechanisms underlying DOCKS8 function in maintaining humoral immunity could
provide insights into improving future vaccination designs and also enable therapeutic

targeting in patients suffering from autoimmunity.
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1.3 Autosomal Recessive Hyper IgE Syndrome and DOCKS8

1.3.1 Primary Immunodeficiency and DOCKS8

As mentioned briefly above, the importance of understanding the role of DOCKS in
host immunity is underlined by the discovery of a rare primary immunodeficiency
syndrome found in patients with loss-of-function or deletions in this novel guanine
nucleotide exchange factor. Disease in these patients is characterised by recurrent
viral and bacterial infections affecting the skin and lungs, including herpes simplex
and zoster, molluscum contagiosum, adenovirus, respiratory syncitial virus,
pneumocystis and staphylococcal, streptococcal and haemophilus influenza infections
[14-17]. Patients are also highly atopic, with elevated levels of IgE and
hypereosinophilia. As a result of this, patients are prone to extensive food and
environmental allergies including anaphylaxis and asthma. Three of 11 patients in one
study also died at a young age from cancer, including metastatic squamous carcinoma

[15].

The majority of patients recruited in these studies are classified as sufferers of hyper-
IgE syndromes (HIES). HIES are rare primary immunodeficiency diseases
characterized in patients by recurrent viral and bacterial infections with elevated
levels of serum IgE (>10 times normal levels) [14, 18, 19]. However, the genetic
etiologies of HIES are diverse with some yet to be identified. Both autosomal
dominant and recessive etiologies have been described. Autosomal dominant forms of
HIES (AD-HIES) present with the above recurrent infections, hyper IgE but also with
addictional manifestations including skeletal and dental abnormalities. The causative
mutation in patients with AD-HIES is in the signal transducer and activator of

transcription 3 (STAT3) protein (60%-70% of patients investigated) [14]. Autosomal
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recessive forms of HIES (AR-HIES) are also characterized by recurrent infection and
hyper IgE (including exaggerated levels of eosinophils in the blood) but do not
present with any skeletal or dental abnormalities. In these patients, the genetic factors
underlying disease are largely unknown. Thus, an understanding of the genetic
etiologies underlying autosomal recessive forms of HIES may aid in both diagnosis

and treatment of patients.

Genetic analyses of AR-HIES patients have attempted to identify causative mutations
in a range of genes. Notably, mutation in the tyrosine kinase, TYK2, has been
described in one patient suffering from AR-HIES [20]. However, mutations in TYK2
have not been present in other analyses of AR-HIES patients [14, 21]. Work carried
out by Zhang et al using comparative genomic hybridization arrays led to the
discovery of DOCKS8 as a major cause of AR-HIES. Genetic analysis showed
mutations/deletions in the DOCKS8 gene resulting in loss of DOCKS8 expression in
haemopoetic cells from all 11 patients enrolled in this study [17]. This was the first
study to link loss of DOCKS8 function/expression to AR-HIES. This work was later
supported by Engelhardt et al. Through the use of homozygosity mapping, Engelhardt
et al were able to identify gene loci associated with AR-HIES and identified mutation
in DOCKS as the cause of AR-HIES. In this study, 21 out of 27 patients recruited

were found to have deletions or truncations of the DOCKS protein [14].

The importance of diagnosis and intervention in AR-HIES is crucial as disease
manifestation occurs at a very young age and has a poor prognosis. The successful
treatment of one patient with autosomal recessive DOCKS8 deficiency by allogeneic

haematopoietic stem cell transplantation (HSCT) has been reported [22]. Post HSCT,
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this patient’s IgE and eosinophilia levels and T cells had returned to normal levels

within 6 months and 12 months respectively.

Prior to these studies, two unrelated patients had been described by Griggs et al to
have deficiencies in DOCKS8 [23]. These patients were diagnosed with mental
retardation and developmental disabilities. Griggs et al showed that both patients had
truncated forms of a DOCKS isoform. Notably, DOCK6 and DOCK7 are expressed at
high levels in the brain and nervous tissue and have been demonstrated to have key
roles in axon formation and neuronal polarization. Therefore, loss of DOCK8 may be
expected to result in disruption of neurological cells. However, no immunological
phenotypes were described. As both patients carried single copy deletions in the
DOCKS gene along with disruption to other unknown genes, this may explain why

these patients did not present with the classical HIES phenotype.

1.3.2 Mechanisms Underlying Hyper IgE Syndromes

The molecular mechanisms of hyper-IgE diseases in patients lacking DOCKS8
expression or function are unclear. More work has focused on the autosomal
dominant representation of HIES and how mutation in STATS3 results in susceptibility
to recurrent infections and hyper-IgE. Importantly, several groups have demonstrated
that STAT3 plays a critical role in TH17 differentiation in both humans and in mouse
models and have speculated that this loss in the immune repertoire will predispose
patients to recurrent staphylococcal infections of the skin and lung [24-28]. STAT3
alongside the master regulator of TH17 development, RORyt, are key transcriptional
factors that regulate the 1L-17 gene. Conditional knockout studies using CD4-Cre and

STAT3"™ transgenic mice have demonstrated the dependence of TH17 differentiation
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on STATS3, showing loss of RORyt and IL17 expression in its absence [29]. However,
no such role for DOCKS8 in TH17 differentiation has been described. It is also
difficult to interpret these findings in patients due to differences in lymphopenic state

and the influence of persistent infection.

Treatment of HIES patients has also focused on the control of the atopic phenotype
including atopic dermatitis and asthma. Some success has been shown in patients
treated with therapies such as Omalizumab, an anti-Igg monoclonal treatment
(abstracts, Sanchez-Ramon et al). However, greater understanding of the mechanisms
underlying hyper-IgE secretion is sought. Loss of regulation by regulatory T cells can
result in allergic diseases [30-33]. Therefore, work has been carried out to examine T
cell differentiation and regulatory T cells in the STAT3 deficient patients. STAT3
deficient patients have normal levels of T regulatory cells (Treg) in the blood and T
cells undergo normal T cell differentiation into Thl and Th2 subsets under
appropriate polarizing conditions. Importantly, Treg function is also intact ex vivo
indicating that the hyper-IgE syndrome in STAT3 patients is not due to a loss of
immune regulation by T cells [34]. However, STAT3 deficiency did have a strong
influence on cells of the innate immune system. Monocyte-derived dendritic cells are
unresponsive to IL-10 resulting in a loss of dendritic cells of a tolerogenic phenotype.
The loss of tolerogenic dendritic cells may have consequences for the induction and
maintenance of inducible T regulatory (iTreg) populations important in controlling
and regulating immune responses [34]. Thus, we can speculate that loss of IL-10
responsiveness in dendritic cells and therefore loss of iTreg populations may help

explain the clinical manifestations we see in HIES patients.
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Differences in the presentation of patients suffering from autosomal dominant and
recessive forms of HIES support the idea that DOCKS8 and STAT3 take part in
different signalling pathways and that different molecular pathways are afflicted by
their absence. However, there is some evidence that DOCK8 may function upstream
of STAT3. Consistent with our ENU mutant, work by Jabara et al has shown that
DOCKS deficient patients lack serological memory with deficiencies in protective
antibody titres after being given protective vaccination at a young age [35]. Of
particular interest, 2 of the 5 patients assessed for protective antibody titres showed
early antibody responses after immunization, but failed to maintain protective
antibodies thereafter [35]. This is in contrast to healthy controls that maintain
protective antibody titres for years post vaccination. This is similar to our CPM strain
which can mount extra-follicular primary antibody responses but cannot sustain GC B
cells, which are responsible for the formation of high affinity antibodies and memory
B cell development, resulting in levels of secondary antibody responses being lost
[10]. Flow cytometry analysis of DOCKS8 deficient patients also showed a loss of
circulating CD27+ memory B cells in the blood of patients seeming to confirm a loss
of serological memory [35]. Specifically, DOCKS deficient B cells failed to respond
to the TLR9 ligand, CpG, in in vitro culture assays with no proliferation or secretion
of IgM and IgG antibodies. In contrast, B cells responded normally to other stimuli
including anti-CD40 and IL-4. Of note, when stimulated with anti-CD40 and IL-4, no
differences in the secretion of IgE were observed indicating no intrinsic bias of

DOCKS deficient B cells to IgE secretion [35].

Analysis of signalling pathways and effector molecules downstream of TLR9 in

DOCKS deficient cells revealed a loss of CpG-driven phosphorylation of STAT3
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which has been previously shown to be important in B cell proliferation and
differentiation. Therefore loss of DOCKS signalling, STAT3 phosphorylation and
effector function may help to explain deficiencies in B cell memory observed in both
autosomal dominant and recessive forms of HIES [35]. However, an intrinsic defect
in B cell immunology does not appear to be apparent in relation to the hyper-IgE
phenotype. Moreover, effects of recurrent infections make it difficult to interpret

results in patients.

1.3.3 Summary

Understanding of genetic etiologies of HIES is key to the accurate diagnosis and
development of new therapies for the treatment of patients. 60% - 70% of autosomal
dominant forms of HIES are found to have mutations in the protein STAT3, a
transcription factor important in TH17 differentiation and B cell activation and
differentiation. Loss of TH17 differentiation and B cell unresponsiveness to TLR9
activation may help to explain the susceptibility of patients to recurrent stapylcoccal
infections in the lung and skin. In the absence of STAT3, monocyte-derived dendritic
cells also lose responsiveness to tolergenic factors such as IL-10 resulting in immune

dysregulation. This may be a factor underlying the atopic phenotype seen in patients.

The genetic factors responsible for the autosomal recessive form of HIES are largely
unknown. Two candidate genes have been uncovered, TYK2 and DOCKS. TYK2 has
only been confirmed in one patient thus far whereas DOCKS8 has now become a much
more prominent candidate. Loss of DOCKS8 in mouse models, reported in our lab,
results in loss of B cell memory as well as T cell immunodeficiency. This is similar to

the phenotype seen in patients. However, no hyper IgE phenotype has been observed
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in either CPM or pri animal strains and therefore the role of DOCKS8 in atopy is

unknown.
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1.4 Guanine Nucleotide Exchange Factors — DOCK family

1.4.1 Introduction to DOCK family proteins

The Ras superfamily of small GTPase proteins form a large family of proteins
involved in a wide range of cellular processes including cell division, migration,
phagocytosis and cytoskeletal regulation. Mutations in these proteins have a strong
association with human cancers and have become a strong focus of research to
improve our understanding of cellular biology and to produce drug targets for the
treatment of cancer. To date, over 150 members of this family have been identified in
humans based on sequence homology. These proteins cycle between a guanine
diphosphate (GDP)-bound inactive form to an active guanine triphosphate (GTP)-
bound state in which these proteins can interact and induce cell signalling and effector
molecules. Two families of proteins tightly regulate the activity of these GTPase
proteins: guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins

(GAPS).

Rho GTPase specific GEFs can be divided into two main subfamilies, the classical
Dbl—pleckstrin homology domain (DH-PH)-containing family and the DOCK180-
related proteins containing the DOCK Homology Region (DHR) motif [36, 37]. The
latter family consist of eleven mammalian members that have been implicated in a
wide variety of critically important biological processes, including chemotaxis,

phagocytosis, myoblast fusion and neuronal cell growth and differentiation [38-41].

The DOCK family of proteins comprises a number of GEFs that are critical activators
of Rho/Rac/Cdc42 small GTPase proteins in worms, flies and mammals. Divided into

4 subfamilies (Fig3), they have little sequence homology outside their evolutionary
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conserved DHR1 and DHR2 domains. The DHR1 domain in DOCK proteins binds
P13,4,5P3 lipids generated by PI3 kinase activity and promotes localized membrane
binding and activation, while the DHR2 domain binds to Rho-family GTPases-
proteins (Rac, Cdc42) and provides catalytic GEF activity to stimulate these proteins

[37].
DOCK Proteins

/ PIP3 N\ / Catalytic '\

Binding Domain Domain

o=

SubFamily DOCK180 SubFamily DOCK3 SubFamily r pocke
DOCK-A < DOCK2 DOCK-B DOCK4 DOCK-C < DOCK7
DOCK5 DOCK8

Effectors: Rac Rac Rac, cdc42

SubFamily[ DOCK9
DOCK-D < DOCK10

DOCK11
Effectors: cdc4?

Figure 3: The DOCK family proteins and their effectors. The DOCK family proteins
share little sequence homology apart from two evolutionary conserved domains. The
DHR1 domain contains a phospholipid (including PIP3) binding domain whereas the
DHR2 domain is important for interaction with effector molecules, such as Rac and
cdc42. DOCK family proteins can be further subdivided based on sequence homology

in the DHR1/2 domains and on the presence of a SH3 domain (found in DOCK-A, B
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and C subfamily) and a pH domain (DOCK-D subfamily). Different subfamilies have

been demonstrated to specifically interact with different downstream effectors.

1.4.2 DOCK180 and DOCK?2 proteins

To date, the two best-characterized DOCK family proteins are the prototypical
DOCK1 protein - DOCK180 and DOCK2. DOCK180 was cloned in 1996 during a
search for proteins interacting with the proto-oncogene Crk [42]. It was later found
that DOCK180 played a crucial role in Rac activation during a number of biological
processes such as cell migration, phagocytosis and cell death [43-45]. Genetic
screening in Caenorhabditis elegans (C.elegans) and Drosphila melanogaster lead to
the discovery of DOCK180 orthologues in these species. Work carried out on the
C.elegan DOCK180 ortholog Ced-5, has lead to a greater understanding of the
molecular mechanisms controlling DOCK protein activity and the downstream
activation of Rac. Importantly, Ced-5 was shown to regulate Ced-10 (ortholog of
mammalian Rac) activity in C.elegans in conjunction with other proteins including
Ced-12 (ortholog of mammalian protein ELMO) [46, 47]. Evidence now suggests that
interaction between DOCK180, inactive Rac and ELMO confers catalytic activity on
DOCK180 to allow effective Rac activation [46, 48]. ELMO alone does not appear to
have an enzymatic activity of its own and acts simply as a scaffolding protein to
facilitate this process. It may also promote the targeting of DOCK180 to the plasma

membrane in response to a number of stimuli.

Despite the widespread expression of DOCK180 and its importance in cell

movement, peripheral blood leukocytes show little or no expression. However, CD4"

and CD8" T cells, B cells, NK cells and neutrophils express high levels of the related

30



protein DOCK2 and the creation of DOCK2 knockout mice has demonstrated a
critical role for DOCK2 in regulating the immune system [49-51]. DOCK2 knockout
mice show severe lymphopenia with losses of CD4" and CD8" T cells and B cells in
secondary lymphoid organs including the spleen and peripheral lymph nodes (PLNSs).
This phenotype was shown to be due to defective cell migration in response to a wide
range of homeostatic chemokines including CCL19, CCL21, stroma-derived factor
(SDF)-1 and CXCL13 [49]. Calcium influx, protein kinase B and ERK1/2 activation
are normal in DOCK2 knockout mice compared to heterozygote littermates.
However, phosphorylation of Racl was absent after stimulation of chemokine
receptors demonstrating a crucial link between these receptors, DOCK2 and cell

migration [49].

As well as deficiencies in adaptive immunity, innate responses are also limited by the
absence of DOCK?2. Although chemotactic responses of monocytes to chemokines
SDF-1 and monocyte chemotactic protein (MCP)-1 are normal in DOCK2 deficient
mice, neutrophil migration and activation by N-formyl-methionyl-leucyl-
phenylalanine (fMLP) and phorbol myristate acetate (PMA) are diminished, again due
to lack of Racl activation and failure to induce polarized accumulation of F-actin

[52].

1.4.3 DOCK C subfamily of proteins

The GEF DOCKS is part of the DOCK-C subfamily of DOCK proteins, along with
proteins DOCK6 and DOCK?7, based on sequence homology and similarities in
domain structures [41] (Fig3). DOCK6 and DOCKY7 are expressed at high levels in

the brain and other neuron tissues and have been shown to play a critical role in
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dendrite formation, axonal growth and neurite survival [53, 54]. Recessive mutations
in DOCKG®6 in humans are associated with Adams-Olivier Syndrome, a neurological
disorder defined by the combination of aplasia cutis congenita (ACC) and terminal
transverse limb defects (TTLD) [55]. In relation to this, it may be significant that two
cases of mental retardation and developmental disabilities have been documented in
patients found to carry DOCKS8 mutations [23]. However, gene expression data shows
that DOCKS8, unlike DOCK6 and DOCKY7, is expressed mainly in haemopoetic cell
types including B and T cell subpopulations and other innate cell types including
granulocytes, macrophages and dendritic cells. However, the role of DOCKS in

maintaining immune function and homeostasis is still to be investigated.

DOCKS8 was first isolated in a yeast two-hybrid system screening for Cdc42-
interacting proteins [56]. As well as binding to cdc42, it was also shown that Racl
could also be targeted by DOCKS8 [56]. This finding is supported by the result that
DOCKG6 and DOCKY7 and have been demonstrated to interact with cdc42 and Racl
respectively. However, a stable interaction between DOCKS8 and Cdc42 or Racl
could not be established using pull-down experiments and immunoprecipitations. As
the yeast two-hybrid system is more sensitive and is able to detect transient
transactions between proteins, this raises the possibility of a chaperone molecule
being required to stabilize DOCKS interactions with target molecules. This theory has
been demonstrated to be true with reference to DOCK180 and ELMO to enhance Rac
activation [46]. However, to date there is no clear candidate to carry out this role for

DOCKS.
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1.4.4 Mechanisms of DOCK protein catalytic function

The structural mechanisms underlying activation of GTPases by the exchange of GDP
for GTP by DOCK family proteins has been difficult to elucidate. However, Yang et
al through the use of crystal structures of the DOCK9 DHR2 domain in complexes
with nucleotide free Cdc42, GDP-bound and GTP-bound Cdc42 have been able to
reveal the structural basis of DOCK activation of GTPases [57]. As experimental
evidence suggests that the main downstream target of DOCKS8 is the GTPase, Cdc42,

this work provides insight into how DOCKS8 may function.

Initially for GEFs to activate their target molecule (such as Rac or Cdc42) they must
lower the affinity of GTPases for GDP before the addition of GTP. This process of
lowering affinity for GDP occurs during the interaction of the DOCK DHR2 domain
with the target molecule, such as Cdc42. The work done by Yang et al firstly shows
that, binding of Cdc42 to the DOCK9 DHR2 domain exposes the nucleotide binding
site of GDP so it can be removed. The binding of Cdc42 also causes exclusion of
Mg®* from the complex by a Val residue found at position 1951 of the DHR2 domain.
As Mg** is important in increasing affinity of nucleotides for GTPases [58], the
exclusion of Mg** makes GDP more susceptible to removal. The importance of the
Val 1951 residue is evident by the fact that it is evolutionarily conserved in all DOCK
homologues from plants to humans [59]. The mutagenesis of this residue also
severely disrupts DOCK catalytic function. This mechanism of Mg®* exclusion is
fundamentally different to other classically described GEFs as normally a conserved
residue of the GTPase (e.g. Alanine residue 59 in Ras proteins) is responsible for
interfering with Mg?* binding as opposed to residues within the GEF itself [60, 61].

The second stage of activation of a GTPase is the substitution of GDP for GTP. Once
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GDP affinity is sufficiently lowered, GDP can be displaced by GTP resulting in the
activation of the GTPase. The nucleotide free form of cdc42 binds tightly to the
DOCK DHR2 domain and therefore the re-attachment of nucleotide is required for
the discharge of the GTPase. The binding of GTP induces conformational changes
affecting both Cdc42 and the DHR2 domain. This reorganization of the complex
results in the disengagement of the GTPase and increases its affinity for GTP. GDP
itself does not induce equivalent conformational changes compared to GTP and
therefore is out competed [57]. As mentioned previously, DOCK proteins appear to

require chaperone molecules such as ELMO to stabilize such reactions.

1.4.5 Recruitment and activation of DOCK proteins

A key question concerning the role of DOCK proteins within the immune system is
what upstream signals recruit and activate DOCK proteins. Based on the study of
DOCK?2 knockout mice, DOCK proteins may have roles downstream of chemokine
receptors in regulating cell movement [50]. In support of this, DOCKS has also been
shown to be activated downstream of chemokine receptors in response to
sphingosine-1-phosphate (S1P) and CCL21 in single positive thymocytes [62].
However, DOCK proteins have been shown to be activated most notably after
engagement of integrins. DOCKZ180 is recruited in response to integrin activation to
induce phagocytosis, cell adhesion and cytoskeletal rearrangements [38, 43, 44, 63,
64]. To date, this has not been formally demonstrated for DOCKS8, but DOCK
proteins have also been associated with inside out signaling of integrins. In the
absence of DOCKZ2, B cells suffer from severe defects in integrin activation by
CXCL13 despite comparable levels of integrin expression [49]. Failure to activate

integrins has also been observed downstream of both the T cell receptor (TCR) and
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the B cell receptor (BCR) in the absence of DOCKS [10, 13]. As these defects were
observed during the formation of the immune synapse, loss of DOCK proteins is
expected to have consequences for the activation and differentiation of immune cells

and in active immune responses.

Upon interaction of B cells with antigen, B cells undergo spreading and cytoskeleton
rearrangements which allow the clustering of antigen into a central signalling
structure known as the central supramolecular activation clusters (¢cCSMAC). During
the formation of this structure, other accessory molecules such as integrins and
tyrosine phosphatase become segregated. Integrins such as LFA-1 form a ring around
the cSMAC known as the peripheral supramolecular activation clusters ((SMAC) and
stabilize the structure by interaction with ICAM-1 expressed on antigen presenting

cells [65, 66].

Analysis of the activation of DOCKS deficient B cells from our CPM strain using in
vitro assays demonstrated that in the absence of DOCKS8 B cell activation was intact
[10]. CPM B cells underwent equivalent cellular division after stimulation with anti-
IgM when compared to WT B cells and also up regulated activation markers
including CD25 and CD86. However, when CPM B cells were lowered onto lipid
bilayers containing fluorescently tagged molecules associated with B cell synapse
formation, differences in integrin localization were observed. CPM B cells cluster
antigen normally into the cSMAC but fail to segregate the integrin LFA-1 into the
pSMAC [10]. This deficiency may have important consequences for the selection and
activation of CPM B cells in vivo and may help to explain the loss of GC B cells in

this model. Therefore, DOCK family proteins can have roles not only in the activation
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of integrins such as LFA-1 but also their localization within structures such as the

immune synapse [10, 13].

1.4.6 Summary

The DOCK family represents a unique subfamily of GEFs capable of regulating
chemotaxis, phagocytosis, cell adhesion and cell survival. The family is comprised of
11 members which are expressed primarily in the nervous system and in haemopoetic
cells. These proteins contain two evolutionary conserved domains, the DHR1 and
DHR2 domains that are responsible for DOCK protein function. The DHR1 domain
is important in the localization of these proteins to the cell membrane by interaction
with phospholipids whereas the DHR2 contains the catalytic activity of the protein
and has been demonstrated to be important in the regulation and activation of
GTPases including Cdc42 and Racl proteins. Dysregulation of these proteins is
predicted to affect a number of cellular processes most notably affecting cytoskeletal
regulation. The importance of these proteins is demonstrated by phenotypes observed
when their expression or function is disrupted. DOCK2 knockout mice have a severe
loss of both T and B cells due to abolished chemokine responses due to a failure to
activate Racl. Other cell types including neutrophils are also disrupted by the absence
of DOCK2. Our DOCKS8 deficient strain, CPM, does not display such severe
phenotypes. However, defects in GC B cells after immunization and in MZ B cells

suggest that DOCK8 may play a more specialized role in the immune system.
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1.5 Maintenance of Naive and Memory T cell Survival

1.5.1 Factors regulating the naive T cell pool

Guanine nucleotide exchange factors and the actin cytoskeleton have been shown to
have an important role in maintaining normal T cell homeostasis. This has been
shown in a number of knockout models where the removal of key GEFs, GTPases and
cytoskeletal regulators has lead to abnormal T cell development, diminished T cell
motility and migration and lymphopenia [41, 50, 67]. However, the mechanisms

underlying these losses in T cell function are still unclear and are under investigation.

The maintenance of the naive T cell pool is dependant on two main factors: (1), the
release of new, mature naive T cells from the thymus throughout life and (2), the
maintenance of already existing naive T cells in the peripheral lymphoid organs.
CD4" and CD8" T cells are generated in the thymus after undergoing stringent
selection processes to establish a pool of mature T cells with a diverse array of TCR
specificities to foreign antigens while eliminating potentially harmful self reactive
cells. Immature CD4°CD8" double positive (DP) T cells possessing TCR specificities
with weak affinity binding for self-peptide MHC complexes are selected in the
thymus during ‘positive selection” whereas T cells with high affinity binding, which
are therefore potentially self reactive and harmful, are subsequently deleted during
‘negative selection’. This model predicts the level of signal generated during these
initial interactions between TCR and peptide-MHC complexes is extremely important
in the selection process. It is also important to note at this stage that T cells that
produce TCR specificities that do not recognize self-peptide MHC complexes also
undergo apoptosis due to a lack of TCR stimulation. This is also true of naive T cells

in the peripheral tissues. Mature, naive T cells in the periphery are kept alive by tonic
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signaling through the TCR, demonstrated by work showing the ablation of the TCR
results in the shortening of the lifespan of naive T cells [68]. Other survival factors,
most notably cytokines such as IL7 are also important [69, 70]. Therefore, signaling
via the TCR is crucial for both the selection and the survival of naive T cells

throughout their lifespan.

1.5.2 Effects of cytoskeletal proteins and GEFs on thymic development

Based on the importance of TCR signaling in both positive and negative selection of
T cells, much work has been done to uncover the relative importance of the different
TCR signaling molecules during T cell development. Deficiencies in the Vav family
of Rho guanine nucleotide exchange factors have shown these GEFs are crucial in
both T and B cell development [71, 72]. Vav1-null mice show an early block in the
transition from double negative (DN) to double positive (DP) T cells with a further
block observed in the positive and negative selection of single positive (SP) CD4" and
CDS8" T cells [72]. These observations are consistent with Vavl being involved in
TCR signaling. Mice deficient in Vav2 or Vav3 undergo relatively normal T cell
development. However, the use of combined knockouts of the three GEFs shows a
hierarchy in the importance of these proteins. The role of VVav3 in T cell development
only becomes apparent in Vavl and Vav3 knockout mice with more severe blocks in
DN to DP and DP to SP transitions [72]. In the absence of all 3 GEFs, T cell
development is almost completely blocked. Thus, Vav proteins can compensate for
the loss of other proteins, as illustrated by the fact that when expression of either
Vav2 or Vav3 is lost, T cell development can still occur through Vavl [72]. DOCK2
knockout mice have also been shown to have defects in TCR activation, due to

failures in the regulation of synapse formation [51]. Analysis of T cell development in
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the absence of DOCK2 showed similar blocks in DN to DP and DP to SP transitions
[51]. Based on this, DOCK8 may play a role in the development of mature T cells.
However, as seen with different VVav proteins, redundancy is apparent within this
protein family and therefore DOCK proteins may provide similar compensatory

effects.

Interestingly, critical roles of DOCK proteins have also been demonstrated in the
colonization of the thymus by T-lymphoid progenitor cells generated in the fetal liver
[73]. Work carried out by Fukui et al demonstrated the impaired migration of
lymphoid progenitors to fetal thymus lobes when both DOCK180 and DOCK?2
expression was lost. This phenotype was not seen when either DOCK180 or DOCK2
were expressed on their own therefore demonstrating that DOCK proteins can indeed

have compensatory roles, similar to that seen in Vav knockout studies [73].

1.5.3 Tonic TCR signaling and T cell lymphopenia

As mentioned previously, tonic TCR signaling in the periphery is also a crucial factor
in maintaining T cell lifespan. The mechanisms as to how tonic TCR signaling
influences T cell survival are poorly understood. However, one possible mechanism is
by regulating responsiveness to cytokines such as IL7. This has been demonstrated by
showing naive CD8 T cells become unresponsive to cytokines such as IL7 when
transferred into MHC-1 deficient hosts [74, 75]. Studies involving deletions or
alterations in TCR signaling cascades show reduced T cell lifespan involves proteins
including Vav proteins and the cytoskeletal protein wiskott-aldrich syndrome protein

(WASp) [72, 76].
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As a consequence of this, large proportions of peripheral T cells in such lymphopenic
mice are CD44" memory-like T cells. The most commonly used explanation for this

phenomenon is increased homeostatic proliferation due to the increased availability of
cytokines including IL7 and 1L15 [74]. However, as TCR signaling may be important
in regulating responsiveness to homeostatic cytokines, other mechanisms should also
be considered. One such mechanism may be the loss of contact with regulatory cells
which control/inhibit the proliferation of naive T cells. It has been demonstrated that
T regulatory populations have a crucial role in maintaining peripheral T cell tolerance
by mechanisms controlling the proliferation of T cells in vitro and in vivo [77].

Therefore, loss of regulatory populations in these mice may be responsible for the
expansion of CD44" populations. Due to loss of cytoskeletal regulation, cells may

also have intrinsic defects in their ability to interact and form contacts with regulatory
elements. For example, interaction with dendritic cells has been shown to induce

tolerance in CD8 T cells by ligands including PD-1 and CTLA-4 [78].

1.5.4 Role of GEFs in active immune responses

GEFs have also been demonstrated to have crucial roles in the initiation of both T cell
and B cell responses. As seen in our CPM mutant, B cells lacking DOCKS are able to
mount primary responses to antigen but fail to maintain responses and generate long-
term memory [10]. Other GEF knockout models have also shown similar defects in
active immunity including defective CD8 T cell responses, impaired T cell help and

diminished NK cell activation [79-81].

Through the use of immunological tools such as tetramers to detect antigen specific T

cells and TCR transgenic mice, it is now possible to track immune responses and
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study the factors that regulate memory induction. The adaptive immune response
occurs in the draining lymph nodes of the site of infection and other secondary
lymphoid organs such as the spleen. It is initiated by the migration of dendritic cells
that have encountered antigen at the site of infection and migrated to the spleen and
lymph nodes although other cells have been reported to induce primary T cell
responses [82, 83]. The generation of antigen specific T cells in response to pathogen
can be divided into 3 distinct stages. Upon encounter with antigen, an expansion
phase occurs where a program of activation and differentiation is induced in antigen
specific T cells to allow the formation of an effector T cell population, capable of
cytokine production and cytolytic activity. This effector population is responsible for
the clearance of antigen. After antigen is successfully cleared from the system, the
antigen specific pool of effector cells undergo a phase of contraction where >95% of
the effector T cell population die from apoptosis. However, a small proportion of
antigen specific cells undergo a final phase of differentiation into a long-lived,

memory population, which provides protection against further infection [2-4].

1.5.5 Factors regulating memory T cell differentiation and survival

Loss of memory T cells, in both animal models and in humans, has serious
implications resulting in recurrent viral and bacterial infections and reduced life span.
We now understand a wide range of factors are important in the induction and
maintenance of memory cells. Generation of memory is dependent on the level of
TCR stimulation at the time of antigen recognition as well as co-stimulation from
activatory molecules including CD28, CD40, ICOS and OX40 [84]. Loss of
responsiveness to pro-inflammatory cytokines including IL12 and IFNy does not

affect the primary expansion of antigen specific T cells but results in diminished
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memory T cell formation [85]. Importantly, evidence suggests that the maintenance
and control of memory T cell pool is dependant on homeostatic cytokines including
IL-15 and IL-7 [2-4, 70]. This can be seen in IL-15 transgenic mice where a selective
expansion of CD8" memory T cells is observed in response to higher I1L-15 levels [86,
87]. Reduced CD8" memory T cell populations are also present in IL-15 and IL15Ra

knockout mice [88, 89].

There is now increasing evidence that memory T cells also rely on other factors
including cell-cell adhesive molecules and cytoskeletal proteins. Adoptive transfer of
OT-1 effector T cells into intercellular adhesion molecule (ICAM)-1 knockout mice
show reduced survival of memory T cells inferring the requirement of the integrin
LFA-1 in the maintenance of memory cells [90]. However, whether this is due to the
induction of survival factors downstream of LFA-1 engagement or due to the
specialized localisation of memory cells to homeostatic niches is unclear. Indeed,
CD4" and CD8" memory cells have been demonstrated to preferentially home to the
bone marrow where cells are believed to undergo homeostatic proliferation [91, 92].
Memory CD4" T cells associate primarily with VCAM-1 expressing stromal cells,
which are a prominent source of IL-7, through the integrin a4p1 [93]. Experiments
interfering with o4pB1/VCAM-1 binding or conditional knockout studies have
demonstrated the importance of cell-cell adhesion mechanism for homing to the bone

marrow [94-96].

In relation to this work, loss of DOCKS8 has previously been shown to result in

diminished GC B cells consequently resulting in a loss of B cell memory and
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secondary antibody responses. However, at present no role of DOCK proteins have

been described in primary or secondary T cell responses to antigen.

1.5.6 Summary

Maintenance of naive T cell repertoire is important in protecting individuals from
pathogen challenge. This is clear in patients with primary immunodeficiency diseases
with loss of peripheral T cells. These patients normally present with susceptibility to a
wide range of bacterial and viral infections due to defects in mounting immune
responses. However, the selection and maintenance of this pool of naive T cells is
tightly controlled by a number of factors. The development of the naive T cell
repertoire occurs within the thymus where T cells undergo selection based on their
reactivity to self-peptide MHC complexes. The alteration of TCR signalling
components such as GEFs including Vav proteins and DOCK?2 results in blocks in T
cell development. Deficiency in DOCK8 might also be expected to have effects on

the selection of naive T cells in the thymus.

Defects in TCR signalling have been demonstrated to be important in the survival of
naive T cells due to the requirement of tonic TCR signalling in relaying survival
factors. In addition to this, survival factors including homeostatic cytokines such IL7
ad 1L15, cell-to-cell adhesion molecules and cytoskeletal proteins are all important in
cell survival. Increasing our understanding of all these factors and the mechanisms
that relay these survival signals is crucial to our understanding of control of the naive

T cell repertoire.
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Susceptibility of some immunocompromised patients to infection may be due
primarily to an inability to mount normal effector and memory T cell responses.
Through the use of animal models and experimental tools such as tetramers, the
antigen specific T cell response has been measured through the course of infection
and new factors involved in this response have been uncovered. Specifically, defects
in TCR sensitivity due to alterations in signalling components such as GEFs have
been linked to defects in responsiveness to antigen challenge and deficiencies in both
effector and memory T cell populations. However, our understanding of memory cell
induction and maintenance are still incomplete and different approaches are underway
to identify new factors to help improve our knowledge of memory cells and
ultimately, improve the design of future vaccines to induce strong protective

responses in humans.

44



1.6 Invariant NKT development and Homeostasis

1.6.1 Importance of Natural killer T cells

Natural Killer T cells (NKT cells) are a unique population of immunoregulatory T
lymphocytes that support strong immunity to cancers and microorganisms, including
viruses and bacteria [97-101]. Invariant NKT cells (iNKT) form the main branch of
these cells and express a semi-invariant TCR composed of a Val4-Jal8
rearrangement which preferentially associates with the V38, VB7, or VB2 gene
segments. Unlike conventional T cells, NKT cells recognise glycolipids presented in
the groove of an MHCI-like molecule CD1d [100, 102]. The importance of CD1d in
the selection and maintenance of iINKT cells is now well documented. However, the
identity of the endogenous ligand responsible for iINKT function is still highly
debatable. The discovery of a naturally occurring ligand for this specific TCR
rearrangement, alpha-galactosylceramide (aGalCer), has allowed the development,
homeostasis and function of these cells to be well characterized using aGalCer-

loaded tetramers [103].

1.6.2 Factors regulating invariant NKT cell development

INKT cells, like conventional T cells, are dependant on the thymus for their
development as both nude and thymectomized mice have no detectable iINKT cell
population [104]. However, the selection and development of this cell type is unique
and different to that of conventional T cells. INKT cells precursors are found at an
extremely low frequency in the thymus (1 in 1x10° thymocytes) expressing high
levels of heat stable antigen (HSA) and proliferate extensively after positive selection
[105, 106]. In contrast to conventional af3 T cell development, which occurs by

interaction of double positive CD4'CD8" T cells with cortical epithelial cells
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expressing MHC molecules, INKT cells undergo positive selection by interaction with
DP T cells expressing CD1d (based on knockout and chimeric models restricting the
expression of CD1d to haemopoetic or epithelial cells) [105-108]. As we now
understand, selection depends on additional signals to iNKT cells through SLAM
receptors. SLAM receptors are expressed on DP T cells and signal via molecules
including Src kinase Fyn and signalling lymphocytic activation molecule (SLAM)
associated protein (SAP) [109]. X-linked lymphoproliferative syndrome (XLP) is
caused by mutations in SAP and these patients also show deficiencies in INKT cells
[110]. In support of the role of SLAM receptors in positive selection of INKT cells,

SAP knockout mice show a complete block in early iINKT cell development [110].

After positive selection by DP T cells expressing CD1d and signalling by the
accessory SLAM receptors, development occurs in a linear fashion with stages
identified by CD44 and NK1.1 expression (along with other markers including DX5,
CD4, Tbet and GATAS3). Cells progress from low expression of both CD44 and
NK1.1 (CD44'NK1.1) to CD44"'NK1.1 cells before a final maturation step to
become CD44"NK1.1" (Fig4) [104, 111]. The expression of NK1.1 is the second
distinct feature of iINKT cells following the expression of the Val4-Jal18 TCR. This
final stage of mature iINKT cells is a long-lived, resting population of cells found
within the thymus with an as yet unknown function. Adoptive transfer experiments of
thymic iNKT cells into autoimmune models such NOD mice shows the effective
suppression of diabetes in these mice [112]. However, as mature iNKT cells are
retained within the thymus, it is difficult to understand how they can mediate such

immunoregulatory effects. In addition, no differences in thymic or T cell development
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are observed in the absence of thymic iNKT cells. Therefore, the role of these cells is

still under investigation.

INKT Cell Development
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Figure 4: The development and maturation of iNKT cells. INKT cell development is
initiated by interaction of DP T cells bearing the Val4-Jal8 TCR rearrangement
with other CD1d expressing DP T cells. This interaction is also dependent on
homotypic interactions mediated by SLAM receptors. Positive selection of cells
induces a program of differentiation resulting in cells modulating cell markers
including HSA", CD44 and NK1.1. Stage2 cells possess the ability to egress from the
thymus and undergo further development in the periphery upon interaction of CD1d.

However, Stage2 cells may also remain within the thymus and undergo further
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maturation in Stage3 INKT cells. This population is a resting, resident population

within the thymus.

1.6.3 Factors regulating peripheral iINKT cell function and survival

Peripheral iNKT populations are derived from the CD44"NK1.1 population in the
thymus that has been shown to egress into the blood under the influence of
sphingosine-1-phosphate (S1P) [113, 114]. These cells will preferentially localize in
the liver and spleen where they will up regulate NK1.1 after further interaction with

CD1d molecules [115].

Although the development of INKT cells is now well documented the factors
involved in the survival and maturation of iINKT cells in the periphery are complex
and uncertain. Through the use of CD1d knockout models and adoptive transfers the
semi-invariant TCR and its ongoing interaction with CD1d molecules has been shown
to have differing roles in each process. Maturation of CD44"NK1.1 cells in the
periphery is reliant on CD1d interaction as demonstrated by the specific failure of
adoptively transferred CD44"NK1.1" iNKT cells to up regulate NK1.1 in CD1d
knockout hosts [115]. However, the survival of these cells was unimpaired for up to 6
weeks post transfer showing that INKT survival is TCR independent. It is now
accepted that factors including cytokines, cellular niches and cell-to-cell interactions

via molecules such as integrins and other adhesion molecules are required [116-119].

INKT cells do not rely on tonic TCR signalling to transduce survival signals to

maintain INKT cells. In this respect, INKT cells are similar to memory-like

populations which are dependent on cytokines such as IL7 and IL15 [120]. It has been
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demonstrated that this is indeed true for iINKT cells with IL15 playing a key role in
their survival, proliferation and maturation. 1L15 knockout mice show reduced iINKT
populations in the thymus, liver and spleen with cells showing reduced levels of
survival factors such as Bcl2 [120, 121]. The addition of exogenous IL15 to iINKT
cells in in vitro cultures has been demonstrated to increase levels of such survival
factors. In vivo, dendritic cells are capable of trans-presentation of IL15 and are
important regulators of iNKT cell turnover and activation [122]. In the absence of
IL15 sensitivity, iINKT cells become unresponsive to activation. This defect can be
rescued by exposing cells to IL15 prior to stimulation supporting a key role for IL15

in INKT cell homeostasis [122].

The importance of chemokines and adhesion molecules has also been a key area of
interest in understanding INKT homeostasis and migratory behaviour. Interestingly,
following adoptive transfer, splenic and liver iINKT cells show the same ability to
home to both liver and spleen showing plasticity in iINKT cell migration [116]. This
was an unexpected result as iINKT cells from different secondary lymphoid organs
have been shown to have differential responses to a number of chemokines [113]. For
example, CXCR6 has been shown to have a crucial role in the accumulation of INKT
cells within the liver. CXCR6 knockout mice show a loss in liver INKT cells with
altered homing capacity to the bone marrow [123]. Work also carried out by Thomas
et al demonstrated that iNKT cells become retained in peripheral lymphoid organs
and do not re-circulate [116]. This retention of iINKT cells in organs such as the liver
is dependent on the expression of the signature transcription factor of the NKT cell
lineage, promyelocytic leukaemia zinc finger (PLZF). Ectopic expression of this

transcription factor in CD4" T cells results in altered CD4" T cell development with
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cells taking on more NKT cell traits including the high expression of the integrin
LFA-1 [116]. LFA-1 knockout mice show specific losses of liver iNKT cells while
thymic and splenic iNKT cell populations remain intact [124]. The importance of
LFA-1 in the retention of liver INKT cells is demonstrated by the injection of LFA-
1/ICAM-1 interfering antibodies into WT mice. Disruption of LFA-1/ICAM-1
complexes on INKT cells results in the recirculation of cells into the blood. This
effect is specific to LFA-1 as injection of neutralizing antibodies to other integrins
including very late antigen (VLA)-4 has no effect on retention of liver INKT cells

[116].

Proteins involved in cytoskeletal rearrangements have also been implicated in the
development and survival of iINKT cells. DOCK2 knockout mice show losses of all
INKT cell populations including thymic, splenic and liver cells [125, 126]. This defect
is linked to the early development of iINKT cells in the thymus with a severe block in
the positive selection of INKT cell precursors. As mentioned before, this selection is
based on signalling via the TCR by interaction with CD1d molecules and SLAM
receptors. The block observed in DOCK2 knockouts is similar to that of SAP
knockout mice. However, phenotypes observed in TCR activation in SAP deficient T
cells are not seen in DOCK?2 knockout T cells therefore DOCK2 may be important in
signalling pathways independent of SAP. This raises the possibility that DOCK2
plays a role in signalling downstream of the TCR. DOCK2 knockout T cells do show
defects in immunological synapse formation and have blocks in development of T
cells when crossed to a TCR transgenic background [51]. Therefore, a role for
DOCK2 in immune synapse formation and regulating TCR signalling during

processes such as positive selection of INKT cells looks likely. The cytoskeletal
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protein, Wiskott-Aldrich syndrome protein (WASp) has also been implicated in INKT
cell development. Peripheral iNKT cell populations in the liver and spleen are lost
with defects in iINKT maturation to NK1.1" state [127, 128]. Blocks in iNKT cell
development are observed although this is found in the transition from CD44"NK1.1°
to CD44"NK1.1" indicating a role of WASp in iNKT maturation. In addition to this,
loss of WASp expression was associated with altered integrin expression with
decreased LFA-1 staining [127, 128]. This has important implications for iNKT cell

activation and homing in these mice.

1.6.4 Summary

INKT cells have been demonstrated to regulate a wide range of immunological
cascades including responses to bacterial and viral infections, autoimmune diseases
and cancer immunosurveillance. Therefore, much work has been undertaken to
understand the factors that regulate the activation and development of these cells in
order to exploit them for therapeutic purposes. INKT cells undergo a unique
developmental pathway within the thymus in parallel to normal T cell development
but development is dependent on expression of glycolipids in the context of CD1d to
allow the positive selection of T cells expressing a restricted repertoire of TCR
recombinations. After selection, iINKT cells undergo further maturation including the
up regulation of the NK cell marker — NK1.1. This maturation step can take place in
lymphoid organs such as the liver or spleen. However, INKT maturation can also take
place in the thymus, giving rise to a large population of resting, resident cells of
unknown function. Several extrinsic and intrinsic factors have now been shown to

regulate these cells including cytokines, integrins, chemokine receptors and
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cytoskeletal proteins such as WASp. However, understanding of INKT cell

homeostasis and activation and their role in normal physiology is incomplete.
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1.7 Objective of this thesis

The aim of this thesis was to investigate and understand the mechanisms underlying
the immunodeficiency disease described in patients with mutations in the novel
guanine nucleotide exchange factor — DOCKS. Patients deficient in this GEF have
been described who suffer from a severe primary immunodeficiency disease
characterized by recurrent bacterial and viral infections, atopy with high IgE levels
and eosinophilia and susceptibility to cancer. Studying samples taken from these
patients ex vivo can give insight to the status of the immune system in the absence of
DOCKS. However, it is difficult to interpret findings due to ongoing infections,
heterogeneity in genetics, differences in environmental factors and possible
differences in ongoing treatment. Work is also limited due to access to samples and
assays that can be carried out. Therefore, to achieve the above goals | carried out a
detailed analysis of a DOCKS8 deficient mouse strain, Captain Morgan (CPM).
Through the use of ENU mutagenesis, our lab identified this mutant during a

screening process for ENU mutants with deficiencies in humoral immunity.

Leading up to this project, analysis of B cell homeostasis and function in these mice
uncovered the novel role of DOCKS8 in humoral immunity. The development of CPM
B cells was normal in the bone marrow and the secondary lymphoid organs such as
the spleen. However, selective losses of MZ B cells and B1 cells were seen in the
spleen and peritoneal cavity respectively. The most profound effect of DOCKS
deficiency was in the differentiation and survival of GC B cells. Loss of DOCK8
results in an intrinsic loss of GC B cells leading to a loss of high affinity antibody

responses and memory B cells.
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However, recurrent viral infections in patients indicates a possible defect in T cell
homeostasis and activation and therefore | have carried out a detailed analysis of T
cell development, T cell homeostasis in the peripheral lymphoid organs (including
spleen, lymph nodes and blood) and T cell turnover and survival. To explore these
pathways, | used a variety of in vivo and in vitro assays including the use of bone
marrow chimeras to evaluate cell intrinsic versus extrinsic effects. These experiments
confirm a loss of naive T cells in CPM mice, which mirrors that seen in DOCKS8
deficient patients. My results show this is due to a cell intrinsic defect in the survival

of these cells.

Importantly, and in relation to the B cell phenotypes already documented in CPM, |
investigated the ability of CPM T cells to undergo activation and differentiation in
response to viral challenge. Inability of DOCKS deficient cells to undergo activation
and control viral infection may explain the phenotypes seen in patients. These
experiments show that CPM mice mount normal primary responses to viral challenge,
but fail to maintain memory T cells. This phenotype is similar to that of the B cell
immunization defect we see in the absence of DOCKS, with initial levels of antibody

produced being normal, but lost over time.

Finally, the susceptibility of patients to other immunological related phenotypes such
as an increased prevalence of tumours raised the question of other cell types being
regulated by DOCKS. In the remaining part of my thesis, | show that invariant natural
killer T cells are decreased in CPM mice, with losses observed in all lymphoid
organs. Unlike related knockout strains such as DOCK2 knockout mice, development

of INKT cells in CPM mice was normal. However, differences in the ability of INKT
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cells to undergo full maturation were observed in the thymus, spleen and liver.
Defects in the spleen were rescued in mixed bone marrow settings, suggesting these
defects were due to extrinsic factors such as antigen presentation. However, losses of
thymic and liver iINKT were principally cell intrinsic and will contribute to the

susceptibility of patients to recurrent infections and cancer.
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Chapter 2

Materials and Methods

2.1 Animal work

2.1.1 Animal facilities and procedures

Mice were kept in pathogen free conditions. All experiments performed at the
University of Oxford were approved by the Oxford University Ethical Review
Committee and were performed under UK Home Office project licence 30/2455 and

personal licence 30/6284.

2.1.2 Mouse ENU mutagenesis

Male 8-15 week old C57BL/6 mice were injected 3 times at an interval of 1 per week
with 100mg/kg of N-ethyl-N-nitrosourea (ENU) (Sigma) in 10% ethanol in citrate
buffer, pH 5.0. After 8 weeks, ENU treated males (GO) were mated with C57BL/6
females to generate G1 progeny carrying ENU induced mutations (G1). G1 carrier
mice were then mated with GO founder strains to produce offspring, which were then
inter-crossed to produce G3 progeny, which are expected to carry homozygous
recessive mutations. At this stage animals were screened for immunological
phenotypes of interest. Mutagenesis and initial screening were performed at the John
Curtin School of Medical Research at the Australian National University (Canberra,
Australia) and in accordance UCSF Institutional Animal Care and User Committee

approved protocols.
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2.1.3 ENU mutant captain morgan and mouse transgenics

The mouse strain, Captain Morgan (CPM), was derived from the ENU mutagenesis
program based at the John Curtin School of Medical Research (Canberra, Australia).
CPM mice were inter-crossed to 129 F1 mice before the use of strain specific micro-
satellite markers to map the CPM mutation to chromosome 19. Sequencing showed
that CPM mice contained a T-C substitution in the intron 20, leading to the disruption
of the exon 20 splice donor sequence of the guanine nucleotide exchange factor,
DOCKS, which results in altered gene splicing consequently inducing frameshifts and

premature stop codons in this protein.

CPM mice are on a C57BL/6 background and individual mice were screened for the
CPM mutation to confirm homozygote mutants before use in experiments. CPM mice
were also crossed to transgenic mouse strains including UBI-GFP/BL6 mice (ordered
from Jackson Laboratories) to allow tracking of DOCKS8 deficient cells during
adoptive transfer experiments. B6SJL CD45 mice were purchased from Biomedical
Services, John Radcliffe Hospital in Oxford. These mice carry a different CD45
allotype compared to C57BL/6 mice and were therefore used as hosts for adoptive
transfer experiments and the generation of bone marrow chimeras. CD103 knockout
(B6.129S2(C)-Itgaetm1Cmp/J) mice were purchased from Jackson Laboratory for

phenotyping purposes.

2.1.4 DNA extraction (ear punch protocol)
At the time of weaning, all mouse strains were given ear punches to identify
individual mice and allow screening of mice for the CPM mutation or other

transgenes such as GFP. DNA was extracted from ear punches by incubating the
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tissue with Img/ml proteinase K (Sigma) in ear punch buffer (50 mM Tris HCI pH
8.0, 10 mM EDTA, 1% SDS, 2 mM NaCl) at 55°C for 40 minutes, vortexing the
samples once after 20 minutes. DNA samples were then diluted 1/10 with PCR grade
water and heated to 100°C for 5 minutes to inactive the proteinase K. DNA was then

stored at -20°C before PCR screens were carried out.

2.1.5 Genotyping and screening of mice by PCR

As described, animals with mutation in the guanine nucleotide exchange factor
DOCK8 were generated by ENU mutagenesis. Mice that were homozygous or
heterozygous for the mutated DOCKS8 gene were screened by PCR with 0.2 uM of
each primer (wildtype screen: DOCK8 and DOCK8 WT; mutant screen: DOCKS8 and
DOCK8 MUT), 0.31 uM of each dNTP, 2 mM MgCl, and 60 U/uL Tag DNA
polymerase in ammonium PCR buffer. The PCR was run for 5 mins at 95°C; 34

cycles of 10 seconds at 95°C, 30 seconds at 68°C and 45 seconds at 72°C.

DOCKS8 5" CTGAAACTCAGCATCATCTGCCTCAAC 3’
DOCK8 WT 5" CTCCCTACCCACAGGCCTCTA 3’
DOCKS8 MUT 5" CTCCCTACCCACAGGCCTCTG 3’

Where appropriate, mice were also screened for the presence of the transgene, GFP.
This screen was carried out with 0.2 uM of each primer, 0.31 uM of each dNTP, 2
mM MgCl, and 60 U/uL Tag DNA polymerase in ammonium PCR buffer. The PCR
was run for 5 mins at 95°C; 29 cycles of 10 seconds at 95°C, 30 seconds at 64°C and

30 seconds at 72°C.

72



GFP (F) 5 ACG TAA ACG GCC ACA AGT TC 3’

GFP (R) 5 AAG TCG TGC TGC TTC ATG TG 3

2.1.6 Generation of bone marrow chimeras

To produce bone marrow chimeras, B6SJL CD45 mice were irradiated with 2
fractions of 4.5 Grays spaced by 3 hours, reconstituted by intravenous injection with
5-10x10° of donor bone marrow cells and left for 8-10 weeks before analysis. For the
first 3 weeks post irradiation, mouse drinking water was supplemented with the
antibiotic Baytril to prevent infection by gut microflora. Donor bone marrow cells
comprised of either CPM or C57BL/6 bone marrow to produce “Straight Chimeras”
or 20:80 mixtures of B6SIL CD45 (CD45.1") bone marrow and either CPM or

C57BL/6 (CD45.2") to generate “Mixed Chimeras”.

2.1.7 Preparation of primary lymphocytes

Mouse lymphocytes were isolated from bone marrow, thymus, lymph nodes and
spleen. Briefly, spleens, thymuses and lymph nodes were forced through a nylon
mesh, pelleted and re-suspended in RPMI 1640 medium (Sigma) supplemented with
2% heat-inactivated fetal calf serum (FCS, Sigma), 2 mM L-glutamine (Sigma), 100
ug/ml streptomycin, 100 U/ml penicillin and 20 uM Hepes pH 7.4 (Gibco). Bone
marrow was taken from one tibia and one femur per mouse and homogenized by
forcing cells through a 23-gauge needle. White blood cells were then enumerated by
staining cells with white blood cell counting fluid (1.5% acetic acid, 0.5% methyl

violet in water) and counted on a haematocytometer.
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2.1.8 Liver lymphocyte preparation

Lymphocytes from mouse livers were isolated in order to study and analyze liver
invariant NKT cells. Briefly, after perfusion of livers by injection of 2ml PBS via the
portal vein, livers were homogenized, passed through a nylon mesh, pelleted and re-
suspended in 40% Percoll (100% Percoll made up as follows: 9ml Percoll, 0.5ml
FCS, 0.5ml RPMI 10x stock, 50ul biocarbonate and diluted to appropriate
concentrations by addition of PBS) and layered onto an equivalent volume of 80%
Percoll. Cells were then spun at 800g for 25 mins with the brake left off.
Lymphocytes were recovered from the interphase and washed with media containing

10% FCS twice before red blood cell lysis.

2.1.9 Intraepithelial lymphocyte preparation

Intraepithelial lymphocytes (IELs) were prepared and isolated from the small intestine
(S1) of animals. Gut contents and peyers patches were removed before the intestine
was opened longitudinally. The gut wall was washed using ice cold PBS before being
cut into small pieces, ~ 1-2cm? in size. Tissue was added to 50ml Falcons containing
25ml of media containing 10% FCS and 0.5mM EDTA and incubated at 37°C for
45mins. Supernatants were then collected, filtered through a nylon mesh, pelleted, re-
suspended in 40% Percoll (as done during “Liver Lymphocyte Preparation”) and
overlaid onto 70% Percoll. After being spun at 800g for 20mins with the brake off,
lymphocytes were recovered from the interphase and washed with RPMI containing

10% FCS before cell staining.
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2.2 Cellular Based Immunology Assays

2.2.1 Flow cytometry staining

5x10° cells were plated in 96 U-bottom plates before staining with fluorescently-
conjugated antibodies against cellular markers diluted in staining media (HANKS
buffer supplemented with 2% FCS, 2% NaAzide and Hepes). Antibodies were from
B.D. Pharmingen or eBioscience® unless otherwise stated. FITC-conjugated
antibodies were against: CD24, BrdU, CD8a, CD62L, CD18, CD103 and CD44.
Phycoerythrin-(PE) conjugated antibodies were against: CD5, CD3, CD69, CD62L,
CD45.1, CD25, TcR, IL4, IFNy, CD1la, Bcl-2 and CD4. PE-Cy7 conjugated
antibodies were against B220, CD69, CD8a, CD4 and NK1.1. PerCp-Cy5.5
conjugated antibodies were against CD8a and B220. Allophycocyanin-(APC)
conjugated antibodies were against: CD44 and CD4. APC-Cy7 conjugated antibodies
were against CD4 and CD45.1. Pacific Blue (PB) conjugated antibodies were against
B220 and CD45.1. QDot650 and QDot605 conjugated antibodies were against CD4
and CD44. Near-Infrared and Aqua Invitrogen Live/dead cell Kkits were used to

identify dead cells.

CD1d-aGalCer loaded tetramers were kindly provided by Vincenzo Cerundolo for
the purposes of researching the role of DOCKS in iINKT cells. Briefly, CD1d heavy
chain containing a BirA tag and 3, M were synthesized using a prokaryotic expression
system (pET, Novagen). Both proteins were expressed in Escherichia coli strain BL21
and isolated from inclusion bodies. Oxidative refolding chromatography was then
used for in vitro refolding of CD1d-3,M complexes in the presence of aGalCer. This
refolding mixture was then concentrated, incubated overnight at room temperature

with a BirA ligase enzyme in the presence of biotin for labelling purposes, before
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purification of CD1d-aGalCer-biotin complexes by size-exclusion chromatography
using a HiLoad 26/60 Superdex-75 (Amersham Pharmacia). CD1d-aGalCer loaded
tetramers were then conjugated to strepavidin-allophycocyanin-(APC) to allow

detection of tetramers by flow cytometry.

All FACS samples were collected on FACSCanto™ or LSRIl machines (B.D.) and

analysed with FlowJo (Tree Star, Inc.) or FACSDiva (B.D.).

2.2.2 Intracellular flow cytometry staining

The BD Cytofix/Cytoperm staining kit was used for staining of intracellular,
cytoplasmic markers. Firstly, cells were stained as described in “Flow Cytometry
Staining”. After cell surface staining, cells were fixed with 100ul of Fixation solution
for 10mins on ice before carrying out multiple washes with permeabilization solution
(diluted 1/10 in distilled water). Cells were then stained with appropriate antibodies
for intracellular targets diluted in permeabilization buffer on ice for 20mins. Once
intracellular staining was complete, cells were washed twice with permeabilization
buffer and twice with staining media before collecting samples on FACSCanto™ or

LSRII machines (B.D.).

2.2.3 Intracellular staining for transcription factors

Staining for transcriptional factors, Thet and GATAS3 was carried out using the Foxp3
Staining Buffer Set from eBioscience. Cells were stained as described previously for
surface markers, before fixation using Fixation/Permeabilization Concentrate diluted
1/4 in Fixation/Permeabilization diluent (all buffers provided in kit). Cells were fixed

for 2 hours on ice before washing with permeabilization buffer and staining for
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transcription factors Thet and GATA3 diluted appropriately in permeabilization
buffer. Cells were then washed and samples collected on FACSCanto™ or LSRII

machines (B.D.).

2.2.4 Cell sorting experiments

To isolate pure populations of cells (>99% purity) cells were stained with the flow
cytometry protocols described above and run on a Beckman Coulter Legacy MoFlo
MLS High Speed Cell Sorter at the flow cytometry core facility within the Jenner

Institute, Oxford.

2.2.5 Magnetic-Activated Cell Sorting (MACS)

To carry out enrichment of rare lymphocyte populations such as INKT cells,
magnetic-activated cell sorting was carried out. All cell enrichments were carried out
with ‘negative selection’ protocols to prevent the inadvertent alteration of cellular
behaviour. Lymphocytes were stained with combinations of biotinylated antibodies
including anti-B220, CD8a, Terl19, CD11c and Ly-6G (20mins on ice) before
washing and addition of 15ul of strepavidin microbeads for 10mins on ice (Miltenyi
Biotech). Samples were then run on LS columns (Miltenyi Biotech) and enriched cells
were collected in the flow through and analyzed by flow cytometry to confirm

depletion was successful.

2.2.6 In vitro chemotaxis assays
Chemotaxis assays were performed to assess chemotactic responses of primary
lymphocytes. To carry out in vitro chemotaxis assays, Costar® Transwell®

Permeable Supports were used in 12 well tissue culture plates. In principle, cells are
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separated from chemoattractants by a permeable cell membrane. Cells from CPM,
wildtype (WT) and B6SJL CD45 transgenics were isolated from primary and
secondary lymphoid organs and prepared as normal. CPM or WT cells were mixed at
1:1 ratios and placed on the upper layer of transwell chambers. Separated by the
permeable cell membrane, different chemoattractants including sphingo-1-phosphate
(S1P) (used at 1000nM, 100nM and 10nM), CCL19 (1ug/ml), CCL21 (1pg/ml),
CXCL12 (0.3ug/ml) and CCL25 (3.33ug/ml) were added to the lower chambers of
the plate. Cells were incubated for 3 hours at 37°C before analysis of migratory cells
by flow cytometry. Migration was measured as a percentage of input cells and CPM

or WT cells were compared directly to CD45.1 WT cells.

2.2.7 T cell activation

To assess T cell activation, splenocytes were plated in 96 well plates coated with anti-
CD3 antibody at 10ug/ml (145-2C11) and 10upg/ml anti-CD28 antibody (37.51) in
PBS. After excess antibody was washed off coated plates, cells were plated at 5x10°
cells/well and incubated at 37°C overnight in RPMI 1640 containing 10% FCS before

analysis of activation markers including CD25 and CD69 by flow cytometry.

2.2.8 T cell proliferation assayed by CFSE labelling

To assess proliferation, WT and CPM lymphocytes were labelled with
Carboxyfluorescein Succinimidyl Ester (CFSE) and cultured for 3 days. To label cells
with CFSE, cells were re-suspended at 2x10° cells/ml and labelled for 8 min at room
temperature with an equivalent volume of CFSE (final 2uM). The reaction was

quenched by the addition of FCS and washed 3 times with RPMI-1640 containing
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10% FCS. 2x10° CFSE labelled cells were cultured on anti-CD3 and CD28 coated

plates for 3 days at 37°C and analyzed by flow cytometry.

2.2.9 Identification of T helper subsets by intracellular cytokine staining (ICS)

To assess biases in T cell activation to different cytokine producing populations,
lymphocytes from the spleen and lymph nodes were stimulated for 6 hours before
intracellular cytokine staining was carried out. Firstly, cells were plated in 96-F
bottom plates coated with 10pug/ml anti-CD3 antibody (145-2C11) at 2x10° cells/well
and incubated at 37°C. After 2 hours, GolgiPlug™ was added to all cells for the final
4 hours of the stimulation. After 6 hours of stimulation, cells were stained for
cytokines including IFNy, 1L4 and IL17. Cells were stained for surface markers, fixed

and permeabilized using the BD Cytofix/Cytoperm staining Kit.

2.2.10 CD4" T cell differentiation cultures

To assess differentiation of CD4" T cells, WT and CPM lymphocytes were CFSE-
labeled as described and stimulated for 5 days with plate bound anti-CD3 (10ug/ml).
Cultures were supplemented with IL2 (10ug/ml) (neutral conditions); 1L2 (10ng/ml),
IL12 (10ng/ml) and anti-IL4 (10pg/ml) (TH1 conditions); or IL2 (10ng/ml), 1L4
(10ng/ml) and anti-1L12 (10ug/ml) (TH2 conditions). All cytokines and neutralizing
antibodies were purchased from Peprotech. After 5 days of culture, to measure T cell
differentiation into appropriate T helper cell subsets, cells were stained for
transcriptional factors Tbet and GATA3. Analysis was carried out on live, CD4",

CFSE"™" cells.
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2.2.11 Adoptive transfers of primary lymphocytes

Cells were enriched from WT GFP, CPM GFP and WT mice by negative selection
using the magnetic assisted cell sorting (MACS) enrichment protocol already
described. Enriched cells were then mixed 1:1 with CPM GFP or WT GFP cells and
transferred into B6SJL CDA45 transgenic mice Dby intravenous injection (i.v.).
Recipients were sacrificed at designated times and cell populations were analyzed for

adoptively transferred cells.

2.2.12 Analysis of cell turnover by bromodeoxyuridine incorporation

Bromodeoxyuridine (BrdU) (Sigma/ B.D.) was given to animals in their drinking
water at 0.25mg/ml and supplemented with 1% glucose (Sigma), for up to 15 days.
Recipients were sacrificed at designated time points. Cells were then stained using
BD Pharmingen™ BrdU Flow Kit. Briefly, cells were stained with cell surface
markers before fixation and permeabilization. To expose incorporated BrdU, cells
were then treated with 100ul of 300ug/ml DNAse for 1 hour at 37°C. Cells were then
stained with FITC-conjugated anti-BrdU 3D4 antibody (B.D. Pharmingen) before

collection on FACSCanto™ or LSRII machines (B.D.)

2.2.13 In vivo activation iNKT cell populations

To activate iINKT cells in vivo, CPM and WT mice were intravenously injected (i.v.)
with lug of the glycolipid, a-galactosylceramide (aGalCer) or PBS and left for 1hour
before the harvesting of organs. After isolating lymphocytes from livers and
preparation of splenocytes, cells were cultured for a further 4 hours in GolgiPlug (BD
Biosciences) before carrying out intracellular cytokine staining as described

previously.
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2.2.14 Cytokine cultures

Liver and thymic iNKT cells from CPM and WT mice were cultured for 3 days in
different cytokine milieu (IL2, IL7, 1L15, IL21) and stained with Live/dead Kit
(Invitrogen) to test for cell viability. 1x10° cells were plated in 96-F bottom plates for

these purposes. All cytokines were purchased from Peprotech and used at 20ng/ml.

2.2.15 RNA extraction

Due to the nature of the RNA extraction experiments carried out, the RNAqueous®-
Micro Kit from Ambion was used as it is specialized in RNA extraction from limited
numbers of cells. In brief, RNA was isolated from flow cytometry sorted populations
from WT and CPM mice. Cells were pelleted, lyzed, and passed through silica-based
filter that selectively binds RNA. After washes were carried out with specialized

buffers (provided with kit), RNA was eluted and quantified by spectral density.

2.2.16 Microarray experiments

Commercially available high-density oligonucleotide, MouseWG-6_V2 chips from
Illumina, (Illumina Inc, San Diego, California, USA) were used for whole-genome
gene expression analysis. In brief, 500ng of total RNA was reverse transcribed to
synthesize first and second strand complementary DNA (cDNA), followed by in vitro
transcription to synthesize biotin-labelled complementary RNA (cRNA) using
TotalPrep-96 RNA amplification kit from Ambion accordingly (Ambion Inc, Austin,
TX). A total of 1500ng of biotin-labelled cRNA from each sample was used in the
hybridization process at 58C for 18 h. The hybridized BeadChip was washed and

labelled with streptavidin-Cy3 according to the manufacture’s protocols.
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2.3 Active Immunity

2.3.1 Anaesthesia

To carry out immunization experiments, animals were first anaesthetised to ensure the
safe delivery of viruses. Mice were anaesthetized using a mixture of 75mg/kg
Ketaset™ (ketamine hydrochloride) plus 1mg/kg Domitor™ (medetomidine
hydrochloride) diluted in endotoxin-free water and administered by intraperitoneal
injection (i.p.). After procedures were carried out on anaesthetized mice, mice were
given a 100ul i.p. injection of a 1:10 solution of Antisedan™ (atipamezole
hydrochloride) diluted in endotoxin-free water. Animals were monitored for up to 30
minutes after Antisedan injection to ensure recovery from the anaesthetic was

successful.

2.3.2 Modified vaccina virus and influenza challenge

To investigate T cell responses to viral challenge, mice were immunized with both
attenuated and virulent viral strains and viral responses were tracked in the blood and
secondary lymphoid organs of challenged animals. As described above, mice were
anaesthetised prior to immunization. Mice were immunised intradermally (1.D.) with
Modified Vaccinia Ankara (MVA) expressing green fluorescent protein at a dose of
1x10% PFU/mouse (2x10” PFU/mI) or infected intranasally with 25pl of Influenza X-
31 (A/Aichi/68; H3N2) at a dose of 512 HAU/mI. For mice infected with live
influenza X-31 strain, mice were weighed daily as an indicator of health up to 10 days
post infection. Animals reaching 80% of original body weight were humanely culled.
Mice were sacrificed at designated time points to assess the level of immune response

produced.
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2.3.3 Viral peptides

Detection of anti-viral responses in challenged animals was carried out by in vitro
stimulation of lymphocytes with viral peptides combined with intracellular cytokine
staining. All peptides used in cellular assays were commercially synthesised by
Protein Peptide Research or Sigma Aldrich, UK and dissolved in DMSO at a
concentration of 20mg/ml and stored at -80°C. Working stocks were made by further
dilution to Img/ml in PBS and stored at -20°C. In all cultures, peptides were used at a

final concentration of 1-2ng/ml.

2.3.4 In vitro identification of antigen specific cells

To identify antigen-specific cells, lymphocytes isolated from individual mice were
stimulated in vitro using peptides derived from MVA virus including the B8R epitope
(sequence TSYFKESV) or a 1ug/well of pooled 20mer peptides spanning conserved
internal nucleoprotein and matrix 1 protein epitopes of the influenza virus. Antibodies
against LAMP-1 were also added to cells at the time of stimulation to stain antigen
specific cells. After 2 hours of stimulation at 37°C, GolgiPlug™ (BD Biosciences)
was added to all samples and cells were cultured for a further 4 hours. After 6 hours
of stimulation in total, cells were stained for IFNy, TNF-a and IL-2 using the BD

Cytofix/Cytoperm staining kit as described previously.

2.3.5 Statistical Data Analysis

Statistical comparisons were performed with Prism 4.0 Software (GraphPad Inc.),

using ANOVA or two-tailed paired t-tests for comparisons.
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Chapter 3

The Novel Role of DOCKS in the
Maintenance and Survival of Naive T cells

3.1 The use of CPM to examine the role of DOCKS8 in T cell homeostasis

Sufferers of immunodeficiency diseases normally present with a wide range of
recurrent bacterial and viral infections with low peripheral T cell numbers. However,
the genetic aetiologies of such diseases are complex and still to be elucidated. The
identification of the genetic factors involved in some primary immunodeficiencies,
such as Wiskott-Aldrich Syndrome (WAS, deficiency in Wiskott-Aldrich protein
(WASp)) and X-linked lymphoproliferative disease (XLD, deficiency in signalling
lymphocytic activation molecule-associated protein (SAP)) has improved our
knowledge of these immunodeficiencies and advanced the diagnosis and treatment of
these patients. Therefore, understanding the genetic factors underlying further
diseases will also help to improve diagnosis for these patients and contribute to the

development of novel therapies.

Through the genetic screening of patients suffering from AR-HIES, the guanine
nucleotide exchange factor, DOCKS, was identified as an important disease factor in
these patients [1]. In parallel to this, the discovery of an ENU mutant, Captain
Morgan (CPM), has allowed for the role of DOCKS8 within the immune system to be
further characterized [2]. These original findings established that loss of DOCKS
resulted in the loss of antibody responses, which was later confirmed in DOCK8
deficient patients [3]. However, based on the phenotypes seen in AR-HIES patients, |
concluded that it was likely that DOCKS8 would also play a crucial role in maintaining

the naive T cell repertoire and would be important in active immune responses.
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To understand the precise role of DOCKS8 in T cell immunity, | have carried out a
detailed analysis of the naive T cell compartment in CPM mice. Processes including
the positive and negative selection of T cells in the thymus, chemotactic responses of

peripheral T cells and T cell turnover and survival were all examined.

3.2 T-cell lymphopenia in DOCKS deficient humans

In collaboration with Helen Su from the NIH (Bethesda, USA), blood samples were
collected from a cohort of patients suffering from DOCKS8 deficiency. Flow
cytometry staining was carried out on these samples and numbers of naive CD45RA
and activated effector/memory CD45RO CD4" and CD8" T cells were calculated and
compared to healthy donors. This work revealed a reduction in both naive and
effector/memory T cells, although the latter populations appeared less affected and
even normal in some patients (Fig5). It is difficult to interpret the significance of these
results as patients are constantly exposed to a wide range of infectious agents and are

undergoing different levels of treatment based on the severity of their disease.

To overcome the some of the difficulties of studying human cells ex vivo, | began a
detailed analysis of our recently described ENU mutant, CPM, which carries
homozygous null alleles of DOCKS8. The CPM splice site mutation truncates the
native protein, removing the DHR2 GEF domain inducing a functional DOCKS8
knockout. Firstly, to investigate the effects of DOCKS8 deficiency on T cells, |
enumerated CD4" and CD8" T cells in the secondary lymph organs of DOCKS-
deficient CPM mice. In this work, | am grateful for the day to day supervision of
Teresa Lambe, a postdoctoral scientist in the lab, who helped me with experiments

and contributed to the T cell data.
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Figure 5: T cell lymphopenia observed in human DOCKS8 deficiency. A) Blood
samples were taken from DOCKS deficient patients and healthy donors. Peripheral
blood mononuclear cells (PBMCs) were isolated from samples and staining for CD4,
CD8, CD45RA and CD45R0) was carried out to enumerate levels of T cells. Unique
symbols represent individual patients over time. Grey area defines healthy range
showing the normal 10-90 percentiles for age. Data are displayed as cells/ml. Data

generated by Helen Su at the NIH.

3.3 T cell lymphopenia in Captain Morgan (CPM)

Examination of spleen, mesenteric lymph nodes (MLN) and peripheral lymph nodes
(PLNs) revealed a 2-3 fold reduction in CD4" and CD8" T cells compared with WT
C57BL/6 controls (Fig6A). Total CD4"™ and CD8" T cells were also reduced in the
blood as a percentage of total lymphocytes (Fig6B, upper panel). In contrast, numbers
of activated CD44"/CD62L" CD4* and CD8" T cells were found at similar levels in

the spleen and PLNs and were significantly increased in the MLN of CPM mice
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compared to WT (Fig6A). The increased levels of activated CD44" CD4" and CD8*

T cells were also seen in the blood of CPM mice (Fig6B, lower panel).
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Figure 6: DOCK8 mutation results in reductions of naive peripheral T cells. A)
Absolute numbers of total CD4" and CD8" T cell populations and activated

CD44"subsets in the peripheral lymphoid organs of WT and CPM mice. Dots
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represent individual animals aged 9-14 weeks (Data points partly contributed by
Teresa Lambe). Bars show arithmetic means and SE with significant differences by t-
test *p<0.05, **p<0.01, ***p<0.001. B) Percentage of CD4" and CD8" T cells in the
blood of WT and CPM mice calculated as a fraction of total lymphocytes (t-test
*p<0.05, **p<0.01). Lower histograms showing typical surface expression of CD44
on CD4" T cells in the blood of WT (filled) and CPM mice (dark line). C) Histograms
depicting representative expression profiles of common T cell phenotypic markers for

CD4" and CD8" T cells from the spleen of WT (filled) and CPM mice (dark line).

Examination of peripheral T cells for further activation and homeostatic markers
including the TCR, CD5 and IL7R (CD127) revealed no differences in expression
(Fig6C). However, as alluded to by the loss of total CD4" and CD8" T cell numbers
with relative preservation of CD44" cells, percentages of CD62L™ T cells were
reduced. From these data, | conclude that DOCKS8 deficiency in mice leads to
peripheral T-cell lymphopenia predominantly affecting the number of naive rather
than activated cells, reminiscent of the phenotype in the human immunodeficiency

syndrome.

3.4 T cell development in CPM mutants

As previously discussed, guanine nucleotide exchange factors such as DOCK2 and
Vav proteins have important roles in the development of T cells by regulating TCR
sensitivity to self-peptide MHC molecules and therefore influence processes such as
positive and negative selection [4, 5]. Therefore, | looked at the possibility that
abnormal thymic development and differences in the positive and negative selection

of T cells might explain the reduction in peripheral T cells. Initial profiling of
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thymocytes by CD4 and CD8 staining uncovered no significant changes in T cell
development although trends were observed in higher proportions of single positive

CD4" T cells (Fig7).

Total Thymocytes

108

CcD8
CcD8

Figure 7: T cell development appears grossly normal in CPM mice. A) Typical FACS
staining of DN, DP and SP thymocytes from WT and CPM mice with percentages of

lymphocytes based on CD4 and CD8 staining depicted.

Therefore, | carried out a detailed analysis of the individual stages of T cell
development. Numbers of early progenitor T cells at the double negative stage of T
cell development were normal through all transitional stages (DN1, CD44" CD25’;
DN2, CD44" CD25"; DN3, CD44 CD25"; DN4, CD44" CD25") (Fig8A). The sole
abnormality observed during T cell development was an increased number of mature,
single positive (SP) CD4"'CD62L"CD69"° T cells (Fig8B). However, this same
increase was not observed in the case of SP CD8" T cells and therefore | do not
believe this presents a sufficient explanation for the peripheral lymphopenia in CPM
mice. Further analysis of SP T cells showed no differences in expression of cell

survival factors such as IL7R (CD127) or in other markers related to the selection of
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SP T cells such as CD5 and TCR (Fig8C). As these markers are unchanged, it seems

unlikely that T cell selection processes within the thymus are significantly affected by

the absence of DOCKS.
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Figure 8: Detailed analysis of thymic development in CPM mice. A) Earlier stages of
DN thymocyte development are shown with illustrative FACS staining of individual
stages based on CD44 and CD25. Cells numbers were enumerated at each stage. B)
Late stages of thymocyte development are depicted by representative FACS plots
showing CD69 and CD62L staining. Cells numbers were enumerated for both CD4*
and CD8" SP T cells. Dots represent individual animals aged 9-14 weeks (Data points
partly contributed by Teresa Lambe). Bars show arithmetic means and SEM with
significant differences by t-test *p<0.05, **p<0.01, ***p<0.001. C) Representative

histograms show expression levels of maturation markers of both SP CD4" and CD8"

T cells with WT (filled) and CPM mice (dark line).

3.5 Single positive T cells are generated at normal levels
To investigate the production of single positive T cells in the thymus, | carried out
bromodeoxyuridine (BrdU) labelling experiments to analyze cell turnover and

transition through different stages of thymic development. Labelling experiments
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showed that equivalent levels of BrdU labelling were seen at all stages in T cell
development (Fig9A). Notably, no differences in the absolute number of BrdU™ SP
CD4" T cells were seen (1.00 x 10°+ SE 0.14 in CPM vs. 1.33 x 10°+ SE 0.18 in WT,
p=0.1674; unpaired t-test), implying that the increased levels of mature CPM CD4™ T

cells were not due to increased production of SP CD4" T cells (Fig9B).
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Figure 9: Production of SP thymocytes investigated by BrdU staining. A)
Representative FACS histograms depicted different stages of thymocyte development
and BrdU incorporation of naive (filled) and BrdU treated animals (dark line). B)
BrdU" thymocytes were enumerated at each stage of development. Bars show

arithmetic means and SEM with significant differences by t-test.
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3.6 T cell lymphopenia in CPM mice is a cell intrinsic trait

To examine if T cell lymphopenia in CPM mice was a cell intrinsic defect I
reconstituted lethally irradiated CD45.1 allotype-marked recipients with CPM bone
marrow (straight chimeras) and with 20:80 mixtures of WT (CD45.1) and CPM or
WT (CD45.2) bone marrow (mixed chimeras). Normally, 50:50 mixtures are
generated for the purposes of such experiments. However, although the expected 1:1
ratio of follicular B cells is generated in mixed chimeras using WT: CPM bone
marrow, they fail to reconstitute normal numbers of CPM T cells due to a block in T
cell development prior to the DN stage. This defect was not seen in unmanipulated
CPM mice or in the absence of competition in chimeric conditions with normal
numbers of T cell precursors seen at the DN stages of thymic development (Fig8A
and Figl0). Therefore, the loss of DOCKS8 only becomes limiting in the early
development of T cells the presence of competition. However, the cause of this defect

is unknown.

In single bone marrow chimeras, thymic development was normal with equivalent
numbers of SP CD4" and CD8" T cells produced within the thymus. Interestingly, the
accumulation of mature CD69"° CD62L* SP CD4 T cells was still present at
significant levels (Figl0). However, the phenotype was not as prevalent as seen in
unmanipulated CPM mice therefore the accumulation of SP CD4" T cells within the
thymus is due to a mixture of cell intrinsic and extrinsic factors. However, loss of
naive CD4" and CD8" T cells was still apparent with reduced numbers of CPM T

cells in the spleen and lymph nodes (Fig10).
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Figure 10: T cell development and survival assessed in straight, BM chimeras. A)
CD45.1 transgenic mice were irradiated before reconstitution with donor bone
marrow from WT and CPM mice. 8-10 weeks post BM reconstitution mice were
culled and flow cytometry analysis was carried out. Numbers of T cells were
enumerated and are depicted for the thymus, spleen and mesenteric lymph nodes.
Bars show arithmetic means and SEM with significant differences by t-test *p<0.05,

**0<0.01, ***p<0.001.

A limitation of straight bone marrow chimeras is the lack of WT haemopoetic cells
and therefore mixed chimeras can be generated to overcome this problem. Due to
competition with WT cells, this model is also more sensitive in testing cell
deficiencies. Analysis of 20:80 mixed chimeras showed the same competitive failure
to reconstitute thymic development at the DN stage. However, no differences were
observed in the transition of CPM T cells through the DP and SP stages of
development (Figl1A) demonstrating that DOCKS8 deficiency is not limiting during T

cell selection. However, naive peripheral T cells were still significantly reduced in
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CPM compared with WT cells (Figl1A), which suggests a cell intrinsic defect in
peripheral CD4" and CD8" survival. This intrinsic loss of both CD4" and CD8" T
cells may help to explain the immunodeficiency observed in DOCKS8 deficient
patients. However, additional defects such as the accumulation of SP CD4™ T cells
seen in CPM mice were not observed in the thymus of mixed chimeras supporting the
idea that this is not the principal cause of peripheral lymphopenia (FigllA).
Moreover, the increased prevalence of CPM CD44™ T cells was not found in mixed
chimeras (Fig11B) implying that this defect is primarily due to increased homeostatic
proliferation in unmanipulated CPM mice due to lymphopenia and the increased

amounts of homeostatic cytokines such as IL7 and IL15.
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Figure 11: DOCKS deficiency results in cell intrinsic loss of naive T cells. A) CD45.1
transgenic mice were irradiated before reconstitution with BM derived of 80% WT
CD45.2 or 80% CPM CD45.2 cells mixed with 20% CD45.1 transgenic cells. 8-10

weeks post BM reconstitution mice were culled and flow cytometry analysis was
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carried out on both primary and secondary lymphoid organs (thymus, spleen,
mesenteric lymph nodes). Reconstitution levels are depicted and bars represent
individual chimeric mice. B) CD44 expression profiles of CD4" and CD8" T cells

from the spleen are shown for CD45.2 WT and CPM mixed chimeras

3.7 Migration and survival of early naive T cells in the absence of DOCKS

As previously discussed, lymphocytes from DOCK2 knockout mice fail to migrate to
a variety of chemoattractants, resulting in the loss of T cell thymic egress in response
to S1P, and peripheral lymphopenia [6-8]. | therefore considered whether similar
effects could contribute to immunodeficiency in the absence of DOCKS8. To assess
chemotaxis, 1 mixed equivalent numbers of mature allotype-marked thymic and
lymph node T cells from CPM and WT and assessed their ability to migrate in
response to constitutively expressed cytokines SDF, SLC and S1P. In contrast to
DOCK2 knockout cells, the migration of thymic and peripheral T cells to these
chemokines was predominantly normal. However, a consistent increase in the
migration of mature CPM thymic CD4*CD62L" T cells towards CXCL12 was

apparent (Figl2; p=0.0224 by ANOVA, combining data from 3 experiments).
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Figure 12: In vitro investigation of T cell migratory responses. Transwell migration
assays carried out using mixtures of CDA4'CD62L" thymocytes (A) and
CD4*CD62L" derived from peripheral lymph nodes (B) from CPM (CD45.2) and WT
(CD45.1) in response to various chemoattractants (S1P, SDF and SLC) at indicated
concentrations. Samples were set up in duplicates with WT cells (closed circles) and

CPM (open circles) respresent individual wells.

3.8 T cell migration and localization are intact in vivo

Chemokines including CCL19 and CCL21 have dominant roles in the migration and
recirculatory behaviour of naive peripheral T cells [9]. However, the importance of
CXCRA4 signalling in response to CXCL12 has also been previously documented to
facilitate the entry of T cells into the peripheral lymph nodes [10]. Therefore, in
collaboration with Jason Cyster from the UCSF (San Francisco, USA) we
investigated the CXCR4/CXCL12 signalling axis in more detail in vivo. In these
experiments, 50:50 mixtures of mature thymic CPM & WT T cells were transferred
into WT recipients and plt/plt recipients, which lack expression of CCL21 and
CCL19. In these experiments performed at the UCSF, the proportion of thymic CPM
CD4* CD62L" T cells in peripheral lymphoid organs after 90 minutes was increased
in comparison to WT cells (Figl3). These findings are consistent with an increased
chemotactic response to CXCL12 but also confirm that entry and localisation of cells

to peripheral lymphoid organs is normal.
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Figure 13: Localization of mature naive SP T cells into lymphoid organs. A) Co-
transfer for 90 min of 1x10° fluorescently labelled thymocytes from CPM (CD45.2)
and WT (CD45.1) into WT or plt/plt recipient mice. Data show proportions of
CD4*CD62L" cells at input (inp), and after transfer in spleen (spl), MLN, PLN and

blood (Bld). Data generated by Jason Cyster at the UCSF.
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3.9 Single positive thymocytes have intrinsic survival deficiency

As migration and localization of mature thymocytes are normal in the absence of
DOCKS, adoptive transfer experiments were carried out to evaluate the survival of
mature thymocytes from CPM mice. Twenty-four hours after transfer of mixtures of
CPM and WT SP thymocytes into CD45.1 allotyped hosts, the proportions of mature
thymic CPM CD4" and CD8" T cells were reduced relative to WT (Figure 14A).
These data suggest that DOCKS is important in the maintenance of the survival of
mature T cells after their localisation to secondary lymphoid organs. In relation to
this, | found that expression of the pro-survival factor Bcl2 was consistently reduced
in CPM SP CD4" and CD8" thymocytes, suggesting that DOCKS is important in the
activation of anti-apoptotic pathways which promote levels of survival factors such as
Bcl2 and may contribute to survival of these cells at this late stage in T cell

development (Figl4B).
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Figure 14: Impaired survival of SP CPM T cells. A) Co-transfer for 24hr of
fluorescently labelled thymocytes from WT or CPM (CD45.2) and WT (CD45.1)
mice into WT recipients, adjusted so approximately equal numbers of mature
(CD62Lhi) single positive T cells were transferred. Data show proportions of
CD4*CD62L" cells at input (inp), and after transfer in spleen (spl), MLN, PLN and
blood (bld). Data are representative of at least three experiments. (B) Intracellular
Bcl2 expression on total CD4" and CD8" T cells in the thymus, spleen and lymph
nodes of WT (filled) and CPM (dark line) mice shown as representative histograms
and median fluorescence, where n=4-5, columns are means, bars are SE and t test *

p<0.05, ** p<0.001.
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3.10 Decreased survival of peripheral CPM T cells

Together, the above results suggested that defects in cell survival are the principal
reason for the loss of mature T cell populations in DOCK8 immunodeficiency. To
evaluate this further, CPM and WT mice were fed BrdU for 15 days and the survival
of labelled cells were followed for a further 30 days. In the first phase, BrdU
labelling of CD4" and CD8" T cells was equivalent or more rapid in the spleen and
lymph nodes of CPM compared with WT (Figure 15B-C). This is consistent with a
higher level of homeostatic proliferation with the majority of newly labelled cells
displaying a CD44" phenotype (Figl5A). However, during the washout phase, CPM
CD4" and CD8" T cells appeared to be lost at faster rates compared to WT cells
confirming a survival defect in mature T cells (Figure 15B-C).
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Figure 15: Increased turnover and decreased survival of CPM T cells. A) WT and
CPM mice were given BrdU orally for 9 days by the addition of BrdU at 0.8mg/ml in
their drinking water. Mice were then culled and examined by flow cytometry to look
at BrdU incorporation. FACS plots depict CD4" and CD8" T cells and their relative
expression of CD44 and BrdU incorporation. Incorporation was measured as a
percentage of parent populations with bars depicting arithmetic means and SEM with
significant differences by t-test *p<0.05. B)+C) Pulse-chase experiments involved the
removal of BrdU from drinking water at 15 days (grey line) and animals were culled
at designated time points to analyze relative levels of BrdU incorporation during
labelling and washout phases. Percentage of BrdU™ T cells are shown for both spleen
and peripheral lymph nodes. Each data point is representative of 3 mice with
arithmetic means and SEM presented. Significant differences were tested by t-test

*p<0.05, **p<0.01.
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3.11 Conclusions

Through the use of the ENU mutant, Captain Morgan, we have gained insight into the
function of the guanine nucleotide exchange factor, DOCKS8 and its roles in T cell
homeostasis. CPM mice, like patients with DOCKS deficiency, show losses of naive
T cells in the peripheral lymphoid organs including the blood, peripheral lymph nodes
and spleen. CD44" memory-like T cells are relatively conserved which appears to be

due to increased homeostatic proliferation induced by lymphopenia.

I have demonstrated that the development of mature thymocytes is intact. However, a
significant increase in mature SP CD4" T cells was observed in unmanipulated mice.
Based on BrdU incorporation assays, this did not appear to be due to increased
production of mature CD4" T cells. One possible explanation for this phenotype may
be due to altered egress from the thymus. However, this phenotype was not observed
for CD8" T cells and was not present in mixed chimeras. Therefore, this accumulation
of mature SP CD4" T cells does not appear to present the principal mechanism

underlying lymphopenia in this model.

Although the accumulation of SP CD4" thymocytes was not necessarily a cell
intrinsic defect, reductions in both naive CD4" and CD8" T cells were seen in both
straight and mixed chimeras. The CD44 profiles of CPM T cells were also returned
to normal in these mice giving further support that this phenotype in unmanipulated
mice is due to lymphopenia induced proliferation. Losses of peripheral T cells could
be explained by a number of defects including deficiencies in the migration or

survival of naive T cells.
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Migration of thymic and peripheral CD4" T cells was demonstrated to be relatively
normal. However, an increased sensitivity to the chemokine, CXCL12, was seen in
mature thymic CD4" T cells. This change in migratory capacity may therefore
contribute to the decreased egress of thymocytes from the thymus. However, both
CD4" and CD8" mature thymocytes were demonstrated to have a shortened lifespan
when adoptive transferred into WT mice. Therefore, decreased survival of CPM T

cells seems the most likely factor in explaining T cell lymphopenia in CPM mice.

With the use of BrdU pulse chase experiments, peripheral CD4" and CD8" T cells
were also shown to undergo increased turnover and decreased survival. This provides
further evidence that DOCKS8 plays a key role in maintaining T cell populations by

promoting cell survival factors.

However, the losses of naive T cells in CPM and the data provided here related to the
survival of CPM T cells do not appear to be sufficient enough to fully explain the
immunodeficiency and susceptibility of patients to recurrent viral infection. Work by
Randall et al carried out further analysis of human DOCKS deficient T cells looking
at cell surface markers related to a T cell “‘exhausted’ phenotype. Higher proportions
of patient CD8" T cells expressed markers including CD57 and CX3CR1 and notably
lower expression of CD127 [11]. This is consistent with higher proportions of
DOCKS deficient T cells showing signs of T cell exhaustion due to chronic antigen
encounter. Therefore, DOCKS8 deficient T cells from patients may have undergone
altered differentiation in vivo as a consequence of altered homeostasis and recurrent

viral infection.

104



These data lead to the hypothesis that DOCKS8 deficient patients may also carry
defects in their ability to respond to pathogen challenge and mount normal immune

responses.
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Chapter 4

The Role of DOCKS8 in Effector and Memory T cell
Differentiation and Maintenance

4.1 The role of DOCKS in anti-viral T cell immunity

The individuals with homozygous mutations in DOCKS suffer from a wide range of
bacterial and viral infections and fail to respond normally to vaccination with low
levels of protective antibody titres post immunization [1]. However, patients present
clinically with recurrent infections of the lungs suggestive of humoral deficiency and
infections with Herpes Simplex Virus, Human Papillomavirus (HPV) and Molluscum
Contagiosum indicative of T cell abnormalities. In relation to this, work has been
undertaken to isolate DOCKS8 deficient T cells from patients to carry out a range
functional assays to understand the potential role of DOCKS8 in T cell activation.
Experiments are difficult because of the difficulties in isolating naive T cells from the
peripheral blood and controlling for recurrent infections and different treatment
regimes. Some have demonstrated decreased T cell activation and proliferation in in

vitro assays but results are inconclusive [2, 3].

The importance of CD8" T cells and their role in anti-viral immunity has been
demonstrated in both animals and humans [4-6]. Depletion of CD8" T cells in mouse
models of infection or disruption of CD8" T cells due to mutations in molecules
specifically related to CD8" T cell function results in susceptibility to viruses [7, 8].
Adoptive transfer of antigen specific CD8" T cells can also restore host immunity [9].
Therefore, one possible explanation for the increased susceptibility of DOCKS
deficient patients to viral infections may be due to alterations in the activation and

differentiation of antigen specific CD8" T cells.
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To address this question, | carried out an examination of the role of DOCKS8 in T cell
immunity by using our CPM strain. In vitro activation of CD4" and CD8" T cells was
carried out to examine T cell differentiation and proliferation. Profiling of CD4"
helper T cell subsets including TH1, TH2 and TH17 was carried out to explore
appropriate T cell differentiation in response to cytokines. After this analysis was
carried out in vitro, | challenged CPM mice with attenuated and virulent viruses to
measure primary and memory CD8" T cell responsiveness. These experiments

revealed a role for DOCKS in the maintenance of anti-viral immunity.

4.2 Normal activation and differentiation of peripheral CPM T cells

As previously discussed, the ability of DOCKS8 deficient T cells to undergo normal
activation in response to TCR stimulation is unclear. Therefore, |1 analyzed the
response of CPM T cells to TCR stimulation to investigate possible defects in their
activation or differentiation. Overnight stimulation of CPM T cells with anti-CD3
showed no difference in the up-regulation of activation markers, CD69 and CD25 on
CPM and WT CD4" and CD8" T cells (Figure 16A). In addition to this, CPM and WT
CD4" and CD8" T cells underwent similar proliferative responses after stimulation
with anti-CD3 and anti-CD28 in vitro, with cells undergoing similar numbers of
divisions, after five days in culture (Figure 16B). These findings show that CPM T

cells are able to respond normally to TCR stimulation and proliferate freely in vitro.
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Figure 16: Normal T cell activation and proliferation in CPM T cells. A) Histograms
showing CD25 and CD69 expression on CPM and WT CD4" and CD8" splenocytes
stimulated overnight with plate-bound anti-CD3 (10ug/ml), and unstimulated controls
(filled histograms). Analysis was carried out on live cells and data is representative of
3 experiments. B) Proliferation of WT or CPM CD4" or CD8" T cells (filled
histograms), was assayed by CFSE dilution after stimulation with 10ug/ml plate-
bound anti-CD3 and 10ug/ml soluble anti-CD28 for 5 days, compared to unstimulated
controls (broken line). Analysis was carried out on live cells. Plots in (A) and (B) are

representative of at least five replicates using separate mice.

The susceptibility of AD-HIES patients has been suggested to be due to altered T cell
differentiation with patients deficient in the transcription factor, STAT3, lacking
TH17 cells [10, 11]. However, this possibility has not been explored in AR-HIES
patients. To address this, our collaborator Helen Su (Bethesda, USA) analyzed the

cytokine production of activated/memory CD45RO™ CD4" T cells from the blood of
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DOCKS8-deficient patients, parents and controls after stimulation ex vivo with PMA
and ionomycin. Higher proportions of activated cells secreting TH2 cytokines 1L4 or
IL13 were observed in 3/5 and 4/5 DOCKS8-deficient patients respectively, a finding
that may be linked to the hyper-IgE phenotype of DOCKS8 immunodeficiency.
(Figl7). In contrast, levels of IFN-y and IL17 producing cells were modestly reduced
in patients although this did not reach statistical significance. However, the degree to
which these phenotypes reflect ongoing infection or the over-stimulation/exhaustion

of peripheral T cells is again uncertain.
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Figure 17: Cytokine profiles of CD4" T cells from DOCKS8 deficient patients A)
Intracellular cytokine staining for IFN-y, IL4, IL13 and IL17 was carried out on live
human CD45RO* CD4" T cells stimulated for 6 hr with PMA and ionomycin.

Symbols are individual patients with different shapes representing individual patients.
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Data is presented as a percentage of CD4"CD45RO" cells and arithmetic means are

depicted. Data generated by Helen Su at the NIH.

In parallel to Helen Su’s work, | carried out similar experiments stimulating CPM
CD4" T cells with anti-CD3 stimuli to quantify levels of TH1, TH2 and TH17 subsets
under homeostatic conditions. Similar to patient samples, cytokine producing cells
were isolated to the activated/memory cell populations based on CD44 staining
(Fig18). However, no significant differences were seen in the proportions of CD4™ T
cells producing IFNy, IL4 or IL17 indicating no deficiencies in T cell polarization

(Figl8).

CD44

112



" 1.4- ® 0.024 ® 0.5+

T 7 0.4

:f_,: 1o . 0.15- °

g 0.8- 0.10 % 0.3 ° L4

@) 0.64 0.2-

2 oel oo 1 ol palih

(=) ] % ' % :. 0.14 eee ®

x 02 . ° .
0.0 T T 0.00 T r 0.0 T T

WT CPM WT CPM WT CPM

Figure 18: Investigation of T helper subsets in CPM mice. A) Intracellular staining of
splenocytes from WT and CPM mice was carried out after stimulation for 6hrs with
plate-bound anti-CD3 (10ug/ml). Relative expression profiles of CD44 and different
cytokines (IFNy, 1L4 and IL17) are depicted in representative FACS plots. Data were
then evaluated as a percentage of total CD4" T cells. Dots represent individual mice

with graphs showing arithmetic means and SEM. Significance was tested by t-test.

To investigate T cell differentiation further, | asked if CPM CD4" T cells could
differentiate normally under TH1 or TH2 polarising conditions in vitro. Under these
conditions, Thet and GATA3 were induced appropriately (Figl9A). IFN-y production
by TH1 cells was equivalent after re-stimulation of cells after the 5 days of culture.
However, interestingly, proportions of IL4 secreting cells were higher in CPM TH2 T
cells (Figl9B). It is possible that DOCKS8 and differences in the ability of cells to
regulate the cytoskeleton may result in the alteration of the signalling threshold of the
TCR or other receptors, or small differences in the basal and induced levels of Thet

and GATA3 might contribute to such a bias in humans and mice. However, the
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differentiation of effector cell subsets does not appear to be impaired in the absence of

DOCKS and is therefore unlikely to contribute to the state of immunodeficiency.
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Figure 19: CD4" T cell differentiation is normal in the absence of DOCKS. A) T cells
were stimulated using 10ug/ml plate-bound anti-CD3 for 5 days with cultures
supplemented with cytokines/neutralising antibodies conducive to different T helper
cell polarizing conditions. Intracellular staining for Thet and GATA3 (dark line) was
carried out on live, CD4*, CFSE'™" cells. Data show representative plots repeated in 5
mice, filled histograms show isotype controls. B) At the end of the initial 5-day
culture, cells were re-stimulated with anti-CD3 and intracellular cytokine staining of
CD4" T cells was carried out for IFNy and IL4. Data is presented as of percentage of
CD4" T cells. Dots represent individual mice, columns depict arithmetic means with

SEM. Significance tested by t test, * p<0.05.

114



4.3 CPM mice show losses of memory CD8 T cells

As CPM T cells showed no obvious abnormalities in the in vitro assays described, |
began an assessment of active immune responses in vivo in response to viral
challenge. Firstly, I examined T-cell responsiveness of CPM cells during pathogenic
infection by challenging CPM and WT mice with mouse adapted influenza strain x31
(A/HK-x31 (H3N2)). Using daily weight loss as a clinical parameter | found no
significant difference in disease severity or the ability to survive the acute infection
through the nadir of infection at day 6 to recovery by day 10 (Fig20A). 11 of 12 WT
mice survived the challenge, while 9 of 12 CPM mice survived. Seven days post
immunization, mice were bled and antigen-specific CD8" T cells were enumerated by
in vitro stimulation of lymphocytes with viral epitopes recognised by T cells. No
significant difference between WT and CPM in the numbers of LAMP1" CD8* T
cells specific to T-cell restricted epitopes were observed in these assays (Fig20B). As
T cell differentiation and proliferation appeared to be unaffected in in vitro assays

these findings were not surprising.

To assess the memory phase of the response, mice were bled 56 days after primary
infection and LAMP-1" CD8" T cells, responsive to conserved, internal x31 restricted
epitopes, were enumerated (Fig20B). Whilst WT mice produced a robust response to
x31, memory T cells were not sustained above background in CPM mice. Together
these data suggest that the functions of DOCKS are not limiting during primary T cell
responses against viral infection but are critical for maintenance of memory to

vaccination and viral infection.
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Figure 20: CPM mice are capable of controlling live influenza infection. A) Weight
loss and recovery in CPM and WT mice infected with Influenza strain X-31 (n=12 in
each group). Animals were culled if weight fell by >20%. Data show arthmetic means
with SE. Data is representative of two experiments. B) The ex vivo influenza X-31
antigen specific response in CPM and WT mice from (A), showing numbers of
LAMP1"™ CD8" T cells 7 days (left graph) and LAMP1" at 8 weeks (right graph).
Numbers are corrected for background levels observed in unstimulated controls, (ND,

not detectable.)
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4.4 Characterization of CD8 T cell responses in the absence of DOCKS8

As described previously, the normal immune response to pathogens in vivo results in
the activation, proliferation and differentiation of antigen specific T cells leading to
the formation of short-term effector cells with cytotoxic and cytokine producing
capacity to control pathogen levels [8, 12, 13]. In parallel to this, long-lived memory
cells are also produced which survive after contraction of the effector population and
provide long-term protective immunity against future infections. From the data
collected from the in vitro experiments and the influenza infections described, it
appears that DOCKS is not limiting in the production of a primary immune response
to pathogen. However, the functionality of these cells and their ability to form long
term memory populations may be disrupted. To investigate these possibilities I
compared the response of CPM and WT mice to vaccination with replication deficient
Modified Vaccina Ankara virus (MVA). After 9 days no significant difference in the
numbers of antigen-specific CD8" T cells was observed between CPM and WT mice
(Fig21A). Proportions of IFN-y, IL2 or TNF-a producing cells directed against MVA
were also normal (Fig21E). This data provides strong evidence that the initial phase
of the T-cell response is not functionally limited by the lymphopenia in pre-immune
animals. Anti-MVA specific CD8" T cell numbers also remained similar after the
contraction phase (Fig21A); therefore, there was no premature collapse of the effector
T-cell population in the absence of DOCKS8. However, 42 days after the primary
immunization, during the phase of long-lived memory cell survival, the number of
antigen-specific cells was significantly reduced (Fig21A). It has been previously
demonstrated that memory T cells are derived from specific memory precursor
populations which are generated during the initial encounter with antigen. These cells

can be defined based on cell markers including KLRG1, CD127 and Bcl2 [14, 15].
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The loss of surviving T cells did not appear to be due to a block in the differentiation
of these memory precursor cells (MPECs) as numbers of MPECs, defined as
KLRG1"" cD127" were unaltered at day9 of the response (Fig21B). Furthermore,
expression levels of memory cell markers CD127, CD62L, KLRG1 and Bcl-2 were
similar on MV A-specific WT and CPM T cells throughout the anti-viral response and
after re-challenge supporting this conclusion (Fig21C). After 55 days, animals were
re-challenged with MVA and the antigenic response again quantified. This response
was reduced in CPM mice compared with WT in terms of absolute numbers of
antigen specific CD8" T cells (Fig21A). However, the fold-increase in the secondary
response was proportionate to the number of surviving memory cells (WT, mean fold
increase of 15.83 +/- S.E 1.81 vs CPM, mean fold increase of 26.22 +/- S.E 4.98)
(Fig21D), again suggesting that the functionality of CPM T cells, both in vitro and
during both primary and secondary responses is normal, but the survival of memory

cells is limiting for CD8" T-cell immunity in the absence of DOCKS.
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Figure 21: Detailed analysis of CPM antigen specific responses to MVA. A) Numbers
of splenic CD8" T cells secreting IFN-y in response to the MVA specific peptide,
B8R, taken at various time points before and after primary and secondary
immunisation of mice with intradermal MVA. Data show arthimetic means (WT
circles and CPM triangles) combined from 3 experiments where n>4, with SEM and *

p<0.05. B) Numbers of memory precursor cells (defined as KLRG1"" CD127") at
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day 9 post-immunisation from (A). Columns are arthmetic means and bars are SEM.
C) CD127, CD62L, KLRG1 and Bcl2 expression on B8R-responsive IFN-y-secreting
CD8" splenic T cells from WT (thick line) and CPM (filled histogram) mice at day 9
and day 42 post immunization and after re-challenge. Dotted line shows staining on
naive non-responding cells. D) Fold change in the number of antigen responders
during the primary and re-challenge response are calculated based on data from (A)
for both WT and CPM. Data depicts arithmetic means and SEM. E) Functionality of
IFNy secreting CD8" T cells was investigated by further staining for cytokines L2
and TNFoa. FACS plots depict representative cytokine profiles of antigen specific
cells. Data is presented as a percentage of IFNy secreting CD8" T cells for day 9 and

after re-challenge.

4.5 Loss of Memory CD8 T cells is a cell intrinsic defect

To investigate further the nature of DOCKS deficiency in the maintenance CD8"
memory T cells, the MVA immunization protocol was repeated with chimeric mice
reconstituted as before with 20:80 mixtures of WT (CD45.1) and CPM or WT
(CD45.2) bone marrow. In this competitive setting, CPM antigen specific T cells
failed to mount comparable primary CD8" responses to MVA relative to WT cells
(Fig22A, middle panel). Previously | have demonstrated that in the presence of
competition, defects due to DOCKS8 deficiency become apparent such as the case of
the reconstitution of early thymocyte precursors, which was not seen in
unmanipulated mice. The loss of CPM CD8" response in this competitive situation
may be consistent with an underlying defect in survival, which can normally be
compensated for by increased proliferation in the absence of competition. Consistent

with the underlying defect in survival, the most profound effect of competition was on

120



the KLRG1" short-lived effectors, which are far more susceptible to cell death than
the MPEC population which was not as badly affected (Fig22A, middle panel).
During the maintenance phase of memory, day 42, CPM responders were further
affected when compared with MPEC (Fig22A, right panel). Together these data
support an intrinsic role for DOCKS in the maintenance of CD8" T cell memory.

Interestingly, WT and CPM CD8" memory cells expressed similar levels of markers

such as CD127" (IL7R) and KLRG1 as well as the survival factor Bcl2 (Figure 22B).
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Figure 22: Loss of memory CD8" T cells is a cell-intrinsic defect. A) The percentage
of CD45.1 and CD45.2 B8R specific CD8" cells in the spleen of chimeric mice
reconstituted with an 20:80 mixture of CD45.1 WT and CD45.2 WT T cells (top
panels) or CD45.1 WT and CD45.2 CPM T cells (bottom panels). Left panel shows
B220", CD4" and CD8" populations in blood of recontituted animals two weeks
preimmunization; right panels show B8R antigen-specific CD8 T cells from animals
culled 9 days and 42 days post immunization with MVVA with the percentage of
‘naive’ non-responding CD8" T cells for comparison. Effector (EFF,) and memory
precursor (MPEC) are defined as KLRG1" CD127'"% and KLRG1""" cD127"
respectively. B8R specific CD8" T cells at day 42 are defined as ‘Memory’. Bars
represent means with SE with significant differences by t-test. B) Histograms
showing expression of CD127, KLRG1 and Bcl2 on ‘Memory’ cells on CD45.2 WT
(top row, filled) and CD45.2 CPM (bottom row, filled) compared with CD45.2

‘Naive’ cells (solid line).

In addition to the above data in mixed chimeras, | also carried out MVA challenge
experiments in straight chimeras. In the absence of competition from WT cells, CPM
T cells mounted normal levels of primary CD8" T cell responses in this context
(Fig23, middle panel). However, levels of memory CD8" T cells were still reduced
(Fig23, right panel). This gives further evidence that DOCKS8 deficiency is not
limiting in the expansion and differentiation of cytotoxic T cell responses but is

important in the long-term maintenance of memory cells.
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Figure 23: CPM primary responses are rescued in the absence of competition while

losses in CD8" T cell memory remain. A) Straight chimera constituted with 100%

WT or CPM bone marrow were exposed to MVA virus and responses quantified. Left

panel shows B220", CD4" and CD8" populations in blood of recontituted animals two

weeks preimmunization; right panels show B8R antigen-specific CD8 T cells from

animals culled 9 days and 42 days post immunization with the percentage of ‘naive’

non-responding CD8" T cells for comparison. Bars represent means with SE with

significant differences by t-test.

123



4.6 Conclusions

DOCKS deficient patients are susceptible to a range of bacteria and viruses including
herpes simplex virus, human papillomavirus (HPV) and molluscum contagiosum.
However, whether this susceptibility is simply a symptom of T cell lymphopenia or is
due to a specific role of DOCKS in the ability of antigen specific T cells to undergo

activation, differentiation and expansion has not been investigated.

| have demonstrated here that in vitro CD4" and CD8" T cells undergo normal
activation after TCR stimulation with equivalent up-regulation of activation markers
such as CD25 and CD69 compared to WT cells. Proliferation of CPM T cells was

also intact after 3 days of culture.

DOCKS8 deficient patients are also severely atopic and in the case of AD-HIES
patients have been demonstrated to have deficiencies in TH17 cells. Analysis of CD4"
helper T cell subsets showed relatively normal levels of IFNy, IL4 and IL17
producing cells under homeostatic conditions. Therefore, | do not believe DOCKS8 has
a critical role in the differentiation of TH17 cells in this animal model. More detailed
analysis of TH1 versus TH2 differentiation in regard to transcriptional regulation of
Thet and GATAS respectively showed no clear differences between WT and CPM
cells. Re-stimulation of CPM TH1 and TH2 CD4" T cells did show a significant
increase in the proportion of IL4 producing cells. How significant this result is in

explaining the atopic phenotype seen in patients is unclear.

After this examination of CPM T cells using the above in vitro assays was complete, |

carried experiments using both virulent and attenuated viruses to examine the capacity
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of CD8" T cells in vivo to respond to antigen challenge. Using the influenza stain x31
(A/HK-x31 (H3N2)) and the attenuated vaccina virus (MVA), | have demonstrated
that primary CD8" T cell responses are intact in the absence of DOCKS8 with normal
expansion and cytokine production by cytotoxic T cells. CD8" T cells also underwent
normal differentiation into short-lived responders and memory precursor cells based
on CD127 and KLRG1 staining. However, although similar proportions of antigen
specific CD8" T cells died 14 days post infection, antigen specific memory CD8" T
cells were lost after 6 weeks. Interestingly, these memory T cells were still
functionally active undergoing equivalent expansion after re-challenge and expressed

similar cytokine profiles.

As this loss of memory CD8" T cells may be due to extrinsic factors such antigen
presentation or the availability of exogenous factors such as cytokines or lack of
CD4" T cell help [12, 13], | carried out the immunization experiments with MVA in
mixed chimeras containing both WT and CPM bone marrow. In the presence of
competition, effector CD8" T cell populations were reduced in the absence of
DOCKS. However, the most dramatic effects were still seen in memory CD8" T cells
6 weeks post infection. Therefore, the presence of WT cells cannot rescue this
memory phenotype, providing strong evidence that DOCKS8 plays a critical, cell

intrinsic role in the maintenance of memory CD8" T cells.
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Chapter 5

The Role of DOCKS8 in the Development and Survival
Of Invariant Natural Killer T cells

5.1 Role of DOCKS8 in human iNKT cells

Invariant NKT (iNKT) cells are a rare lymphocyte population with immunoregulatory
properties and have been demonstrated to have roles in active immunity to bacteria,
viruses and cancers. Growing evidence also suggests that iNKT cells are dysregulated
in immune pathologies such as asthma and atopic dermatitis [1-4]. Therefore much
research has been carried out to understand the development and activation of these
cells with the aim of manipulating such cells for therapeutic purposes. Some success
has already been achieved in this respect with analogues of alpha-galactosylceramide

(aGalCer) entering clinical trials to treat cancer [5].

In addition to this, patients with autoimmune and primary immunodeficiencies (PIDs)
often have defects in INKT cell numbers and function. For example, individuals with
homozygous mutations in the cytoskeletal protein, wiskott-aldrich syndrome protein
(WASp), are immunodeficient and prone to autoimmune manifestations and have
been shown to have low levels of iINKT cells in the blood [6]. In animal models,
INKT cells deficient in WASp protein underwent altered development and have

defects in survival and activation [6, 7].

In collaboration with Helen Su, NIH (Bethesda, USA), we were able to establish
levels of INKT cells in the blood of DOCKS8 deficient patients. Similar to Wiskott-
Aldrich syndrome, INKT cells were reduced in the absence of DOCKS8 (Fig24).

However, iNKT cells are primarily found in the secondary lymphoid organs such as
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the liver and spleen and therefore the study of INKT cells in humans is difficult.
Through the use of our ENU strain, Captain Morgan (CPM), | examined the role of
DOCKS in the development and maintenance of iINKT cells. The principal outcomes
of this work were the discovery of a role for DOCKS in the development and survival
of INKT cells and the characterization of a novel cell marker during iINKT cell

development within the thymus.

Human iNKT cells
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Figure 24: Analysis of INKT levels in DOCKS8 deficient patients. A) Staining of
PBMCs with aGC-loaded tetramer to identify INKT cells was carried out in healthy
donors (white bars) and DOCKS deficient patients (black bars). Data is presented as a
percentage of CD3" T cells with means and SEM depicted. Significance was tested by

t test, * p<0.05.
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5.2 Deficiency in DOCKS causes the loss of peripheral iNKT cells

As previously mentioned, iNKT cells are predominantly found in the peripheral
lymphoid tissues including the liver and spleen. Comparison of peripheral INKT cell
numbers in wildtype (WT), heterozygous and homozygous DOCKS8 deficient CPM
mice showed a 3-4 fold reduction in cells in the liver and spleen of homozygous
mutants (Fig25). In additional to this, fewer INKT cells were also found in the BM
and PLNs. Of note, no differences were seen between WT and heterozygous mutants
in terms of INKT cell numbers in the liver and spleen and therefore only homozygous

mutants were examined throughout the rest of this body of work.
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Figure 25: DOCKS deficiency results in iNKT cell losses in CPM mice. A) Flow
cytometry analysis of iINKT cells in liver and spleen of WT, heterozygous and
homozygous DOCKS8 mutants showing representative staining with aGC-loaded

tetramer and TCRp. Cell numbers were enumerated based on staining for liver and
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spleen for WT, heterozygous and homozygous mutants. Analysis of bone marrow and
lymph nodes was carried out in WT and CPM mice only. Data presented depicts
arithmetic means with SEM. Statistical significance was tested by t-test, *p<0.05,

**0<0.01, ***p<0.001.

Peripheral iINKT cells from WT and CPM mice expressed similar high levels of the
early developmental marker CD44 (Fig26) but disproportionately fewer CPM iNKT
cells in the liver and spleen expressed NK1.1, a marker of peripheral differentiation,
and CD4 (Fig26). Quantification of NK1.1" and NK1.1 stages of development
illustrated that the most profound effects were seen in the NK1.1* compartment,
although NK1.1" iNKT cell numbers were also reduced. These findings demonstrate
that loss of DOCKS causes a deficiency in peripheral iNKT cells, affecting both early
CD44"NK1.1 and late CD44"NK1.1" populations with a greater effect on the more

differentiated cells.

NKT Subpopulations
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Figure 26: Altered maturation of iINKT cells in the absence of DOCKS8. A) Relative
expression levels of phenotypic and maturation markers (CD4, NK1.1, CD44) for
INKT from WT (filled) and CPM mice (dark line) are depicted. Numbers of CD4 and
NKZ1.1 subpopulations of INKT were quantified based on flow cytometry staining and
cell counts from respective samples. Data are representative of 4 independent

experiments showing arithmetic mean and SEM.

5.3 DOCKS deficiency causes loss of the thymic, CD44"NK1.1", iNKT cells

To address whether the loss of peripheral INKT cells could in part be explained by
deficiencies during iNKT cell development, I compared WT and CPM cells in the
thymus. The total number of thymic iNKT cells was significantly reduced in CPM
compared to WT mice (3.44x10°%, SD 1.44 vs. 19.8x10°% SD 10.1 cells, p = 0.0002)
(Fig27). As DOCK2 knockout mice show similar losses in thymic iNKT cell numbers
(due to a failure in the positive selection of INKT precursors) this appeared to be a

plausible explanation for the loss of iINKT cells [8].
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Figure 27: CPM mice show reduced numbers of INKT cells in the thymus. A)
Representative FACS staining of thymocytes for aGC-loaded tetramer and TCRp is
shown. Numbers of INKT cells in the thymus were quantified based on flow
cytometry analysis. Data depicts arithmetic means and SEM. Data are representative

of at least 4 independent experiments.

However, further analysis of iINKT cell development revealed that DOCKS8 was not
essential for the earlier stages of iINKT cell development as numbers of CD44'NK1.1°
and more mature CD44"NK1.1™ cells were comparable between the CPM and WT
strains (Fig28A). Instead, the reduction of iNKT cells was found to be restricted to the
larger CD44"NK1.1" compartment, a resident thymic population with poorly defined
function (Fig28A). During development, INKT cells progressively increase their
expression of the transcriptional factor, Thet, which is important in the maturation and

responsiveness of cells to survival factors such as IL15, and down-regulate their

133



expression of GATAS3 [9, 10]. Analysis of these two transcription factors appeared to
be normal in the absence of DOCKS8 (Fig28B). Together, these data suggest that the
development of INKT cells is intact in the absence of DOCKS8. As DOCKS deficiency
does not limit the production of migratory CD44" NK1.1" cells this does not appear to

be a possible explanation for the loss of INKT cells in the periphery.

A NKT Developmental Stages
“ 9.2 78.2
E 3
. 100 [_|
WT . NS & L
5105 N2 l l
< € o och
8 g > .
= 10% 4
e cPm ¥
SO S5 .
103 = 1.. T T
WT CPM WT CPM WT CPM
= CD44- CD44+ CD44+
' NK1.1- NK1.1- NK1.1+
(migratory) (resident)
B CD44- CD44+ CD44+
NK1.1- NK1.1- NK1.1+
WT
wr WT
CPM
CPM cPM
Thbet -
WT WT wrT
cPM cPu cPM
-
GATA3

Figure 28: Thymic iNKT cell deficiency is specific to mature, NK1.1" cells. A) aGC-
loaded tetramer positive cells were defined by CD44 and NK1.1 expression into the
three, linear stages of INKT cell development. Numbers of cells were calculated for

each stage and arithmetic means and SEM are depicted. Statistical significance was
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tested by t-test, *p<0.05, **p<0.01, ***p<0.001. B) Histograms representing typical
expression profiles of transcription factors, Thet and GATAS3, are shown in the
progressive stages of INKT development. WT (black line) and CPM (filled) are

shown.

5.4 Increased turnover and decreased survival of CPM INKT cells

To address an alternative explanation, which would be the failure of homeostatic
proliferation or increased turnover due to cell death in different cellular
compartments, | fed mutant and WT mice bromodeoxyuridine (BrdU) in drinking
water for a period of 9 days. Positive selection of INKT cells in the thymus is
accompanied by a proliferative burst which gives rise to the first stage of iINKT cell
development (CD44'NK1.1"). Equivalent proportions and numbers of stagel iINKT
cells were labelled after nine days of BrdU treatment suggesting that this initial
proliferative step is intact and positive selection of iNKT cells is normal in CPM mice
(Fig29A). The CD44'NK1.1" and CD44"NK1.1" phases of iNKT development also
exhibited levels of BrdU similar to WT, implying that the progression of cells through
the different stages of development is equivalent (Fig29A). Since fully mature INKT
cells in the thymus are a resting population of cells, this was a strong indication that
the loss of INKT cells in the thymus is primarily due to a problem in survival of these
cells. In the periphery, it is more difficult to interpret the BrdU data due to possible
differences in the survival of recent thymic emigrants (RTEs) and possible alterations
in migration. However, a significantly greater proportion of CPM iNKT cells in the
liver were BrdU positive, which is also indicative of higher cell turnover and

decreased survival, which also appears to be apparent in the thymus (Fig29B).
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Figure 29: Analysis of iINKT cell development through the use of BrdU. A) WT and
CPM mice were given BrdU orally for 9 days by the addition of BrdU at 0.8mg/ml in
their drinking water. Mice were then culled and examined by flow cytometry to
examine BrdU incorporation. Stages of iINKT cell development are depicted showing
BrdU" cells as percentage of parent. B) Relative expression of BrdU is shown for the
liver for both WT and CPM mice. Cell numbers are calculated for NK1.1- (immature)
and NK1.1+ (mature) iNKT cells and BrdU™ and BrdU" cells are shown. Graphs are

representative of 4 mice per experimental group.
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5.5 Cell intrinsic and extrinsic effects of DOCKS deficiency on iNKT cells

To distinguish between the direct and indirect effects of DOCKS8 deficiency on INKT

cell development and differentiation, | reconstituted irradiated WT recipient mice

(CD45.1 allotype) with 80:20 mixtures of WT or CPM (CD45.2 allotype) and WT

cells (CD45.1 allotype). This proportion of CPM to WT cells was chosen because as

previously demonstrated; CPM T cells fail to reconstitute the thymus to the same

levels as WT cells (Figll). This phenotype was also true of CPM iNKT cells with

reconstitution levels for aGalCer-tetramer double-positive INKT at 47% +/- 10%

compared to WT levels of 77% +/- 1.3% (Fig30A).
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Figure 30: Loss of iINKT cells is intrinsic to liver and thymic iNKT cells. Irradiated

mice were reconstituted with BM derived from 80% WT CD45.2 or 80% DOCKS8
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CD45.2 mice mixed with 20% CD45.1 transgenic cells. Bars depict individual
chimeric mice. A) The reconstitution of different thymic selection points in the
thymus are shown for aGC-loaded tetramer positive cells as well as peripheral data
for the liver and spleen. B) Relative expression levels of the maturation marker NK1.1
on iNKT cells are shown between WT and CPM iNKT cells from the liver and

spleen.

In this more stringent test of the requirement for DOCKS8 in iNKT cell development |
found reduced levels of CPM cells at the early stage of positive selection, when cells
become HSA" (Fig30A). This point in development is characterized by engagement
with antigen and SLAM receptors and a similar defect in iINKT development is
apparent in SAP or SLAM receptor deficient mice [11-13]. The fact that this same
defect was not observed in unmanipulated CPM mice shows this is not normally
limiting, possibly because of compensatory proliferation after selection. The loss of
mature thymic NK1.1" iNKT cells persists in CPM chimeric mice demonstrating this

is a DOCKS intrinsic defect (Fig30A).

Given the evidence that TCR signalling may play a role in the differentiation of
peripheral NK1.1" iNKT cells from CD44"NK1.1™ precursors [14], | examined levels
of NK1.1" expression on WT and CPM iNKT in the liver and spleen and found that it
was restored to normal levels in mixed chimeras, indicating this defect in
unmanipulated mice is due to cell extrinsic factors (Fig30B). Interestingly, splenic
INKT cells were also restored to normal levels, being in the same ratio to WT cells as

the migratory precursor, CD44"NK1.1™ cells in the thymus (Fig30A).
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In contrast to the situation in the spleen, the reduction in INKT cells in the liver
persisted in mixed chimeras, confirming that this phenotype is principally cell
intrinsic (Fig30A). The loss of CPM liver iNKT cells in mixed chimeras, despite
restoration of splenic INKT cells and NK1.1 expression, shows that loss of this
population is due neither to a defect in thymic egress nor to a defect in differentiation
to the CD44"'NK1.1" state. The findings make a compelling argument that the
limiting effects of DOCKS8 deficiency are strongly related to the environment
inhabited by INKT cells. Both the resident thymic and liver iINKT cell populations are

intrinsically crippled by loss of DOCKS.

5.6 CPM INKT cells fail to survive after adoptive transfer

To separate the generation and the survival of peripheral iNKT cells and to test for
possible defects in the migration and localisation of peripheral cells, | transferred
mixtures of CD45.2 allotype and GFP expressing WT and CPM cells into WT
(CD45.1 allotype) recipients for 24hr and for 9 days. After 24 hours, CPM iNKT cells
localized to equivalent or higher levels than WT counterparts implying no defect in
the ability of DOCKS deficient cells to localise to the liver or spleen (Fig31A).
However, when mice were analyzed after 9 days post transfer, levels of CPM iNKT
cells had dropped significantly in both the liver and spleen (Fig31A). This again
supports an intrinsic defect in iINKT cell survival. Decreased expression of the pro-
survival factor Bcl-2 in INKT cells from unmanipulated CPM animals provides

further evidence of an intrinsic defect (Fig31B).
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Figure 31: Adoptive transfer of CPM iINKT cells demonstrates intrinsic survival
defect . A) WT (CD45.2) GFP and CPM (CD45.2) GFP iNKT cells derived from
spleens were mixed with WT (CD45.2) iNKT cells and adoptively transferred by
intravenous injection into CD45.1 transgenics hosts. Animals were culled at
designated time points before donor cells were analyzed by FACS. Gating strategy to
define donor cells is illustrated showing recipient and control samples. Graphs depict
WT and CPM (CD45.2 cells) as percentages of adoptively transferred cells from the
spleen and liver. Bars depict arithmetic means based on 5 individual animals and
SEM. Statistical significance was tested by t-test, *p<0.05, **p<0.01, ***p<0.001.

B) Relative expression profiles of Bcl2 are depicted for liver, spleen and thymic

INKT cells with WT (filled) and CPM (dark line).
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5.7 Activation with aGalCer demonstrates intact TCR signalling in CPM INKT

Studies in DOCK2 and DOCKS8 deficient mice have shown defects in formation of
the B and T cell immune synapse [15-17]. As antigen-receptor signalling can be
involved in the differentiation, maturation and effector function of iNKT cells, I asked
if abnormalities in INKT cell responsiveness to TCR stimuli could account for
decreased survival of peripheral CPM iNKT cells. Accordingly, I injected CPM mice
with the glycolipid, aGalCer, and looked at iNKT activation by intracellular cytokine
staining (ICS). Despite the reduction in the total number of cells, the responses by
INKT cells in the liver were equivalent in CPM mice compared to WT, suggesting
TCR signalling is unaffected by the loss of DOCKS function and that processes such
as antigen presentation were not limiting (Fig32A). However, responses in the spleen
were significantly weaker in CPM mice (Fig32A). As CD1d positive marginal zone B
cells are absent in CPM mice, and have a well-documented role in iNKT activation in
the spleen [18], | considered the possibility that this defect in activation may be due to
differences in antigen presentation. To determine more accurately the nature of INKT
activation in the absence of DOCKS, | generated chimeric mice and repeated the
experiment, and in this assay the cytokine responses were restored (Fig32B)
consistent with the hypothesis that reduced splenic INKT cell responses were due to

the absence of MZ B cells in CPM mice.
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Figure 32: Examination of iNKT cell activation by aGalCer challenge. A) Mice were
injected with aGalCer and responses quantified by ICS. Flow cytometry analysis was
carried out using CD69, IFNy and IL4 staining. Plots depicted are representative of
aGC-loaded tetramer™ cells after treatments indicated. Graphs illustrate responders as
a percentage of INKT cells showing arithmetic means and SEM. Data is

representative of 3 independent experiments. B) Irradiated mice were reconstituted

with bone marrow derived from 80% WT CD45.2 or 80% CPM CD45.2 mice mixed
with 20% CD45.1 transgenic cells before injection with aGalCer intravenously as
previously described. Percentage of activated iINKT based on IFNy and IL4

expression is shown. Bars represent the arithmetic means with SEM of responses



The same factor may also affect the differentiation of splenic iINKT cells and their
survival, however TCR activation and cytokine production in response to aGalCer is
normal in CPM iNKT cells in the liver. On this basis, as well as on the basis of
normal up regulation of NK1.1 in mixed chimeras, | have found no evidence for an
involvement of DOCKS in iNKT cell activation itself and no suggestion that loss of
TCR signalling could easily account for the decreased number of resident INKT cells

in the liver or thymus.

5.8 LFA-1 expression on liver INKT cells is DOCK8 dependent

Current thinking suggests that long term survival of memory type cells, including
terminally differentiated INKT cells, depends on growth factors including
homeostatic cytokines and environmental cues that they receive from cell-cell contact,
notably via integrins [19-21]. The response of WT and CPM iNKT cells from the
thymus to 3 day culture with media alone or media supplemented with IL2, IL7, IL15
or IL21 was equivalent, suggesting that defective responses to soluble growth factors
is not the principal cause of cell loss (Fig33A). However, LFA-1 expression was
reduced in CPM INKT cells in the liver and other organs (Fig33B). Signalling
through the LFA-1 integrin has already been shown to be essential for survival or
long-term retention of iINKT cells in the liver although it is not required for thymic or
splenic INKT cell numbers [19, 21]. Therefore, a cell intrinsic disruption in the
integrin expression, binding and/or signal transduction, (as previously observed in
CPM mice in regards to both B and T cell synapse formation), could lead to a failure

to gain crucial survival factors to preserve iNKT cell numbers.
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Figure 33: Analysis of cytokine responsiveness and LFA-1 expression. A) iINKT cells
derived from the thymus were cultured in 96 well plates and supplemented with a
range of cytokines (10ug/ml). Cells were cultured for 3 days before staining for dead
cells using Live/dead kit (Invitrogen) to test for cell viability. Data is presented as the
percentage of live cells after culture. Bars depict arithmetic means and SEM based on
3 samples. Data is representative of 3 separate experiments. B) Staining profiles of the
integrin subunit, CD18 (part of the LFA-1 integrin) are depicted with relative

expression of WT (dark line) versus CPM (filled).
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5.9 Loss of DOCKS defines a new CD103"NK1.1" iNKT cell subset in the thymus
To try to elucidate the intrinsic defect in survival, | took a genetic approach,
comparing gene expression of INKT cell subsets using RNA microarrays. Analysis of
the liver INKT cell phenotype was complicated by the difficulty of isolating cells and
the complexity of controlling for the different rate of generation of new residents. For
these reasons | carried out the analysis using cells isolated from the resident NK1.1*
population in the thymus. Comparison of TCRB Tetramer'CD8 CD44"NK1.1" cells
from the thymus of WT and CPM mice showed differential expression of a relatively

small subset of 52 genes (Fig34).
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Figure 34: Genetic analysis of fully mature, thymic CPM INKT cells. A) Fully
mature, NK1.1" iNKT cells were sorted to >99% purity from the thymuses of WT
(n=3) and CPM (n=3) mice by FACS. Prior to sort, thymuses were processed as
normal by depletion of CD8" T cells by MACS. FACS samples were sorted based on
gating strategies to identify live, CD8", TCRB", aGC-loaded tetramer®, CD44" and
NK1.1" cells. After isolation of RNA from cells, samples were hybridized to
commercially available MouseWG-6-V2 microarray chips to uncover differences in
gene expression profiles. Analysis uncovered 52 differentially expressed genes. The
heatmap depicts the relative expression of these genes comparing WT expression

profiles to CPM mutants.

Noticeable amongst the differentially expressed genes was the two-fold lower overall
expression of integrin oE (ltgae), also known as CD103. CD103 binds the integrin
subunit B7 to form the oER7 complex, whose main ligand is the epithelial cell
adhesion molecule E-cadherin. CD103 has not previously been reported as a marker
on INKT cells in the thymus or associated with increased expression of NK1.1; but it
has been reported on NK1.1" iNKT cells in the skin and peripheral lymph nodes and is
widely expressed on intraepithelial lymphocytes (IELS) in the gut and on some
regulatory T cells, as well as dendritic cell subsets. Flow cytometry of WT iNKT cells
in the thymus showed progressive up regulation of CD103 expression during
development (Fig35A, B), so that a majority of the differentiated thymic resident
NK1.1" cells expressed the integrin. In the absence of DOCKS, although CD103
expression was normal during early stages of development and was successfully up

regulated on the more mature CD44"NK1.1™ subset, CD44'NK1.1* CPM iNKT cells
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failed to maintain CD103 expression (Fig35B). Analysis of liver iINKT cells
demonstrated only a small proportion of CD103" cells and therefore this integrin does

not appear to have a critical role in the periphery (Fig35C).
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Figure 35: CD103 identified as a novel marker of INKT cell development. A)
Representative profiles of CD103 expression of aGC-loaded tetramer™ cells during
development in the thymus from WT and CPM mice. B) Percentages of CD103
positive iINKT cells are depicted showing arithmetic means and SEM. Statistical
significance was tested by t-test, *p<0.05. C) Representative profiles of liver INKT

cells are depicted. Data are representative of at least 3 independent experiments.

5.10 Role of DOCKS8 in CD103 regulation is specific to thymic iNKT cells

As previously mentioned, CD103 expression is important in the localization and
maintenance of intraepithelial lymphocytes [22]. To assess whether DOCKS8 had a
critical role in specifically maintaining CD103 expression in other cell types, |
isolated IELs from the small intestine and carried out staining of CD4" and CD8" T
cells for CD103 expression. If CD103 expression or activity were impaired in the

absence of DOCKS, reduced numbers of IELs would be expected. Although trends in
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reductions of IELs were observed in the numbers of both CD4" and CD8" T cells in
the small intestine, these data did not reach statistical significance (Fig36A).
Expression of CD103 was also normal on CPM T cells therefore DOCKS8 appears to

have a more specialized role in maintaining CD103 expression in thymic iINKT cells

(Fig36B).
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Figure 36: Analysis of intraepithelial lymphocytes (IELs) in CPM mice. A) IELs were
isolated from the small intestine and stained to analyze expression of CD103.
Numbers of cells isolated were quantified and are depicted as arithmetic means and
SEM. B) Histograms depict representative expression profiles of CD103 on CD4" and

CD8" T cells from WT (dark line) and CPM (filled).

5.11 DOCKS8 regulates integrins and survival factors in a cell intrinsic manner

Focusing on thymic iNKT cells, this defect in CD103 expression is cell intrinsic in
mixed bone marrow chimeras as well as decreased expression of the pro-survival
factor Bcl2 (Fig37A). In contrast, the expression of other molecules known to be

associated with the development iNKT cell population, such as ICOS, were similar to
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WT in the CD44"NK1.1" population (Fig37A). Although only a small percentage of
liver INKT cells express the integrin CD103, all liver iNKT cells express the integrin,
LFA-1. LFA-1 has been demonstrated to have a critical role in the localization and
survival of liver INKT cells by interfering with the function of this integrin through
the use of blocking antibodies [21]. Expression of this integrin is also reduced in the
absence of DOCKS in a cell intrinsic manner and again, similar to CPM thymic iNKT
cells, the expression of the pro-survival factor Bcl2 was also reduced (Fig37B).
Together, these data suggest that DOCKS8 has an important role in providing survival
factors to INKT cells both in the thymus and liver. However, iNKT cells from
different organs may demonstrate a range of dependence for integrins including LFA-

1 and CD103.
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Figure 37: Loss of CD103 expression is an intrinsic defect of CPM iNKT cells. A)
Irradiated mice were reconstituted with BM derived from 80% WT CD45.2 or 80%
DOCKS8 CD45.2 mice mixed with 20% CDA45.1 transgenic cells. Stages of iINKT
development are depicted for WT (dark line) and CPM (filled) illustrating different
phenotypic markers including CD103, Bcl2 and ICOS. B) Representative histograms

are also shown for liver iINKT cells.
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5.12 Expression of CD103 is associated with increased expression of a wide range
of immune regulated genes
To understand the factors affecting the resident INKT cells | compared gene

expression in precursor CD103 negative and more differentiated CD103 positive cells

+

from WT mice (Fig38). In this analysis the normal differentiation to the CD103
subset was characterised by increased expression across a wide range of targets,
representing 220 genes. A much smaller subset of 66 genes were downregulated,
including the Slamfl receptor, which is involved in the earlier stages of iINKT cell

differentiation, and Bcl2.
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Figure 38: Genetic analysis of the role of CD103 in iNKT cell development. A) iNKT
cells were sorted from WT mice based on CD103 expression. Live, CD8", TCRp",
aGC-loaded tetramer®, CD44" and NK1.1" cells were subdivided into CD103" and
CD103 fractions before isolation of RNA samples. Comparisons of gene expression

were then carried out using 3 biological replicates. This analysis uncovered a vast
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array of genes depicted in the heat maps. Genes were further subdivided based on

their documented roles in cellular immunity.

Reduced Bcl2 expression coincided with up-regulation of receptors and cytokines
involved in pro-survival signals including the IL-7 and IL-17 receptors, IL-2 and IL-
15. Differentiation also coincided with expression of the nuclear hormone receptor
RORC, up-regulation of effector molecules, including TLR7 and chemokine receptors
and other markers including CCR6, which may be required for trafficking to CCL20
expressed by thymic epithelial cells. As well as CD103, the differentiated cells
express high levels of genes involved in cell-cell contact and cytoskeletal regulation,
including E-cadherin itself, a2 and B4 integrins, and growth arrest specific gene 7
(Gas7); an adaptor protein involved the formation of neurites through direct
interactions with actin and an association with N-WASP. The mRNA of the actin
binding protein, SWAP70, was also increased 3 fold in CD103" cells. SWAP70
deficiency results in the loss of germinal centre and MZ B cells and impaired
activation of LFA-1 in B cells, features already reported in CPM mice [23]. Thus,
proteins such as Gas7 and SWAP70 may be part of signalling pathways downstream
of DOCKS8 activation. The role of these proteins in the function and survival of

resident cell populations will be the subject of future work.

5.13 CD103 expression alone is not critical for thymic iNKT cell survival

To examine the role of CD103 for iNKT cell survival in the thymus, | analyzed
CD103 knockout mice. This study shows that CD103 itself is not essential for the
survival of the resident iNKT cells in the thymus, since normal numbers of NK1.1*

INKT cells are present in the thymus of CD103 knockout mice (Fig39A). In
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agreement with the microarray data, Bcl2 expression levels were higher in CD103
knockout INKT cells (Fig39B). In the absence of the integrin CD103, other integrins
such as LFA-1 may take on a compensatory role providing pro-survival factors such

as Bcl2. These hypotheses will need to be tested in future work.
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Figure 39: CD103 knockout mice show no alterations in thymic iNKT cell
development. A) Flow cytometry analysis of thymic iNKT cells development in WT
and CD103KO mice showing representative staining with aGC-loaded tetramer and
TCRp. aGC-loaded tetramer” cells were further analyzed based on CD44 and NK1.1
expression. Numbers of mature, NK1.1" iNKT cells were calculated in WT, CPM and
CD103KO mice. Bars show arithmetic means and SEM. B) Bcl2 expression profiles
of all stages of iINKT cell development comparing WT and CD103KO are depicted.

Data are representative of 2 independent experiments.
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5.14 Conclusions

The role of DOCKS8 has now been shown to be critical for the survival of marginal
zone B cells, germinal centre B cells and memory T cells, which are all cell types
with innate/activated qualities. Perhaps not surprisingly, loss of DOCKS also results
in the disruption of innate-like lymphocytes such as invariant NKT cells (iNKT).
Similar to the T cell lymphopenia seen in mouse and human studies, homozygous
mutations/deletions of the DOCKS8 gene result in loss of iINKT cells in the blood of

patients and in the peripheral lymphoid organs of animal models respectively.

Through the use of the ENU mutant, Captain Morgan (CPM), | have been able to
show that DOCKS is required for the maintenance and survival of INKT cells. In
patients with DOCKS deficiency, like Wiskott-Aldrich syndrome patients, iINKT cells
are reduced in the blood. However, difficulties in isolating these rare cells from
patients make further analysis difficult. Analysis of CPM mice shows peripheral
INKT cells are reduced in the liver, spleen, bone marrow and lymph nodes.
Interestingly, peripheral INKT cells also show clear differences in expression of the
maturation marker, NK1.1, implying decreased survival of the most differentiated
cells. This pattern of loss of iINKT cell numbers and specifically NK1.1" cells is
repeated in the thymus where it is not due to reduced differentiation into the NK1.1"
population. Deficiencies in INKT cells in the liver and thymus were seen to be cell
intrinsic whereas splenic INKT cells were restored in mixed chimeras (possibly due to

the restoration of the CD1d™ MZ B cell population).

Survival of INKT cells, like memory T cells, has been shown to be independent of

TCR signalling and more dependent on factors such as cytokines. However, full

155



maturation of iINKT cells in the periphery is dependent on TCR stimulation outside of
the thymus. Activation of iNKT cells in liver was intact after injection with aGalCer,
suggesting that TCR signalling is not impaired in the absence of DOCKS. Although
responses were weaker in the spleen, when experiments were carried out in the setting
of mixed chimeras, where antigen presentation by MZ B cells is intact, responses

returned to normal.

Adoptive transfer of CPM INKT cells showed that chemotactic responses were
unchanged but long-term transfer demonstrated a survival deficiency. This survival
defect was accompanied by lower expression of the pro-survival factor Bcl2 and the
integrin LFA-1, later confirmed to be cell intrinsic defects due to loss of DOCKS.
However, although LFA-1 knockout models show losses of liver iNKT cells, no

losses are seen in the thymus [24].

Genetic analysis of thymic INKT cells from WT and CPM mice was able to identify a
number of genes differentially expressed. One gene of interest was the integrin
CD103. Expression of this integrin was intrinsically and specifically lost on
CD44'NK1.1® CPM iNKT cells. Up-regulation of this gene is associated with
changes in a number of immune regulated genes including factors including cytokines
such as IL2 and IL15, integrins and cytoskeletal proteins. Further work will be carried
out to understand the roles of these genes in maintaining thymic iNKT cells and to

further understand the role of DOCKS in iNKT cell homeostasis and function.
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Chapter 6

Discussion

This thesis describes the characterisation of a novel ENU mutant, Captain Morgan
(CPM), containing a mutation in the novel guanine nucleotide exchange factor,
dedicator of cytokinesis 8 (DOCKS). The function and role of DOCKS8 within the
immune system was unknown before the discovery of this ENU mutant. Previously,
the critical role of DOCKS in the maturation and generation of humoral immunity was
described by our research group demonstrating that an intrinsic defect in the
formation of GC B cells after immunization consequently lead to losses in protective
antibody titres and memory B cells. However, CPM mice also show other phenotypes
including reductions in the naive T cell compartment. In addition to this, studies
involving cohorts of patients suffering from hyper-IgE syndrome (HIES) revealed
deletion/mutation in the human DOCKS8 gene to be a key contributor to these
diseases. Patients are vulnerable to both recurrent bacterial and viral infections
indicating a possible deficiency in T cell mediated immunity. Therefore, the work
presented here was carried out to further characterize this DOCK8 deficient mouse
strain to reveal the role of DOCKS8 in T cell immunity and in other cell types

including rare lymphocyte populations such as invariant NKT cells.
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6.1 Future of the ENU strategy

The use of forward genetics approaches involving N-ethyl-N-nitrosouria (ENU) has
provided new insights into the function of novel genes and in mendelian models of
human disease [1-4]. The approach has been criticised due to the high costs in
maintaining mutated pedigrees with no identifying causative mutations, although
WGS will soon relieve bottlenecks in analysis and make ENU mutagenesis more
economical [5]. Conventional methods of identifying causative mutations in ENU
strains have involved the out-crossing of affected animals to mapping strains to obtain
linkage regions associated with phenotypes of interest. This out-breeding strategy
carries limitations including the introduction of modifiers resulting in the loss of
phenotypes and the need to carry out extensive genotyping (up to 200 markers) on
large numbers of mice to identify linkage regions containing candidate mutants. A
new approach in our lab has successfully identified causative mutations in a number
of previously characterized strains by the use of WGS. This method can successfully
identify 1-2 candidate genes through the sequencing of genomes from as little as 3 G3
animals for recessive traits and 6 G3 animals for dominant traits respectively (Bull et
al, unpublished data). This approach will be far more economical with falling costs of

WGS and reduced animal costs compared to conventional methods.

The identification of DOCKS as a key regulator of humoral immunity demonstrates
the success of the ENU approach and has led to the further characterization of
DOCKS function in T cell immunity and in iNKT cell development and survival.
Through conventional genetic approaches, the role of DOCKS8 in these processes

would have been difficult to decipher without any prior knowledge of its function. Its
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discovery has also been important in assisting in understanding the genetic factors

underlying hyper-IgE syndromes.

6.2 CPM as a model of DOCKS deficiency syndrome

In terms of explaining human disease, the results presented in this thesis contribute to
our understanding of how deficiency in DOCKS can increase susceptibility to disease,
particularly viral infection. The conclusion is that DOCKS8 operates at multiple steps
in cellular immunity, importantly in the survival of memory CD8" T cells [6, 7]. The
inability to generate high affinity antibodies to pathogens due to a failure to sustain
GC B cells, shown previously [8], and the absence of T-cell memory presented in this
thesis helps to explain the increased susceptibility of human DOCKS

immunodeficiency syndrome patients to recurrent infections.

The loss of peripheral T cells in CPM mice could be explained by a number of factors
including altered T cell development, defective cellular migration and reduced
lifespan. The relative paucity of peripheral T cells in CPM mice is not due to
defective thymic development. Processes such as positive and negative selection
appear to be normal, based on numbers of SP CD4" and CD8" T cells produced in
CPM mice and normal expression levels of related molecules including CD5, CD127
and TCR. It has been previously demonstrated that CD5 is regulated by TCR
engagement with MHC molecules and directly correlates with TCR signalling
strength and avidity for ligand during development [9]. Therefore, loss of DOCKS8
does not appear to be limiting during thymocyte development and the generation of

mature SP T cells.
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Although CPM T cells have a selective disadvantage in populating early thymic
development relative to WT cells in mixed chimeras this is not limiting in natural
mutants or single bone marrow chimeras. B-cell development is normal in the mixed
chimeras and so competitive effects on the early thymus might be due to the defective
survival, proliferation and migration of T cell precursors. As DOCK180 and DOCK2
have been previously demonstrated to be important in the migration of thymic
precursors [10], DOCK8 may also have a similar role. In relation to this, CPM SP
CD4" T cells accumulate in the thymus and these CD4" cells show increased
migration to SDF-1/CXCL12. Emigration from the thymus is mediated primarily by
trafficking to S1P, and whilst CXCL12-dependent signals have been suggested to
play a role in thymic egress it remains to be demonstrated formally in physiological

circumstances [11-13].

6.3 WHIM syndrome

The discovery that mature naive thymic CD4" T cells show increased migration to
CXCL12 does raise the interesting possibility of a connection between DOCKS8 and
the human WHIM syndrome, which is a combined immunodeficiency defined by
warts, hypogammaglobulinemia, immunodeficiency, and myelokathexis causing
neutropenia [14]. WHIM and DOCKS deficient patients share a similar spectrum of
recurrent respiratory and cutaneous viral infections [14] although not all clinical
features are comparable. T cells from patients with the WHIM syndrome also show
augmented T-cell responses to CXCL12, and a substantial number of these patients
have mutations in the CXCR4 chemokine receptor gene [14, 15]. DOCK8 may,

therefore, be a regulator of CXCR4 signalling and speculatively, WHIM patients with
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no obvious abnormality in CXCR4 dependent signalling may have mutations in

DOCKS8-dependent signalling pathways [15, 16].

6.4 Differences in migrational patterns

Although SP thymic CD4" T cells show increased migrational responses to CXCL12,
under physiological conditions the increased sensitivity does not alter CD4™ T cell
migration into peripheral lymphoid organs. Peripheral T cells also show no
differences in chemotactic responses to a range of stimuli, most notably CCL19 and
CCL21. CCL19 and CCL21 have been demonstrated to be crucial in the survival and
recirculation of naive T cells with severe lymphopenia described in CCL19 and
CCL21 knockout mice [17-19]. Therefore, loss of naive T cells in the absence of
DOCKS8 does not appear to be related to chemotactic responses and re-circulatory

behaviour.

6.5 Role of DOCKS8 in T cell survival

In theory, the decreased number of naive T cells in the peripheral T-cell compartment
could be due to defects in thymic egress, differentiation and proliferation or the
increased death of cells. However, the data presented in this thesis suggests that
decreased survival is the principal reason for the loss of T cells in DOCKS8 deficient
animals. The increased turnover of CPM T cells in vivo and the increase in activated
or memory-like (CD44"/CD62L") T cells is likely to be caused by lymphopenia-
induced proliferation, which occurs when T cells in lymphopenic hosts divide and
irreversibly acquire a ‘memory-like’ phenotype [20]. The increase in
CD44"/CD62L" T cells is not present in mixed chimeras where cell numbers are

normal, and so, in this case, the loss of naive peripheral CPM T cells must be due to
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an intrinsic defect in survival rather than forced differentiation and division.
Specifically, mature SP T cells in the thymus showed reduced levels of the pro-
survival factor Bcl2 and showed reduced lifespan when transferred into WT hosts.
This loss of T cells does not appear to be related to any deficiencies in proliferative
capacity as CPM T cells proliferated freely in vitro when stimulated with anti-CD3
antibodies and also incorporated high levels of BrdU under homeostatic conditions in
vivo. As CPM cells also localize normally to the peripheral lymphoid organs, these
data are indicative of the importance of DOCKS8 in the maintaining T cells by

promoting pro-survival factors such as Bcl2.

Importantly, lymphopenia affecting the primary repertoire does not seem to be
limiting in the primary response to vaccination or infectious challenge, when
proliferation can presumably compensate for the reduction in T cells. Therefore,
lymphopenia alone cannot explain the susceptibility of DOCKS8 deficient patients to
recurrent infection. However, although primary responses are normal in CPM mice,
the most striking effect of DOCKS8 deficiency is on the survival of memory CD8" T

cells [6, 7].

6.6 Role of DOCKS in T cell immunity

The CD8" T cell immune response can be divided into three phases: the first phase is
the growth and differentiation of naive CD8" T cells into effector cells with lytic
activity and cytokine production; the second is a phase of 10-20 fold contraction
leading to a smaller population of long lived memory cells, which arise by the
differentiation of effectors [21, 22]; and the third, a phase in which the memory cells

are maintained in the host [22, 23]. Long-lived CD44*CD62L"CD127" central
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memory T cells (T¢wm) arise after 5 days following a typical infection and survive
within secondary lymphoid organs where they can respond swiftly in a recall response
[22-25]. The generation of the memory cells and the expansion of the immune
response depend on TCR signalling as well as co-stimulatory molecules including
CD28, CD40, 4-1BB, CD27, ICQOS, and/or OX40, IL2 and inflammatory cytokines
including 1L-12 and IFN-o [26-31]. The normal response following MVA
vaccination or influenza infection and the initial generation of memory cells suggests
that DOCKS is not limiting downstream of these pathways. The long-term survival of
memory CD8" T cells does not require the presence of antigen but is dependent on
cytokines, particularly IL-15 and IL-7 [32-35]. However, the absence of defects in
lymphopenia-induced homeostatic expansion and NK cell development (data not
shown) which depend on IL-7 and IL-15 [20] argues against a deficiency in cytokine
signalling as the cause of CD8" T-cell memory failure in the absence of DOCKS. In
support of this conclusion, INKT cells from CPM mice also showed normal

responsiveness to IL7 and IL15 as well as IL2 and IL21.

Losses in CD8" T cell memory may also be explained by other cell extrinsic factors
including deficiencies in CD4" T cell help [36, 37]. In relation to this possibility,
autosomal dominant presentations of HIES are evident with 60-70% of patients
possessing mutations/deletions in the cytokine signalling protein STAT3 which has
important roles in the activation and differentiation of CD4" helper T cells [38].
Notably, the importance of STAT3 in the differentiation of TH17 cells is well
documented and therefore the consequent loss of TH17 cells in the CD4" T cell
repertoire of STAT3 deficient patients has been put forward as an explanation for the

susceptibility of patients to recurrent infections. However, work carried out by our
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collaborator Helen Su (Bethesda, USA) performing ex vivo stimulation of CD4" T cell
derived from the blood of DOCKS deficient patients demonstrated no significant
differences in IL17 production. Trends towards higher 1L4 and IL13 production were
observed in this data, which may be related to the atopic phenotype seen in patients.
However, due to ongoing infection and treatment it is difficult to interpret these
results fully. Similar experiments carried out with CPM CD4" T cells presented here
showed no significant differences in cytokine profiles of activated cells supporting the
data from Helen Su. Thus, the susceptibility of DOCKS8 deficient patients to recurrent
infection at this time does not appear to be related to any impairment in CD4™ T
helper cell activation and differentiation. The ability of these cells to interact and form
stable interactions with antigen specific CD8" T cells during the initial stages of
priming may have important consequences in providing optimal T cell help. However,
although this hypothesis was not stringently tested during this period of work, the
ability of CPM cells (most notably GC B cells) to interact with CD4 T cells has been
demonstrated previously. Although losses of GC B cells are observed in CPM mice,
processes such as immunoglobulin class switching which are CD4 T cell dependent
are intact in these animals [8]. Therefore, the reductions in memory seen in CPM
mice are unlikely to be due to extrinsic factors such as CD4 T cell help. This
conclusion is further supported by the experiments carried out using mixed chimera
mice. In this setting, the most profound effects of DOCKS8 deficiency were found in
the memory CD8" T cell compartment confirming the intrinsic role of DOCKS in

memory T cell formation.
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6.7 Role of DOCKS in integrin biology

Since CPM B cells are unable to cluster ICAM-1 following antigen-receptor
signalling it is tempting to speculate that similar defects in integrin-dependent
signalling might affect the memory T-cell response. In support of this, work carried
out by our collaborator Chris Goodnow (Australian National University, Canberra)
demonstrated that DOCKS deficient OT-1 transgenic T cells fail to form coordinated
synapses upon interaction with antigen pulsed dendritic cells [7]. Although ICAM-1-
dependent interactions between T cells and DCs play a role in the formation of CD8"
T cell memory cells [39, 40], the absence of ICAM-1/LFA-1 interactions has already
been described as having its greatest effect on the survival of memory cells [41-43].
However, it is difficult to interpret these results in an in vivo setting and how limiting
these defects may be. It is also interesting to speculate that a dependence on external
signals from molecules such as integrins within cellular niches might also account for
the low Bcl2 expression in CPM single positive thymocytes and their decreased

survival on transfer into the periphery.

6.8 Similarities between DOCKS deficiency and Wiskott-Aldrich Syndrome

How DOCKS8-dependent reorganization of the cytoskeleton could affect lymphocyte
survival is also not yet clear. However, a decreased memory response to viral
infections is reminiscent of Wiskott-Aldrich Syndrome (WAS), which is an X-linked,
immunodeficiency syndrome principally caused by mutations in the WAS protein
(WASP) gene [44]. WASP regulates the actin cytoskeleton during a variety of
immunological functions including cell migration and the formation and the
preservation of T-cell memory [45]. WASP and WASP-family verprolin-homologous

(WAVE) proteins are fundamental actin-cytoskeleton reorganizers found in
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eukaryotes. The conserved function across species is to receive upstream signals from
Rho-family GTPases and then activate the actin-related protein (ARP) 2/3 complex,
leading to rapid actin polymerization [46, 47]. There are a number of similarities
between WAS and DOCKS8-deficiency including peripheral T-cell lymphopenia, a
lack of marginal zone B cells and poor immunological synapse formation in WASP-
deficient B cells as a consequence of impaired BCR and integrin signalling [48, 49].
Cdc42, the target of DOCKS is an important regulator of WASP function [50].
Therefore it is an intriguing possibility that DOCK8 augments the formation of active
Cdc42, at the membrane interface thereby signalling through WASP. Further
investigation of such pathways and their relationship to the human immunodeficiency

syndromes will provide important insights into how T-cell memory is sustained.

6.9 Role of DOCKS in iNKT biology

In this thesis, | have also described how deficiency in DOCKS leads to a failure to
sustain normal numbers of INKT cells in humans and in mice. The findings presented
here show that DOCKS is required at several stages in iNKT cell development,
though the principal cell-intrinsic effect of DOCKS8 deficiency is a failure to maintain
normal numbers of sessile and terminally differentiated CD44'NK1.1" cells in the
thymus and liver. This data mirrors that of the role of DOCKS for the maintenance of

antigen selected and long-lived memory cells and marginal zone B cells [6-8].

6.10 INKT cells in primary immunodeficiency diseases (P1Ds)
Reduced numbers of iINKT cells will contribute to the susceptibility to infectious
disease and cancer seen in the human DOCKS8 immunodeficiency. Several other

immunodeficiency syndromes have been associated with INKT cell deficiency
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including WAS and XLP syndromes [51, 52]: INKT cells play an important role in
the immediate response to pathogens through the recognition of foreign lipids and the
release of inflammatory cytokines [53]: they function in cellular immunity via IFNy
secretion and in humoral immunity through the generation of IL4 and direct
collaboration with B cells by interactions via CD40L [54-56]. Their importance in
anti-viral immunity is highlighted by the various strategies deployed by viruses to

avoid CD1d-mediated antigen presentation [57].

The absence of INKT cells in DOCKS8 deficiency is therefore likely to affect the
quality and amplitude of immunity to the recurrent viral and bacterial pathogens that
beset these patients. There is also compelling evidence that iINKT cells play a role in
cancer surveillance [58]. Interestingly, given the clinical phenotype of DOCKS8
deficient patients, low levels of circulating INKT cells predict a poor outcome in
patients with head and neck squamous cell carcinoma [59]; and in mice, INKT cells
from the liver provide the best protection against cancer compared to INKT cells from

the spleen or thymus [60, 61].

6.11 Early stages of INKT cell development

The earliest iNKT cell progenitors arise from CD4"CD8" double positive thymocytes
carrying the invariant NKT cell receptor. These CD24™ cells, which stain with
oGalCer tetramer, undergo positive selection requiring TCR activation by an
unidentified CD1d/lipid self-antigen, which is expressed on thymocytes rather than
cortical epithelial cells, and co-stimulation via SLAM receptors [62]. The SLAM
receptors signal via the adaptor protein SAP and the Src-family Kinase Fyn [63].

Deficiency in SAP causes X-linked Lymphoproliferative disease (XLP), which is
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characterised by a block in INKT cell development at positive selection, as well as a
failure to generate humoral immunity due to loss SLAM dependent signalling in
follicular helper T cells from T-B collaborations in the germinal centre [64, 65]. There
are parallels between XLP and DOCKS deficiency in the clinical effects of defects in
both B and iNKT cell immunity. However, whilst DOCKS8 deficiency has a marked
effect on the positive selection of iINKT cells in the presence of competing WT cells,
it is not limiting in their absence. This may reflect a quantitative effect of DOCKS8 on
tuning TCR activation and survival during positive selection, which is analogous to
but less profound than that affecting B cell selection and survival in the germinal

centre.

Interestingly, DOCK2 deficiency induces an almost complete block in INKT cell
development at the stage of positive selection, without affecting conventional T cell
development in the thymus [66]. A similar defect in early iINKT cell selection is also
seen in the absence of the Wiskott-Aldrich Syndrome protein (WASp), which is also
associated with cytoskeletal rearrangements and integrin signalling [51]. Cdc42, the
probable target of DOCKS, is an important regulator of WASp; and in plants, the
DOCKS8 homologue SPIKE1 controls actin polymerization via the WAVE and ARP
2/3 complex [67]. Therefore, DOCK2 and DOCKS8 may operate in parallel to
pathways involving factors already described in iINKT cell development, such as SAP,

Fyn, IKKB and WASp [63, 68, 69].

6.12 DOCKS becomes limiting in late stage, fully mature, thymic iNKT cells

In unmanipulated DOCKS8 deficient mice, the principal thymic defect is not in the

positive selection of iNKT precursors but a reduction in the resident CD44" NK1.1*
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population. These cells are resident for many months and play an as yet undefined
role in the thymic environment. As the development of conventional SP T cells in
CPM mice appears normal in the absence of this resident population of iINKT cells,

this is suggestive that these cells have no significant role in T cell development.

The selection and coincident proliferation of the CD44"NK1.1" precursors depends on
antigen presentation by CD1d, SLAM4, co-stimulation by B7-CD28 and ICOS-
ICOSL interaction and expression of the transcription factor Thet leading to up-
regulation of CD122 (IL15R), which plays an essential role in survival [61, 69-72].
mMRNA expression of these factors is similar in WT and CPM thymic CD44"NK1.1"
INKT cells, implying that these are not differentially regulated at the level of
transcription. Moreover, in contrast to the situation in mice deficient in these
pathways, the rate of generation of new thymic CD44"NK1.1" cells was found to be
similar in WT and CPM mice, implying that the function of DOCKS resides in cell
survival rather than selection. Survival of the CD44"NK1.1" cells is independent of
CD1d signalling but does require I1L15 [73, 74]. CPM cells respond normally to 1L15
stimulation, suggesting that DOCKS8 operates in a separate survival pathway. It is
possible that that this pathway is upstream of Bcl2, since this is shown to be reduced
in all INKT cell populations in the absence of DOCKS. Our data show that a fall in
Bcl2 expression during the normal development of thymic resident iNKT cells
coincides with increased expression of a variety of soluble survival factors and
receptors, including IL7R and IL15, and integrins such as CD103, which are linked to
the cytoskeleton and cell-cell contact. The ligand of CD103, E-cadherin, forms
adherens junctions with other cells through homophilic interactions, as well as its

heterophilic interactions with aEB7, via oE/CD103, and the lymphocyte inhibitory
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receptor KLRG1 and modulates signals via Akt, Wnt/Bcatenin, NFkB and Rho
GTPase dependent pathways [75]. Since DOCK family members are recruited to the
plasma membrane by binding to PIP2/PIP3, such a pro-survival pathway could relate
to the canonical PIP3-dependent AKT and MAPK dependent cell survival pathways.
In this way, the long term survival of iINKT cells within the thymic niche may depend
on signals from adjacent cells, which in this case would be thymic epithelial cells
expressing E-cadherin [76], as well as soluble growth factors. Further analysis of the
CD103" subset of resident thymic CD44"NK1.1" iNKT cells will be required to
establish the role of DOCKS in cell survival and to elucidate the role of these cells in

normal physiology.

6.13 Liver iNKT cells survival is regulated intrinsically by DOCKS8

Similar patterns of iINKT cell development and survival to those seen in the thymus
are repeated in the periphery. Although the differentiation of NK1.1" cells remains
CD1d dependent, antigen-presentation has not been found to be required for INKT
cell survival [74]. The data presented here demonstrate that iINKT cell activation is
normal in the liver, and also in the spleen when antigen presentation in not limited by
loss of MZ B cells. This suggests that TCR/CD1d interaction and signalling are
broadly intact and less likely to represent an explanation for loss of iNKT cells in the
periphery. As in the thymus, survival requires stimulation by cytokines such as IL-15
and to a lesser extent by IL-7, except in the lymph nodes where subsets of NKT cells
lack CD122 [61]; and long term survival of iNKT cells is perhaps analogous to the
situation in memory T cells, which also survive and divide slowly in the presence of
IL-15 without obvious requirement for antigen. In the case of DOCKS deficiency, IL-

15 induced proliferation is normal and the numbers of splenic iINKT cells are not
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reduced in mixed chimeras. The cell intrinsic defect in INKT cell survival in the liver
due to loss of DOCKS is therefore more specific. It is possible to speculate that this is
due to the interplay between the cells and their immediate environment. Like MZ B
cells, which are absent in DOCKS deficiency, iNKT cells depend on integrin signals
via LFAL for tissue retention [77]. It is therefore possible that survival signals
downstream of integrin receptors play a key role iINKT cell survival and in MZ and
GC B cells [78, 79]. WASp-deficient iNKT cells are also reduced in the liver, where
their deficiency is associated with decreased expression of LFA-1 (CD11a) [51]. The
level of dependence on these signals might vary according the presence of other
survival signals. In relation to this, the importance of LFA-1 in INKT homeostasis has
been demonstrated in integrin blocking studies using parabiotic mice [77]. Loss of
LFA-1 expression using knockout mice has also demonstrated the dependence of
INKT cells on LFA-1 is predominantly in the liver with no differences in splenic

INKT cells [78].
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