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ABSTRACT

So-Young Eun
The Function of a Novel Guidance Molecule, Plexin-Al, on Immune Dendritic Cells

(Under the direction of Jenny P-Y. Ting)

Plexins (PIxns) and their ligand molecules, semaphorins wermahgknown as
axonal guidance factors in neurons. PIXnAl, in particular, was digmbwe neurons
along with its soluble ligand Sema3A, another neuronal guidance ¢oee t8en, it has
also been implicated in a variety of contexts such as cardioaasdalvelopment,
carcinogenesis, or immune responses. In the immune system, PlxrsAarigiaally
detected in bone marrow-derived dendritic cells (DCs), regulatedClass Il
Transactivator (CIITA), the master regulator of MHC sld$ molecules. PIxnAl
expression was shown highly upregulated in mature DCs whepmpdéaeed to play a
crucial role in T cell priming. The work presented here dematestra dual role of
PIxnAl on the surface of DCs in cognate T cell priming upon conjugasamell as in
chemokine-induced DC migration. The mechanism by which PIxnAl stiesull cell
activation upon contact involves small GTPases. PIxnAl stimulate® a cell
activation in an antigen-dependent manner, and augments chemotaxs dbWwards

defined chemokines attracting mature DCs, such as CCL19/21, and 12XGs



demonstrated using DCs lacking PIxnAl. It was observed that upoh @hgelgement,

PIxnAl-deficient DCs contained significantly reduced levels of Rh&#3E, leading to a
defect in the polarization of actin filaments towards the interface withlg dmvnstream

of Rho. As also suggested by a previous observatiompltk@A I mice showed reduced
symptoms of experimental autoimmune encephalomyelitis upon challehgeAlP

presents its potential to be a target for developing therapeutics againsinaune

disorders among others.
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CHAPTER I: INTRODUCTION



1.1. Plexins and Semaphorins

111 Plexins.

Plexins (PIxns) and Semaphorins were initially studied in theonalisystem. The
name of PIxn was derived from the plexiform layers of the optititn and the neural retina
where its expression was primarily observed [1, 2]. The Plwmlyfas divided into four
subfamilies designated A through D, and comprises nine menthgisg 1.1) [3]. In the
murine species, the A subfamily of PIxns consists of four mesniheluding PIxnAl which
is the main focus of this project [3]. PlIxns are well-consgrttreoughout the animal
kingdom from invertebrates to vertebrates, which suggests an impootantn normal
function and development [3-7].

PIxns are type | transmembrane glycoproteins, and remain meeaboaind except for
the B type subfamily in vertebrates that contain convertaseade sites that lie adjacent to
the membrane-spanning region [2, 8-10]. Indeed, in human cell linessand samples,
cleaved B type PIxns such as PIxnB1 and PIxnB2 are the predomif@mid [8]. The
shorter fragment cleaved from the full-length protein contdiasettire cytoplasmic portion
plus the membrane-spanning region along with a very short dkitacgart of the full
length protein, whereas the longer fragment contains most of tieemihal extracellular
part before the cleavage site. It has been suggested that protpabgessing of B type
PIxns by proprotein convertases occurs in post-Golgi compartnmehts at the cell surface.
However, according to the observation, the two cleaved fragmenshof@er fragment:
~100kDa; a longer one: ~200kDa) were still weakly bound togetherhedesodimer via
non-disulfide linkage. Moreover, compared to a noncleavable mutant form of the protein, the

heterodimer exhibited higher affinity for their ligand, Sema4lditgato a stronger collapse



response of fibroblasts [8]. Consequently, the heterodimer of B type feems to remain
plasma membrane-bound and respond to surface ligands. However, asotiieswggested
that a secreted PIxnBl protein exists in humans. The authoesl steat two different
versions of PIxnB1 mRNAs were found, one of which was full-length, bubttier a splice
variant that was truncated within the extracellular portion optbéein, due to a frame shift
in the open reading frame [3]. Thus, it is plausible that B Bigas could be released into
the extracellular environment spontaneously or upon ligand stimulatioowevér, the
question of whether and how such events take place is left unknown.

The N-terminal Sema domain of PIxns is responsible for ligand#mndil-13].
The Sema domains are shared by Plxns, Semaphorins, and the pogermadIET and
RON (Recepteur d'Origine Nantais) receptor tyrosine kingSeks). The Sema domain
Is known to mediate protein-protein interactions including Semaphamertiation as
well as Semaphorin interactions with Plxn and Neuropilin (NrpLI315]. The Sema
domain is also an autoinhibitory element for PIxn activity, in tbsting state. A
truncated mutant of PIxn protein lacking the Sema domain was shown to be dwabtitut
active and nonresponsive to ligand stimulation, suggesting that Plxnsgander
conformational change upon ligand-binding [16]. Crystal structureseofaS8A and
Sema4D revealed that the Sema domain is the largest known amaseyémebladé-
propeller folds, approximately 500 amino acids long [11, 12]. Fpeopeller folds are
widely used for protein-protein interaction as well as for gataactivity itself (reviewed
in [13]).

The N-terminal Sema domain in Plxn is followed by three sequential RESkfrin

PIxns, Semaphorins and Integrins) repeats and three or fournsauBT domain



repeats (Immunoglobulin-like fold shared by Plxns and Transcrip#otors) followed
by the trans-membrane-domain [4, 11, 17]. PSI is also calledadl systeine-rich
domain (CRD) or MRS (Met-related sequence), and it is sharddBbly and RON as
well as by most of the Semaphorin family except viral Seria[¥, 18]. A putative
function for the PSI domain of Plxns was suggested by homophilic biradifjxns
cloned from Xenopus tadpole [2]. Overexpression of PIxn protein in mdueblést L
cells caused cellular adhesions to purified PIxn proteins immedilan plates. Such
intercellular aggregation occurred only in the presence of calcium vemsh were
partially blocked by Plxn-specific antiserum. These authorsbastcthe homophilic
interaction of PIxn proteins to serial cysteine-rich PSI domaipsying disulfide bridges,
although no experimental evidence was provided [2]. This assumptiomavaly based
upon the evidence that cysteine-rich repeats in the PSI domaimaf38e(also referred
to collapsin-1 or SemD) are responsible for forming a homodime3eoha3A via a
disulfide bond, eliciting its collapse-inducing activity [19, 20]. Thegstal structure of
the integrin3 subunit PSI domain revealed its importance in creating a plaffarm
binding ana subunit as well as in regulating ligand-binding [21]. The functionthef
PSI in PIxns is still only implied based on the domain-spedifictional analyses of
other well-studied proteins homologous to PIxns, and no functions of th&oRfin in
PIxns has been specifically determined to date [18, 22].

IPT is also referred to as simply Ig domain or TIG (transomptactor Ig domain),
similar to the Ig-like domain sequence of the fB--family members [13, 23, 24].
Sequential copies of IPT in Plxns are also found in MET and R@iNe some of the

Sema members (II-V, VII) contain only a single copy of théikg domain [13, 23, 24].



Sequential IPT domains appear to be involved in modulating protein-proteradtions
or in protein-binding itself. A monoclonal antibody specific for B®l domain of32
integrin did not suppress ligand-binding of the receptor but antilspegific for the
putative Ig-like domain adjacent to PSI did block ligand-binding. Tinggests that the
putative Ig-like domain op2 integrin is necessary for dimerizationoff subunits [25].
In other reports, natural splicing variants of RON lacking aoregiithin the IPT domain
caused hyperactive kinase activity of the protein, which becamegenic in human
colorectal carcinoma cells, suggesting a regulatory roleointrolling the catalytic
activity exhibited by other protein domains [26, 27]. More dramatideace of IPT
domain function was revealed by a mutant Met protein containirgl #&ili domains but
lacking the Sema domain. The third and fourth IPT domains of Met sudfieient to
bind its ligand, hepatocyte growth factor (HGF) with higher difinbut antagonized
HGF-induced invasive growth. The authors proposed a role in whecHPth domains
cooperate with the Sema domain in binding to HGF and in controlling iIH@fed Met
kinase activity [28]. The potential importance of serial IPT dosa Plxns was shown
by its role in binding triggering receptors on myeloid cells 21(+2), a TREM family
member of Ig superfamily, in a Cos-7 cell overexpression systelxnAl interaction
with Trem-2 was maintained with the IPT domain of PIxnAl lackimey Sema and the
PSI domains, suggesting that the IPT domain of PIxnAl contributésetn-2-binding
[29]. Absolute necessity of the IPT domain for the functional intena of PIXnAl with
Trem-2 was not proven under physiologically relevant conditions in this reportevgow
a recently published study provided another example of additional insigghis function

of the IPT domain, using another Trem family protein called HID€n on the surface of



plasmacytoid dendritic cells. The authors showed that associatiwadmePIxnAl and
PDC-Trem was abrogated in the absence of the IPT domain, thiteassociation was
still intact without the Sema domain, suggesting that the IPTadonm PIxnAl is

responsible for cis-interactions with Trem proteins [30].

The cytoplasmic element of Plxns was shown to be essenti@fmducing signal
upon the ligand binding. A spinal neuron over-expressing a truncated robRIRhAL
that lacked the cytoplasmic tail did not respond to Sema3A stiomlaven when
associated with its co-receptor, Nrp-1 [3, 15, 16]. Unlike MET and R&aNptors that
contain tyrosine kinase activity, the cytoplasmic portions of PlxrSeanaphorins have
not exhibited any kinase activity [31]. Instead, PIxns contam $egmented R-Ras
GTPase-activating protein (GAP) domains homologous to p120 RasGAP mGaByn
their cytoplasmic regions [32]. A region required for binding $r@dlPases such as
Rnd1 or RhoD is located between the GAP domains [32, 33]. The relapidretween

PIxns and small GTPases will be discussed later.

1.1.2. Semaphorins.

PIxns have been known as receptors for Semaphorin molecules upon wmsh PI
transduce signals for axonal growth or collapse [3, 4, 11-15, 34, 3&mahorins,
primarily referred to collapsins, were first identified in tkarly 1990s as axonal
guidance factors [36, 37]. Since then, more than twenty memb&snadphorins have
been identified and categorized into eight subclasses based oaritjpeis and sequence
homologies, including invertebrate (Class | and Il) Semaphorins, (@taks VIII) and

vertebrate (class Il through VII) Semaphorins (Figure 1.2) [38, 39].
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Figure 1.1. Mouse and human PIxn molecules.The Plxn family is divided into
four subfamilies designated A through D, and comprises a total ofnmamebers.
Soluble huPIxnB1 is a short splice variant that is also found in huaiang with

full-length PIxnB1.
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Figure 1.2. Invertebrate (I and II), vertebrate (llI~VIl), and viral (VIII)
Semaphorins. Class Il, lll, and VIII semaphorins are secreted, but ther etieenbers (I,
IV-VII) are membrane-bound, either membrane-spanning (IV~VG3Bl-anchored (VII).

The membrane-bound semaphorins (I, and IV through VII) as well astseé

members (lI-1ll, and VIII) exist, indicating that semaphorirsPinteractions might be

initiated by trans-interaction between two membrane-bound proteiadjacent cells; by

interaction between soluble secreted ligand and a membrane-boupdorece by

binding of a soluble secreted ligand and a secreted receptor [3,r.inQparticular,

Sema4D which is categorized as a membrane-bound semaphorin alscséastad

soluble form, generated by alternative splicing or by proteobjgavage upon cellular

stimulation [40-44].



Particularly, Class Ill Semaphorins require two receptor compsnené of which
is a PIxn and the other, a Neuropilin. Neuropilins funtion to fatdi high-affinity
binding to the ligand. The co-receptor, PIxns are responsibleaonsducing signals
through the cytoplasmic tail [3, 4, 15, 19, 32, 34, 45-49]. An exception is Selfta3E
which PIxnD1 is sufficient for binding and a signaling response. [39wever, more
recent evidence suggests that some Semaphorins utilize not lgnk/ d&hd Nrps, but
proteins such as integrins, CD72 or TIM-2, as their receptor$4%1-The molecular
interactions between PIxns and semaphorins are therefore mucleongokex than have
been observed thus far.

Semaphorins have been shown to function as either attractive asivepgiidance
cues, even in the same neuron [55-57]. For example, an identicahkcerplant from
rat embryos showed opposing responses, upon encountering two differeagh®ens:
The explants exhibited growth cone collapse upon Sema3A (known previously as SemD),
but axonal outgrowth in response to Sema3C (SemE) [55]. FurtherSama3A is also
capable of inducing axonal outgrowth, although it is well estalulishecause growth
cone collapse One of the factors that affect the cellular response to Serapféars to
be the cellular level of cyclic nucleotides, leading to eith@wth cone collapse or
axonal outgrowth [56]. The availability of their coreceptors could &l a switch
between attractive and repulsive signaling, in the presenttee glame ligand. Neurons
expressing both PIxnD1 and Nrp-1 were attracted to Sema3E, but nexmessing
PIxnD1 alone were repelled from it [58]Sema6D has also been shown to induce
completely opposite phenotypes through PIxnAl depending on which co-recéptor

PIxnAl is evidenced by VEGFR2 and Off-track in cardiac morphogenwsichick



embryonic development [59]. Thus, it appears that a single Semaghorigenerate
differential signals depending on the cellular contexts. Beyondrthmal observations,
it is now well understood that stimulation of PIxns with Semaphosngot only
implicated in neuronal networking but also in regulating immuispareses as well as
cell migration and tumorigenesis in various tissues [29, 30, 40, 52, 54, 60-77].

In the immune system, multiple Plxns and semaphorins have beeinhatygt
recognized, although this area of research is still imfemcy. PIXnAl is expressed in
mature dendritic cells (DCs) [29, 71, 73, 78]. And PIxnAl has been showmdo
Sema6D which is expressed on T lymphocytes, stimulating T al/ation as
demonstrated by our group and others [29, 71, 78, 79]. PIxnA4 is alstedate®Cs,
where its functionality is still unclear [73]. However, in @lls, it is recognized as a
negative regulator of T cell responses by employhaad” mice. From the report,
PIxnA4 is suspected to cooperate with Nrp-1 in order to respond to38estianulation
in T cells, in that the hyper-proliferative phenotype of PIxhiAcells is similar to that
of Nrp"' T cells or Sema3A T cells [73]. On the other hand, PIxnB1 and C1 appear in
human immature DCs and monocytes, respectively, and both respond upon enjageme
with Sema4D (CD100), previously reported as a ligand for CD72 onI8[86l 81]. It
Is interesting that dramatic downregulation of PIxnC1 funtions leartal induction of
PIxnB1 uponin vitro DC maturation. In the report, PIxnC1l-expressing monocytes and
PIxnBl-expressing immature DCs showed reduced migration whendBewes added,
whether their migration was spontaneous or chemokine-induced. Suchtionhitf
migration by Sema4D ligation suggests that Sema4D suppresgedion of monocytes

or immature DCs through either PIxnC1l or PIxnB1, respectively [8I.contrast,
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PIxnC1 is also reported to be found on mature DCs, where it is miyilddr integrin-
mediated DC adhesion and migration upon poxviral Sema A39R, pigingL”™ mice [69,
70]. A discrepancy in expression patterns of PIXnC1 in these repaytde due to the
differences between humans and mice. Meanwhile, interactiorxioBPlwith Sema4D
has also been identified to be crucial for B cell survival andfpration [60, 82]. Given
these reports, it is clear that each PIxn has multiple ligaaise of which are shared by
other PIxns. As a result, the functional outcome of each PIxn wobetdlde dependent
on the spatiotemporal availability of a particular ligand. The apresgces of these
molecular interactions and signal transductions are thereforetegp® be much more
complex than initially presumed. The importance of Plxns and Swmap in other

systems with cumulative findings of their functions is reviewed by ofB&r84].

1.2. PIxnAl and small GTPases

Small GTPases (G-proteins) have been implicated in Nrp-1/Rbmédiated Sema3A
response in neurons, and their signaling to the actin cytoskeleton doalaguidance.
Indeed, multiple small GTPases that directly or indirectlyoaiate with PIxnAl have been
identified [3, 32, 33, 85-90]. Our PIxn study was performed in theegomtf DC-T cell
conjugation. Although the mechanism regulating DC cytoskeleton isuliptunderstood,
cytoskeletal organization and integrin activation upon DC-T cell catiug are known to be
critical for activation of both participants [91-93]. Thus, it mpbrtant to include a

discussion of PIxnAl-associated small G-proteins.

1.2.1. Rho GTPases;

-11 -



PIxnAl has been linked to Rho or Rho-like GTPases. PIxnAl overexpiiassé&k
293T cells has been found to physically interact with both Rnd1 and Bhebown by GST
pull-down assays [33]. Rnd1l is known as a constitutively active meohltiee Rho GTPase
family [87, 94]. Rndl and RhoD appear to either pass Sema3A-induced edlgpal or
block it, respectively. PIxnAl signaling upon Sema3A engagementiggested to be
balanced by these two players. None of the other Rho-réiieases tested such as Racl,
Rnd2 or RhoG seems to form a complex with overexpressed PIxnAlnpnot€sST pull-
down assays [33]. In general, studies have shown that Rndl activagitads sthe
disassembly of actin cytoskeleton and Rndl regulates actin cytaskdlgtantagonizing
RhoA activity, for example, via activation of RhoGAP proteins [87, 95-98]. Rho andrRac
known to activate actin polymerization through the following meamniRho and Rac both
activate LIM-kinase through their downsream kinase, ROCK and PP&sfectively [86, 99,
100]. In turn, LIM-kinase phosphorylates and inactivates cofilin, am-depolymerizing
factor, thereby activating actin polymerization [101-103]. Takeether, actin filaments are
depolymerized for the retraction of lamellipodia and filopodia inapsiéd growth cones,
explaining a role of Rnd1 in the collapse response [33, 85, 104]. Imgigstecruitment of
Rnd1 to PIxnAl was important for its role in facilitating twlapse response upon Sema3A
[33]. This is partly due to the fact that RhoD binds to the overlagiagn PIxnAl protein.
Thus, RhoD is thought to antagonize Rnd1 by competing for the bindingnsRéxnAl or
by changing a conformation of the Rnd1-binding region of PIxnAl [83]d1 has also been
implicated in R-Ras signaling for integrin activation as veslifor the collapse response in

the context of interaction with PIxns [105-107]. Rnd1 requiremenh®Sema3A-induced

-12 -



collapse response will be further discussed related to the riegutiHt R-Ras activity by
PIxnAl.

Regarding RhoA and Racl, the same group showed earlier thar & nor Racl
specifically interacts with PIxnAl [32]. However, other invgators reported subsequently
that overexpressed Racl physically interacts with co-exgaeB3xnAl and is required for
PIxnAl signaling for cell collapse upon Sema3A engagement in C{xS[@@]. This has
been reproduced in dorsal root ganglia and spinal motor neurons by[8$e36, 108, 109].
However, the collapse induced by a constitutively active form xiiAdl does not seem to
require Racl activity, suggesting that Racl is not located daanstof PIxnAl in the
signaling cascade [90]. Regarding discrepancies among rapshsuld be noted that most
of the studies have been performed in certain model systentgsprsiteins overexpressed in
cell lines.

Collapsin response mediator protein (CRMP) is another family a@écules that is
physically associated with PIxnAl and implicated in Sema3A-irdlagenal repulsion [110,
111]. Overexpressed CRMP2 is shown to be tightly associated evilpressed PIxnAl
upon Sema3A stimulation, leading to facilitated Sema3A-inducedcoeliraction [110].
CRMP2 is primarily related to regulation of microtubule dynamasswell as functioning as
a substrate of Rho kinase, to binding actin filaments [112-114].

In summary, Rho and Rho-like small GTPases including RhoA, Rautll,,Rnd RhoD,
seem to interact with PIxnAl directly or indirectly. In gextethey function in regulating
cellular behaviors such as cell adhesion and motility through negmaent of the actin
cytoskeleton upon Sema3A stimulation by interacting with PIxnAl.ad¢h Rho and Rho-

like G-proteins are analogous in their underlying mechanism afnastsulting in similar
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phenotypes, even though they have been recognized for their distesctiepending on cell
types and cellular settings. Furthermore, PIxnAl has also beem sbomduce completely
opposite phenotypes upon the same stimulus, depending on its availadtepir or on the
cellular level of cyclic nucleotides, suggesting that treee cellular mechanisms regulating
multiple mechanisms [56, 59]. Thus, it is likely that PIxnAl wdizparallel and distinct

pathways by employing a differential Rho GTPase in a particular context

1.2.2. R-Rasand Rap GTPases:

R 1430 R 1746

COOH

Rnd/RhoD GAP domain (C2)
binding region :1720~ 1820 aa

TM GAP domain (C1):1370~1510 aa

Figure 1.3. The cytoplasmic region of PIxnAl from the membranepanning sequence
(TM) through domains homologous to SynGAP (C1) and R-RasGAP (C2)Critical Arg
(R) residues at position 1430 and position 1746 in amino acid sequence of PIRmA1.
and RhoD bind to PIxnAl between C1 and C2.

The activity of Small GTPases including Rho GTPases asasdlie Ras superfamily
is regulated by their own guanine nucleotide exchange fact&Bq&and GTPase-activating
proteins (GAPs). GEFs activate G-protein signaling by ifatilg the exchange reaction
from G-protein-bound GDP to GTP. In contrast, GAPs dampen the signaling of Gyfoptei
facilitating G-protein-bound GTP hydrolysis. These regulawgments of individual G-

proteins are critical for controlling the activity of specifig€TPases by which cellular
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behaviors such as cell adhesion or movement are regulated undem péntaiological
conditions (reviewed in [115]).

PIxnAl has been linked to regulation of R-Ras function through its jdtantivity of
GTPase activating protein (GAP) based on its sequence homologhOF2, A Ras-related
small GTPases, R-Ras is highly homologous to human Ras (HFRE) Despite the
sequence similarity, however, R-Ras has been demonstrated @ ghistynct role from that
of protooncogenic H-Ras [117, 118]. R-Ras activates integrin gsigndbr cellular
migration and adhesion [119]. Notably, PIxnAl contains segmented RARsahserved
regions including critical R residues essential for the GARiBg in its cytoplasmic region
(Figure 1.3) [32]. Instigated by the sequence homology of PIxoAR-RasGAP, several
studies have sought to reveal GAP activity of PIxnAl for R-Rdstations of conserved R
residues (R1430 and R1746) in the GAP region of PIxnAl completely abolsred3A-
induced collapse in COS-7 cells, suggesting R-RasGAP activigyxofAl is required for a
Sema3A-induced response.

However, direct evidence of GAP activity by PIxnAl has not beehdoming [32]. It
is PIxnB1 that has displayed direct evidence of GAP actiatyR-Ras [105]. This study
revealed that R-RasGAP conserved regions in PIxnBl are redoirats GAP activity
specifically for R-Ras. Rndl1-binding to PIxnBL1 is also requiredt$oR-Ras GAP activity,
such that PIxnB1 performs R-Ras GAP activity in response tea&enengagement, only
when Rndl is provided. According to the report, endogenous PIxnBl natigalhls for
neurite retraction upon Sema4D but overexpressed mutant PIxnB1 ladkirej B residues
does not facilitate R-Ras GTP hydrolysis but suppresses $emddced neurite retraction

in PC12 cells [105]. A subsequent report from the same group shoWAdxhBiL suppresses
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R-Ras-mediated activation @f. integrin upon Sema4D, leading to a reduction of integrin-
mediated cell migration [107]. In general, it has been known thaadRpRys a crucial role
in cellular adhesion by stimulating integrins, which in turn promm# adhesion and
migration, as mentioned earlier [119-121]. Interesting enough, BARsactivity of
PIxnB1 suppresses such cellular behaviors [105, 107].

Contrary to PIxnB1 exhibiting R-Ras GAP activity, direct evidergcstill lacking that
PIxnAl performs this function [105]. It has been implied that Plgnsignaling in response
to Sema3A is linked to growth cone collapse through its possible s&AR activity,
analogous to PIxnBl effect upon Sema4D [105]. In line with previousnfisdihat
mutations in the GAP domain of PIxnAl suppress the Sema3A-inducedioepuihis report
demonstrates that downregulation of R-Ras activity is also regiarehe Sema3A-induced
growth cone collapse. Introduction of a constitutively active R-Rautant into rat
hippocampal neurons suppresses growth cone collapse upon Sema3Atietimj83 33,
105]. Another report suggests a link between PIxnAl and Rac agssvBlhdl and R-Ras
[122]. The report demonstrates that a molecule called FARPRa(&EF), which is
associated with PIxnAl in a resting state dorsal root gandhiecomes dissociated from
PIxnAl to activate Rac, upon Sema3A stimulation. In turn, Rndl rsited to PIxnAl
upon Sema3A to stimulate the R-RasGAP activity of PIxnAl, iaguib axonal repulsion
[122]. Although direct proof of PIxnA1 GAP activity for R-Ras {8l dacking and it has
been indirectly implied only in the context of Sema3A stimulation@with Nrp-1-PIxnAl
association, GAP activity of PIxnAl for R-Ras has been presunsadi lmen such a change in

cellular behaviors [105, 122].
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A Ras-like small GTPase, Rapl was introduced as another possible player upgh PIx
signaling. Rapl is activated by R-Ras for integrin stinuiaih a macrophage-like cell line
[123]. Analogous to R-Ras, Rapl has been implicated in translation of environmenihl st
into integrin-mediated cellular adhesion and motility in immunés,camong others [124-
132]. In particular, Rapl has been shown to play a key role in cherindineed DC
trafficking. The importance of Rapl in DC migration is régdafrom a mouse model
deficient in a Rapl effector molecule RAPL (Regulator of Aelhesion and Polarization
enriched in Lymphoid tissues), where DCs are impaired in nograbwards the draining
lymph nodes [125]. Furthermore, Rap1l activity has been found to be efpiBCR and
LFA-1-mediated activation of B cells which are professionabantpresenting cells (APC)
[133]. Also, in activating T cells, Rapl plays a key role in ramgaboth T cell-APC
interactions and T cell receptor-mediated T cell responses giinrditFA-1-ICAM-1
interaction.

However, fine tuning of Rapl activity seems critical for ovefatlell response [129,
131]. Rapl is transiently activated upon T cell receptor stimulakirough calcium influx,
and consequently elevated Rapl activity strengthens the affetityebn LFA-1 and ICAM-
1 upon T cell engagement with antigen-presenting cells (APC) [1ZID3 stimulation
increases Rapl activity, while CD28 dampens it, thereby modulafi®glL affinity to
ICAM-1, although both CD3 and CD28 are known to induce calcium influx upoallT ¢
activation [131, 134, 135]. However, a constitutively active Rapl antagdBrkeactivation
induced by antigen-dependent TCR stimulation but also causes eglgrdevated levels of
p27*! an indicator of cell cycle arrest, with subsequent reductionLe? levels.

Overexpression of a dominant negative Rapl or a RapGAP also setthacstability of T
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cell-APC conjugates, and subsequent IL-2 production [129]. CD3 and @dited
precise modulation of transient Rapl activity is critical for mpti T cell activation, by
maintaining stable T cell-APC conjugation via optimal LFA-1-ICAMnteraction [129,
131]. Since strict regulation of appropriate Rapl activity apgedre critical for optimal T
cell response, some of the T cell stimulatory factors milgiat @down regulate Rapl activity
for precise control of its optimal levels. Collectively, Rap&hswn to be involved in T cell
activation as well as in DC trafficking.

Our original observations indicate that PIxnAl on DCs is essdotialognate T cell
activation, in which R-RasGAP activity of PIxnAl is presumably imgdl In addition,
Rapl seems to be activated by R-Ras, facilitating our hypstiteast Rapl activity is
regulated by PIxnAl upon T cell conjugation [71, 105, 123]. In accordatbe our
observations described in Chapter I, we are currently seekidgtésmine whether Rapl
activity is regulated by PIxnAl. Rapl and R-Ras may be seqligrdperational upon T
cell engagement, as suggested by a report that Rapl is downsifeR-Ras signaling
towardsay B2 integrin activation in a macrophage-like cell line [123]. Anothessiigy is
that PIxnAl might display a GAP activity for Rapl without involviRgRas, since PIxnAl
contains a SynGAP conserved region essential for GAP ad®dfyl36]. Such a possibility
is also supported by observations that Rapl and R-Ras share some GiAfReproteins

[137].

1.3. PIxnAl in the immune system:

PIxns function in a spatiotemporally orchestrated manner, as isneviden the

differential expression of the A subfamily of Plxns in the mousgous system [138,
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139]. Coordinated PIxn activity becomes even more complex when congideen
multitude of combinations and/or differential availability of theiultiple co-receptors
and/or ligands [15, 29, 34, 51, 59, 140]. It has been well-documented th&lPIxn
responds to Sema3A stimulation, in the nervous system. On the surface of newrens, Pl
Al forms a receptor complex with Nrp-1 resulting in high affilbinding of Sema3A.
This results in the transduction of PIxnAl signals through its cygoptatail, causing
growth cone collapse in neuronal development [9, 10, 34, 141]. As mentioned previously
PIxnAl signaling upon Sema3A can transduce either attractive osiepdepending on
the context [56, 142]. Nevertheless, the critical role of PIxnAthennervous system is
evident from impaired neuronal networking in the absence of PIxnAl.

In previous studies by our group involving the regulation of genes ByAGh
mouse bone marrow-derived DCs, we observed a strong correlation ihé@W&A and
the regulation of PIxnAl, using Affymetrix analysis [71]. ClIT&the master regulator
governing the expression of MHC class Il molecules that presgigens to cognate T
cell receptor (TCR) on CDA4T helper cells, in order to initiate antigen-specific T-cell
mediated adaptive immunity [143-145]. In the absence of CIITA, trigsaf PIxnAl
along with MHC class Il are very low in DCs [71]. RegulationPdtnAl by CIITA
during DC maturation has several important implications: 1) Clgb&erns adaptive
immunity by regulating expression of MHC class Il moleculeshout which antigen-
specific T cell immunity would be impaired, as exemplified bg thuman genetic
disorder, Bare Lymphocyte Syndrome [143, 146, 147]; 2) DCs that highly ssxpre
PIxnAl are the sentinels for host immune response against pathogens aeqguired for

vaccine-induced immunity including the vaccines targeting cantdg [L49]. DCs are
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the main mediators of the innate-adaptive immunity transition, é&ul ae the only
known cell type that is capable of activating naive T lymphacyiatiating T cell-
mediated adaptive immunity [150-154]. Indeed, based on our own studies,1RixnA
DCs is critical for DC function in activating naive T cell& DC-like cell line shows
reduced capacity to activate cognate T cells upowitro depletion of PIxnAl, as
revealed by significantly less secretion of IL-2, a pro-infi@atory proliferative cytokine
[71]. Therefore, it will be of interest to determine whethemPRL is required for the
initiation of T cell responsm vivo, including the step in which PIxnAl is required for T
cell activation by DCs and the mechanisms by which PIxnAl exerts its role.
Candidates for PIxnAl ligand in the immune system include SenpaBéarily
identified in the nervous system, and Sema6D studied in cardiovascudopiaent of
chick embryos [15, 29, 34]. In the cardiovascular system, PIxnAl focumplex with
vascular endothelial growth factor receptor 2 (VEGFR2) or witktrack, leading to a
differential phenotype, upon Sema6D stimulation [59]. Sema6D stionuleesults in
augmented migration of outgrowing cells from the conotruncal segiewcardiac
explants of chick embryos where PIxnAl is associated with VEGRRRe Sema6D
treatment lessens migration of those from the ventricle segmwhere PIXnAl is
interacting with Off-track. Taken together, it is evident tR&tnAl can respond to a
multitude of ligands, for each of which it may function as a receptopair with
additional co-receptors, in a spatiotemporal manner [15, 59]. Thus, to understand the role
of PIxnAlon DCs, it is imperative to determine the ligand for tl@septor on T

lymphocytes.
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1.4. BMDCs and antigen-presentation to CD4T lymphocytes.

DCs are a highly heterogeneous cell type in terms of developmi@mtages,
phenotypes, and functionalities. For example, there are curthrel known subsets of
DCs that reside in the mouse spleen [155-158]: myeloid DCs (mDB%1¢ CD11b
CD8x); lymphoid DCs (IDCs: CD1IcCD118°" CD8x"); and plasmacytoid DCs (pDCs:
mPDCA-T B220") [155-158]. Other immune tissues seem to have comparable subsets
of DCs [155, 157, 158]. Each subtype of DCs shares CD11lc as a comrfexe sur
marker, but myeloid DCs (mDCs) lack Cb&nd CD205 surface expression whereas
lymphoid DCs (IDCs) express CD205 along with the @Df®modimer analogous to
thymic DCs [159]. CD& mDCs can be generatad vitro from bone marrow myeloid
precursor cells, but C@8 IDCs and T cells develop from their common thymic
lymphoid precursors [160-163]. It was reported that €D&®Cs had not been
reproducibly generated from CB®Cs, suggesting that these two subtypes might be
derived from unique lineages [163, 164]. Thus, CDTICs were initially considered to
have two distinct lineages, mDCs and IDCs. However, their ontayéeigame vague
when common myeloid progenitors were found to develop into oCD&Es [165].
Furthermore, both CD8 and CD8&" DCs could also be generated from lymphoid
precursors from the thymus or the spleen [166]. Thus, the definitibrimyeloid’
lineage of CD8 DCs versus the ‘lymphoid’ lineage of C®8DCs are now under
dispute. Even though the patterns of their surface marker expressinat cepresent
their specific lineage, at least their localization pattaresdistinctive. It has been shown
that CD&" IDCs reside in the T cell area of the spleen and thymedulla, inducing

tolerance by suppressing T cell response against self-antigestslikely derived from
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dying cells. In contrast, Cd8 mDCs are located either in the marginal zone of the
spleen or in the periphery and take up foreign antigens and enigr#ite T cell area to
initiate T cell responses [167]. These distinct functions cadimglavith their localization
appear to be supported by independent findings thataTD®8Cs have superior
phagocytic capacities compared to GD8Cs [157, 168, 169]. Other studies suggest,
however, that both subsets of DCs are stimulatory but that thé rEggbnses elicited by
either subset appear unique. According to the authorsedDBs present antigens on
both MHC class | and 1l molecules, leading to CTL expansion and T4l response,
respectively [170-172]. In contrast, CD&Cs primarily expand CD4T cell response
[173]. However, both subsets of DCs have also been demonstrated ty etlade
antiviral protective CTL responsa vivo [174]. Debates are still continuing on T cell
polarization to either Thl or Th2 by either subset. Several sthdies shown that
CD8x" IDCs and CD8 mDCs polarize CD4 T cells to Thl and Th2 responses,
respectively, attributed to the higher amount of IL-12p70 produced by GD8s [173,
175-179]. Thl-inducing interferon{IFN-y) production by T cells mainly depends on
the amount of IL-12p70 [176, 180, 181]. However, others have witnessed th&fTCD4
cells produce comparable levels of Thl and Th2 cytokines, upw@ivo activation by
either subset of DCs [182]. Investigations are stlitinuing with a recent publication
showing that CD& mDCs and CD&' IDCs are both capable of inducing Thl response
by producing interferon- (IFN-y) but through differential mechanisms. IFN-
production by CD8 mDCs is IL-12p70-dependent but that of GDECs does not
appear to be [183]. Thus, these two subsets seem adaptable in iraduagropriate T

cell response but either subset may respond more efficiently deagemdithe antigenic
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route [182]. BMDCs generated with GM-CSF and IL-4 along with TNkave been
considered similar to mDCs in terms of morphological featur@siding very low levels
of CD8u [71, 161, 184].

On the other hand, a recently identified subset, MPDCPELS represent a third
category in DC subsets [185-187]. Murine pDCs express distinct surfakers such as
B220, Ly-6C, and mPDCA-1, although pDCs express CD11c, and alsa Gpéh
activation [185, 186, 188-190]. pDCs are enriched by FIt3-Ligandvo as well asn
vitro from mouse bone marrow precursors [191, 192]. Functionally, pDCs areapoor
stimulating naive T cells [193]. Because of this weak T cell-primapgcity, pDCs used
to be considered immature DCs or DC precursor cells [185, 192-194]s pf2 rather
tolerogenic, since they perform strong inhibitory activity agaamgtgen-specific T cell
response, primarily by inducing regulatory T cells from naieells, in some cases [195,
196]. Instead, pDCs are devoted to producing high levels of Typ&l lupon viral
challenge, inducing antiviral immunity. As such, pDCs are alserned to IFN-
producing cells [197]. Differences between murine and human pDCshamdTlLR-
mediated innate immune properties are a different subject arevexVielsewhere [188,
198].

Mature DCs are the most potent professional antigen-presentitsg (B®Cs)
comprising a unique cellular repertoire that performs theakitole of activating naive
T cells, resulting in the initiation of T cell-mediated adapiivenunity [199]. Under
unstimulated conditions, however, DCs remain in an immature staerewhey have
high phagocytic capacity but very low ability to initiate T cedsponse. This is a

consequence of the cells neither being equipped with MHC moleculead@ntigens,
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nor with costimulatory molecules necessary for T cell stitaig200, 201]. Thus, in
case immature DCs encounter naive T cells, they induce &regl)y leading to immune
tolerance instead of T cell-mediated immunity [202, 203h vivo, immature DCs
circulate in the blood and reside in peripheral tissues wherebtbeyme mature and
activated upon encountering pathogens and/or inflammatory cytokined\e-q.) [175,
204-207]. Maturation of DCs leads to high levels of MHC class Iemdées as well as
costimulators resulting in T cell activation and a subsequent imnegpense rather than
tolerance [199, 200].

In order to activate naive T cells located in the secondarghgid organs, DCs in
the periphery must take up antigens, process them, and presensulimgepeptide
antigens on surface MHC molecules. These DCs that have takeniggnartiecome
mobilized and migrate from the inflamed tissue to the drainingply nodes (DLNS)
where they encounter naive T cells. DCs are mobilized in tiyghpey by inflammatory
cytokines including TNFe, resulting in CCR7 upregulation on the cells. CCR7 functions
as a receptor for chemokines CCL19 and CCL21 that guide DCs Bi e [208-210].
CCR7 is known to be critical for DC migration, since CCRIZangerhans cells are
unable to migrate from the skin to the DLNs even in the presennerofal levels of
chemokines [211]. Ultimately, upon DC-T cell engagement, DCs shoul@icothe
operational ability including MHC molecules presenting peptidesdtivate T cells.
Such potential to activate T lymphocytes is gained during the noigrand maturation
of DCs on their way to T cell areas [208, 210, 212]. DC function, therefore, encompasses
a multitude of events that culminate in their ability to acévatcells and initiate an

adaptive immune response.
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1.5. Our research on PIxnAl on the surface of BMDCs

Our initial study suggested that PIxnAl on mature DCs is eakdnti T cell
stimulation [71]. The mechanism by which PIxnAl transduces m@akigpon T cell
conjugation was to be defined. As summarized, small G-proteins yodkeletal
elements were expected to be involved in the PIxnAl pathway. dboratory has
investigated PIxnAl in the context of DC surface function upon cogmhaieell
conjugation, to determine whether and what small G-proteins would beated)dy
PIxnAl. One of the PIxnAl ligands present on T cells has beenifidd. More
importantly, based on independent studies, it is evident that PIxnA&adtiter with its
ligand not only contributes to T cell-priming but also stimulateSsCfor further
activation of T cell response [29, 79]. Since PIxnAl has been irtgdlica the model
inflammatory disease, experimental autoimmune encephalomy@iE) induced by
myelin oligodendrocyte glycoprotein (MOG) peptide, it would be Jakiéo understand
what T cell responses DC cell surface PIxnAl induces. Thismeafoon will foster the
development of therapeutics in modulating PIXxnAl function in exeessflammatory
conditions [29].

The work presented here indicates that PIxXnAl plays a dual roleat priming.
PIxnALl is not only shown to be crucial in stimulating naive T agdlsn conjugation, but
also in chemokine-induced DC migration. Moreover, we have found thaAPlis
important for rearrangement of actin filaments through smalP#3&s in DCs towards

the interface with T cells upon contact, which is crucial focell activation. In the
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absence of such a stimulatory role for PIxnAl in the initiayjs$ of T cell activation,

subsequent T cell proliferation is demonstrated to be significantly reduced.
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CHAPTER II: RHO ACTIVATION AND ACTIN POLARIZATION ARE

DEPENDENT ON PLEXIN-A1 IN DENDRITIC CELLS



Abstract

We recently identified expression of the semaphorin receptor, B|xmAdendritic
cells (DCs); however, its function in these cells remains telbeidated. To investigate
function and maximize physiological relevance, we devisedravieal approach to ablate
PIxnAl gene expression using small hairpin RNA (shRNA) in pyrbane marrow-derived
DCs. We show that PIXnAl localizes within the cytoplasm of itaneaDCs, becomes
membrane-associated and is enriched at the immune synapse ie D@sw Reducing
PIxnAl expression with shRNA greatly reduced actin polarizatiomedisas Rho activation
without affecting Rac or Cdc42 activation. A Rho inhibitor, C3, alsduced actin
polarization. These changes were accompanied by the neaomloffdi cell activation. We
propose a mechanism of adaptive immune regulation in which PIxnAlotsoriRho
activation and actin cytoskeletal rearrangements in DCsstlagsociated with enhanced DC-

T cell interactions.
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Introduction

Dendritic cells (DCs) are the most potent type of antigesgnting cells (APCs), and
the only APCs capable of initiating primary immune responsepresentation of antigen in
the context of major histocompatibility complex (MHC) classmiblecules [175, 213].
Following initial antigen encounter, formation of a physical site kn@s the “immune
synapse” between a T cell and DC is required for initiatiom@fadaptive immune response.
The immune synapse shares similar characteristics with thiena synapse, including
expression of semaphorins, plxns and neuropilins [214, 215]. Semaphoripn faotéins
were first observed in the central nervous system (CNS) wheyemediate repulsive and
attractive axon guidance cues during neural development [3, 216]ap8erms are both
secreted and membrane-bound, and they are recognized by Pixnr&repyors [3, 15, 217,
218]. PIxns mediate cytoskeletal rearrangements that cah ireither axon extension or
retraction via interaction of their conserved C-terminal PIxn donwath Rho family
GTPases [39, 219]. A generally held hypothesis is that developimgngemay utilize plxns
to regulate their cytoskeleton and the formation of synapses. \owmost studies have
relied upon overexpression system in cell lines, whereas regulatory mechahiBxnAl in
primary cells, neuronal or otherwise, are underexplored.

In the immune system, semaphorins, PIxns and neuropilins regulaesvactivities,
including regulation of T cell activation, B cell signaling, mortecgytokine production and
regulation of DC migration [49, 53, 69, 71, 220-226]. We previously demorktraethe
inhibition of PIXnAl expression in a transformed DC cell line reduteell activation [71,

227]. However, the mechanism through which PIxnAl regulates BMD@atiens with T
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cells has remained largely unexplored. We report the novel inagstigpf PIxnAl function,

involving Rho family control of the actin cytoskeleton, in regulating DC-Tin&ractions.
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Materials and Methods

Mice: All experiments were performed with 8-12 week old C57BL/6 mioenfJackson
Laboratory. OT-Il mice, which express the O¥#ssgspecific TCR transgene on the
C57BL/6 background, were obtained from Dr. Michael Croft, (La Jak#tute of Allergy
and Immunology, La Jolla, CA). All animal procedures were conductedomplete
compliance with the National Institutes of HeaBhide for the Care and Use of Laboratory
Animals and are approved by the Institutional Animal Care and Use Cosemuit the

University of North Carolina, Chapel Hill.

Cells: Murine BMDCs were isolated and cultured as previously described.[184]ells
from OT-Il mice were isolated from the spleen and purified byatiee selection with T

enrichment columns (R&D systems).

Conjugation Assay, C3 treatment and Immunofluorescence confocal nioscopy: DCs

at Day 12 were harvested and pulsed overnight witind@thl ovalbumin (OVA) (Sigma-
Aldrich). DCs (1 x 16) were washed with PBS and combined with an equal number of
spleen T cells from OT-II transgenic mice in 1@0f medium. Cells were pulled down in
microtubes by centrifugation at 1,500 rpm for 10 seconds and incubatetCato845 min.

in a water bath. Following conjugation, 1 x°1ells in 100ul of PBS were added onto each
poly-L-lysine coated coverslip (BD Biosciences), fixed in 4% foanaaldehye (PFA) for 15
min., permeabilized in 0.3% saponin for 5 min., and blocked in 5% BSA inf®/B&® min.

Cell conjugates were stained with antibody for 1 hr. at room tetyer For staining actin
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cytoskeleton, Alexa 647-conjugated phalloidin was used. Coverslips were edowith
FluorSave (Calbiochem). Images were captured with the Fluoviéy@(@- laser scanning
confocal microscope (Olympus). C3 exoenzyme specifically inhitiits GTPase activity.
C3 (10pug/ml) was added into DC culture from Day 11.5 to Day 12 and during PMge,
for a total of 24 hr. After washing, DCs were harvested and coefigath OT-II T cells
before confocal microscopy analysis. Phalloidin-Alexa Fluor 643 wsed to stain actin

filaments.

Analysis of Actin polarization at the Immune Synapse: Double blind studies were
performed to analyze prepared slides of actin immune synapsezatitariusing wild-type,
PIxnSh, or CtrISh treated DCs. Actin polarization was detexchin reference to control
polarized and non-polarized samples. For each treatment group, 7@erellanalyzed and
counted. The percentage of cells displaying actin polarization emamerated. Actin
fluorescence intensity at the interface of conjugating cels quantified via Image J
analysis [228]. Briefly, fluorescence intensities of total aridrface area were calculated,
respectively, for each sample. The fluorescence intensitye abterface was then compared

with the total fluorescence for each cell and represented graphically.

Flow Cytometry: Flow cytometry was performed on wild-type, PIxnSh, and CtrIStsvir

tansduced DCs at Days 10 and 12, as [71]. Staining was quantified with a BD FAQECal

Assays for GTP-bound Rho, Rac and Cdc42:Prior to conjugation, OT-Il T cells were

fixed in 4% PFA for 1 min. and washed three times befonebiaion with an equal number
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of OVA-pulsed DCs for 20 min. at 3€. Following conjugation, DCs and T cells were
washed with PBS and lysed in Nonidet P-40 lysis buffer (2’4rlp Rho, Rac and Cdc42
assays were performed according to the manufacturer’s instrsecising Rhotekin- or PAK-
bound agarose beads provided through a gift from Dr. Keith Burridgeédrsity of North
Carolina, Chapel Hill, NC), or purchased from Upstate Biotechnol2g9, 230]. Lysate
controls were blotted for total Rho, Rac or Cdc42 to demonstratéveefaotein amounts

among samples. Percentage of Rho-GTP was calculated via Image J §228}sis
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Results

Retroviral sShRNA eliminates PIxnal expression in BMDCs

Previously, we used plasmid-based shRNA to target and reducelPéxpfession in a
DC-like cell line [71]. In the interest of examining a more tgtally relevant system for
the inhibition of PIxnAl expression, we produced a retroviral-based iRtéAerence vector
using the H1 promoter and a previously reported targeting sequencadoatym of a short-
hairpin structure that targets PIxnA1 mRNA (PIxnSh) for degradati primary DCs (Fig.
2.1A) [71]. As a control, an identical PIxnAl targeting sequenitth a one-base pair
mutation was cloned into the shRNA vector (CtrlISh). These vecters uwsed to generate
viral particles for infection of DCs. GFP expression allowedoudetermine that the virus
was able to infect DCs with an efficiency of approximately 988t shown). Real-time
PCR and immunoblotting indicate that DCs spinoculated with Plxi8& displayed greatly
inhibited PIxXnA1l mRNA and protein expression as compared to DCs edfegith the
mutated CtrISh (Fig. 2.1B-C). Flow cytometry analysis ofamgduced, CtrISh and PIxnSh-
transduced DCs indicates that expression of MHC-II (82.2%, 84.4%, and 85.1M¥epos
respectively) and co-stimulatory molecules (CD86: 97.3%, 98.4%, and 96.1%veyosit
respectively), were not altered by viral transduction or theradgs of PIXxnAl, reflecting

specificity of the shRNA knockdown targeting (data not shown).

shRNA knockdown of PlexinAl inhibits DC mediated T cell activation:

To functionally test the effect of retroviral PIxnSh in primanouse DCs, we

performed an antigen presentation assay using whole OVA proteivArp8ptide-pulsed
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DCs and OT-II T cells. DCs transduced with PIxnSh virus exhilaipgafoximately a >80%
reduction in T cell stimulation compared with DCs transduced witlsICas assessed by IL-
2 production (Fig. 2.2A-B). Importantly, this reduction was observed vath whole OVA
protein- and peptide-pulsed DCs (Fig. 2.2A-B). These observations subgésthe
inhibition of T cell activation associated with PIxnAl knockdown in D€Rat attributable

to a defect in antigen processing or presentation by MHC class Il.

Localization of plxnAlin mature DCs at the Immune Synapse:

To examine PIxnAl during DC maturation, DCs from C57BL6 mice walired in
GM-CSF and IL-4 for 10 days and then in TNFer 2 additional days to achieve complete
maturation [71]. Flow cytometry analysis of Day 10 and 12 DCsatedeCD11¢ cells that
lack expression of B220, CD14, and F4/80, indicating enrichment and unjfoomihe
population. Day 12 DCs exhibited a more mature phenotype demonstsatbajher
expression levels of MHC class Il when compared with their IDagounterparts (Fig. 2.3A).
Immunofluorescent confocal microscopy was used to visualize thézligan of PIxnAl
during DC maturation. Although PIxnAl was absent in immature D&YC8, it was
detected in maturing Day 10 DCs as a cytoplasmic protein (BB).2.Upon the addition of
TNF-a, the protein became primarily located on the cell membradetlaa pattern was
sustained through Day 12 (Fig. 2.3B). As expected from previoustsepoe MHC class Il
antigen (1&X) was detected as an intracellular protein in immature DCéobalized to the
membrane periphery as the DCs matured [231]. In Day 12 DCs, Plwna8 detected at the

cell surface along with IA and the merged image suggests colocalization (Fig. 2.3C).
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Given PIxnAl's localization to the cell membrane in mature ,D@s examined
whether PIxnAl was found in the immune synapse. Mature day 12 D@spwsed with
OVA overnight and incubated with T cells purified by negative selectolumn from
splenocytes of OT-Il TCR transgenic mice [232]. Staining D@IT aonjugates for ICAM-
1, IA®, and TCR indicated that immune synapse-associated proteins of bstarldd cells
were enriched at the cell interface (Fig. 2.3). PIxnAl localinatie DC-T cell interface in
70+ 4.2% of DC-T cell conjugates (200 conjugates counted in five experimehts)lysis
of I1A®, ICAM-1 and PIxnAl staining demonstrates a non-punctate distributiotheat
interface that correlates with recent descriptions of the foeati structures of the DC-T cell
immune synapse not characterized byp-aor c-SMAC (Fig. 2.3D) [91]. TCR staining
identified T cell conjugates while PAindicated DCs. ICAM-1, expressed by both T cells

and DCs, is observed at the immune synapse.

PIXxnAl regulates actin polarization and Rho activation in DCsduring T cell interactions:
Actin polarization in DCs occurs during their interaction withélls; resulting in an
accumulation of F-actin and the actin-bundling protein, fasciteaDC-T cell interface [91,
233]. Given that PIxns are known to regulate actin and cytoskelesoramgements, we
examined the possibility that PIxnAl could regulate actin lodadizain DCs during
interactions with T cells. Immunofluorescent staining of DCell conjugates, revealed F-
actin accumulation at the DC-T cell interface in WT DCs d¢riSB DCs while DCs
transduced with PIxnSh virus show dispersed actin (Fig. 2.4A). Tadirfr-signals are
mostly attributed to DCs as nonassociated ad DC-associatellisTincthese images do not

exhibit much actin staining. Cells transduced with PIxnSh dSRtwere selected based on
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GFP expression. The intensity of actin staining at the inedd®©C-T cell conjugates was
qguantified (Fig. 2.4B). Additionally, a double-blind study revealed t&k conjugates
formed wit PIxnAl-deficient DCs displayed reduced actin polarization in >&P€s when
compared to controls (Fig. 2.4C).

Given that small GTPases are known to regulate the actinkelg@tsn, we next
examined the ability of PIxnAl to regulate Rho, Rac or Cdc42 is B@ing interactions
with T cells [234]. OVA-pulsed PIxnSh- or CtrISh-transduced ¥&se incubated with
fixed OT-Il T cells for 20 min. prior to lysis. To analyz&dractivation from the DCs but
not the T cells, OT-Il T cells were fixed for 1 min. with 4%rafarmaldehyde prior to
incubation with DCs. Fixed OT-II T cells did not exhibit angnsficant accumulation of
active Rho, Rac or Cdc42 (Fig. 2.4D, left panels). To assayftwgenous Rho, Rac and
Cdc42 activity in DCs, the mixed cultures were lysed and pre@ditaith RBD or PBD-
bound agarose beads for GTP-bound Rho, Rac or Cdc42 followed by immunoliéiging
2.4D, right panels, respectively). Lysate controls for total Rhe,d®aCdc42 show equal
loading on the SDS-PAGE gel. The percentage of GTP-Rho in relatitotal Rho was
calculated (Fig. 2.4D). The Rho family activation assay revealedobservations. First,
efficient activation of Rho, Rac and Cdc42 in DCs requires antigenifispateraction of T
cells with DCs (compare pulsed to unpulsed DC). Second, inhibitiorxoAPlexpression
by shRNA in DCs results in decreased levels of GTP-Rho comhparfeCs transduced with
CtrISh virus (compare pulsed DC). Significantly, PIxnAl inhibitiflected Rho activation
but not Rac or Cdc42 activation in pulsed DCs. These results it antigen-specific
DC-T cell interactions are required for the activation of Rho,&atcCdc42 and that PIxnAl

regulates Rho activation in antigen presenting DCs.
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Finally, we also examined whether a specific inhibitor of Rhaviactwould affect
actin rearrangements in DCs conjugated with OT-Il T celimmuinofluorescent analysis
illustrated that pretreatment of DCs with the Rho inhibitor, C3attyereduced the
accumulation of F-actin in DCs at the interface with T oglg. 2.4E). We also observed
similar results with Y27632, an inhibitor of ROCK kinase (Rho kinasegffector molecule
of RhoA) (data not shown). Enumeration of cell conjugates demonstrate?-f@ld
reduction in the percentage of DCs with synapse polarized actin-tre@t8d samples vs
control (Fig. 2.4F). These results clearly illustrate that Rho can te@dan rearrangements

at the immune synapse in DCs conjugated with T cells.
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Discussion

Through the exclusive use of primary DCs, we report that PlxnAtessgion is
essential for optimal activation of T lymphocytes. PIxnAl igregsed on the cell surface in
a multifocal distribution that is characteristic of proteinsomnear the immunological
synapse between DCs and T cells (Fig. 2.3) [235]. We also tieonbvel finding of Rho
activation and actin cytoskeleton regulation by a PIxn in the imraystem. It is clear from
our observations that PIxnAl regulates Rho activation in DCs. B@gmify, we observed
that PIxnAl regulation of Rho activation was distinct from actorabdf Rac or Cdc-42 (Fig.
2.4D). In the absence of PIxnAl expression, we observed a signifessitof actin
polarization, Rho activation, and T cell stimulation by DCs (Fig. &hd 2.4). Previous
studies have illustrated the importance of actin rearrangemttits immunological synapse
for efficient T cell-DC interactions, and our data supports thieskengs. We suggest a
model in which PIxnAl regulates Rho activation and subsequent actinzpbéar in DCs.
Our current work also demonstrates that PIxXnAl expression isatrior DC-mediated
activation of T lymphocytes in a manner distinct from MHC clhgsrocessing or altered
expression of co-stimulatory molecules (Fig. 2.2). One likedyario is that Rho activation
via PIxnAl affects cell adhesion, dendrite formation, and thus, théyatfilDCs to interact
with multiple T cells. Supporting this model, we observed a saarifi reduction in actin
polarization to the immune synapse in DCs treated with the fthiitor C3 (Fig. 2.4E-F).
In summary, this report begins to address the mechanism of DE+y€gudation by PIxnAl

expression at the immune synapse.
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Figure 2.1. Retroviral ShRNA to PIxnA1l inhibits expression.DNA cassettes consisting

of the human H1 RNA promoter upstream of sequences encoding PIxnAl or control mutated
mouse shRNAs were prepared by DNA amplification using the mouse PIxnAl shRNA
vectors described previously (15) as template and the following oligonucleotidsrgarim
5'GCGATATCCCGCGGAATTCGAACGCTGAC-3' and
5'GCTCTAGAGGCCGGTATCGCTCGATT-3' (A). Transcription of the retraliplasmid
during viral production is driven by the immediate early enhancer/promoter regioa of t
cytomegalovirus (CMV) promoter. Viral packaging is mediated by an extendedgiag
signal @) and long terminal repeat elemem$ TR (R U5)). A phosphoglycerate kinase
(PGK) promoter drives expression of an enhanced green fluorescent protein gFP ¢
Viral shRNA targeting of PIxnAl eliminated the expression of PIxnAl (BN@Rnd (C)
protein (250kDa) in day 12 BMDCs. mRNA was assessed by realtime PCR, and tire prote
was assessed by immunoblotting (B & C).
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Figure 2.2. shRNA interference of PIxnAl inhibits DC mediated T cell dwation. OVA
peptide (323-339) (A) or whole OVA protein-pulsed DCs (B) transduced with PIxnSh or
CtrISh-containing virus were incubated with OT-1I T cells. Lysatesevassayed for IL-2
production by ELISA. Results are expressed as the mean of triplicate w8 from 3
experiments.
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Figure 2.2.
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Figure 2.3. PIxnAl localizes to the DC surface and the DC-T cell interfacelow

cytometry analysis of DC phenotype at days 10 and ir2\ofro culture, comparing CD11c,
MHC class Il, CD8, B220, CD14 and F4/80 expression to an appropriate isotype control (A).
DCs were collected on Day 6, 10 and 12 and stained for PIxnA1l (green)afrddpbefore
resolving the images by confocal microscopy (B). Day 12 DCs were fixedanddsfor

PIxnAl (green) and IA(red) (C). Matured bone marrow DCs were pulsed overnight with 50
ug/ml OVA and incubated with OT-II T cells for 45 min., fixed, permeabilized aidex

for (top panels) TCR (green), and 1A(red), (second row) ICAM-1 (green) and’Ifked),

(third row) PIxnA1 (green), and PXred) and (bottom panels) PIxnAl (green), and ICAM-1
(red). PIxnAl localized to the DC-T cell interface in78.2% of the 200 DC-T cell
conjugates counted from five independent experiments (D). DIC, Differartgalerence
contrast.
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Figure 2.3.
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Figure 2.3.

TCR

D.

PlxnAl ICAM-I Merged DIC




Figure 2.4. PIxnAl regulates polarization of actin at the DC-T cell interface.

Conjugated DCs and T cells (1 x’Adver slip) on poly-L-lysine-coated coverslips were
fixed, permeabilized, and stained for actin and PIxnAl. Alexa 647-conjugated phalloidin
was used to stain actin filaments. PIxnAl in DCs was visualized via a polychiia anti-
mouse PIxnAl antiserum, followed by incubation with an anti-rabbit IgG (H+ 132l 6-
conjugated antibody. Analysis of PIxnAl and actin expression was performed wittO&/T D
(top panels), PIxnSh DCs (middle panels), or CtrISh DCs (bottom panels) asdsbkestd

on fluorescence of the viral GFP tag. Data are representative of spedtfexperiments. T
cells conjugated with DCs are highlighted with a white circle (A). Indagealysis was
performed on multiple cell conjugates for actin fluorescence intensitg &C€-T cell

interface (B). Actin-polarized DCs conjugated with T cells were countedarnndependent
double-blinded experiments and displayed as averages of percent polarized. A total of 70
cells for each sample were counted in each experiment (C). PIxnAl reguiatastRation
but not activation of Racl or Cdc42. DCs transduced with PIxnSh or CtrlSh virus were
pulsed with OVA and incubated with fixed OT-II T cells for 20 min. Cells wereallgsel
precipitated for GTP-Rho (top panels), GTP-Rac (middle panels), or GTP-Cutittkih{
panels), and immunoblotted with anti-Rho, anti-Rac, or anti-Cdc42 antibodies, respectivel
Probing lysate controls for total Rho, Rac, or Cdc42 indicates approximately eqeal prot
amounts. The percentage of GTP-Rho in relation to total Rho was calculated \@alimag
analysis. As a control, OT-II T cells at 5 xX’M®O ul were fixed (F) or unfixed (UF) prior to
activation with anti-CD8, 145-2C11 (34) for 20 min., followed by a Rho, Rac, or Cdc42
assay. Blots are representative of three independent experiments (D)ndfiuorescent
analysis of actin polarization in C3 treated DCs vs WT (E). Enumeration of tenfsge

of DCs with immune synapse polarized actin in C3-treated vs. untreated @iples. A

total of 70 cells were counted for each sample in each experiment (F).
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Figure 2.4.
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Figure 2.4.
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CHAPTER Ill: ADUAL ROLE OF DENDRITIC CELL PLEXIN-A1

IN T CELL STIMULATION



Abstract

PIxnAl was originally recognized as an axonal guidance moledutshws engaged by
its ligand, semaphorin 3A, in neurons. Subsequently, PIXxnAl has been stualieariety of
systems, among which it stands out on mature dendritic cells)(D@here it plays an
important function in T cell priming. The current work shows thanRl plays a dual
physiologic role on the surface of DCs by stimulating naiveell activation and by
augmenting DC migration. Soluble PIxnAl-Fc fusion protein compdirtivehibited
antigen-dependent T cell activation stimulated by myeloid BXgsessing surface PIXnAl.
In accordance, PIxnA1DCs do not fully activate cognate T cells as demonstratezbby
culture of OVA-pulsed PIxnAL DCs with T cells bearing OVA-specific TCRs. These
experiments were extendeditovivo analysis, and the results show that PIXAACs have a
reduced capacity to stimulate T cell activation resultingewerely reduced T cell expansion
and significantly reduced numbers of interfefoexpressing cells. Additionally, PIxnA1
DCs exhibit a reduced ability to migrate toward CCL19 or CCiR2¢itro. This result is
recapitulatedin vivo with PIxnA1” DCs exhibiting inefficient migratory activities to the
draining lymph nodes based on the subcutaneous introduction of labeled DCs enfomus
pads. Evidence provided by others suggests that Rapl actigsiolenstream of R-Ras, for
which PIXnAl is expected to exhibit GAP activity. Rapl has b&sn shown to suppress
Rho via Arap3 which performs a RhoGAP activity as a Rapl effgetiein. GST-pull-
down assays were performed to capture active Rapl in PlxmAMWT DCs conjugating
with cognate T cells. Our preliminary data showed that Raptitgcwas elevated in

PIxnA1”™ DCs, compared to WT controls upon T cell conjugation. Based on shik, rihe

52



presence of PIxnAl correlates with reduced Rapl levels as well as widgsabsactivation
of Rho in DCs, upon T cell contact. We hypothesize that suppressiepl by PIXnAl in
line with R-Ras upon T cell conjugation not only signals foulagon of integrin activity
but also for actin remodeling and polarization towards the T callfagte. We further
hypothesize that PIxnAl downregulates Rapl to allow chemokine-inducedi@&tion, as
well. Collectively, the current data indicate that PIxnAl on OB®/s a dual role in
regulating chemokine-induced DC migration and as a possiblencdator of T cells upon

contact

53



Introduction

Significance of PIxnAl expressed on DCs:PIxnAl was initially discovered in
neurons, where it regulates axonal growth in response to semaphd@e®®a3A), a soluble
guidance factor [142]. Subsequent studies on PIxnAl have been extengadotcs
physiological contexts including cardiovascular development, andcylarty immune
responses fueled by our original findings that PIxnAl expressiopregulated by CIITA
(MHC Class Il transactivator) during DC maturation [59, 66, 71, 236]TACis the master
regulator, controlling the expression of MHC class Il molecirleantigen-presenting cells
(APCs) [143-145]. Without the expression of MHC class Il geneshms governed by
CIITA, T cell-mediated adaptive immunity cannot be initiatedexasmplified by the human
genetic disorder, Bare Lymphocyte Syndrome [146, 147]. PIxnAl was foucohstitute
one of the genes regulated by CIITA [71]. Indeed, DCs that higidsess PIxnAl are the
most potent APCs capable of activating naive T lymphocytes, amating T cell-mediated
adaptive immunity [148, 150-154].

To be able to prime T cells, DCs must accomplish severalatriaisks. For priming T
helper cells in particular, DCs must take up and properly progessin antigens for
subsequent presentation of peptides on MHC class Il molecules [148]evEIQwprevious
studies suggested that PIxnAl is not involved in any of thesddnactDCs lacking PIxnAl
do not show any defect in antigen uptake or in loading peptide antiggmswface MHC
Class Il molecules [29, 71]. Furthermore, pulsing PIxnAl-depletedvid@OVA peptides
did not restore stimulatory T cell response, suggesting thajeanprocessing is not the

major step where PIxnAl is involved in [71, 78]. PIxnAl is also miical for DC
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upregulation of MHC class Il and costimulatory molecules suc€240, CD80 or CD86
necessary to steer T cells towards immunity rather thamatode [29, 199, 200]. These
results point to a role for PIxnAl in the events that drive DCeIl conjugation. This is
supported by our own observation that actin polarization towards the Béll-interface,
which is critical for T cell stimulation, is severely impadrin PIxnAl-depleted DCs, upon T
cell engagement [71, 78, 91, 92].

Furthermore, we and others independently showed that, a T celtesurfalecule,
Sema6D can bind to PIxnAl on DCs [29, 79]. Thus, PIxnAl on DCs engagdisslirtace
molecules including Sema6D upon DC-T cell conjugation. A role af&dxin priming T
cells upon contact could be verified by blockade with the competrthibitor, PIxnAl-Fc
fusion protein which contains PIXnAl ectodomain tethered to the Fonregi IgG.
Analogous experiments using PIXWAIDDCs may confirm results with PIxnAl-Fc fusion
protein blockade, and underscore the importance of this molecule in T cell ptiolifera

Subpopulations of DCs:DCs are a highly heterogeneous cell type composed of
different subsets of DCs. There are three major subtypes of iaGSed on their
differential surface markers: myeloid DCs (mDCs: CO1C®1165 CD8x); lymphoid
DCs (IDCs: CD11t CD118™ CD8x"); and plasmacytoid DCs (pDCs: CD¥fc
mPDCA-T B220), all of which are localized in the secondary lymphoid organs
including the spleen [155-158].

The distinct nature of the ‘myeloid’ versus ‘lymphoid’ lineaggsDCs has been
under discussion with regard to their origin and function. It is stitlear whether
CD8u mDCs and CD& IDCs develop from distinct myeloid and lymphoid lineages

[163-166]. Nontheless, their distinct pattern of distribution appearsrply with their
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discrete functions: CD8 IDCs are thought to be tolerogenic, whereas € D@Cs are
considered stimulatory [167]. Such stimulatory activity of @D&DCs seem to be
supported by their superior phagocytic capacity [157, 168, 169]. Howeversuimbts

of DCs have been observed to be stimulatory in other studies [170-E@djexample,

both subsets of DCs have been demonstrated to equally induce affiMiraésponsén

vivo [174]. In addition, it used to be assumed that €DBCs were superior to CR8
mDCs in inducing Thl response, due to the higher levels of IL-12p70 production by
CD8u’ IDCs [173, 175-179]. That was because abundant IL-12p70 produced by IDCs
was believed to be responsible for inducing H;Mkewing Thl response [176, 180, 181].
However, accumulated evidence suggests that DCs are not the ciohg faffecting T

cell fates [182]. Moreover, recent publication revealed that tleera mechanism
circumventing IL-12p70 for IFN-induction [183]. Thus, either subset of cells exhibit
versatility by performing compensatory mechanisms, resultmghe induction of
appropriate T cell responses initiated through different routes.

A third category of DCs, called pDCs express distinct markach as mPDCA-1,
Ly-6C as well as B220 [185-190]. pDCs can be induced to develop fromerbouag
marrow cellsin vitro by the addition of Flt3-Ligand [191, 192]. Functionally, pDCs are
not well-equipped for antigen presentation, nor as potent as other subfyP€s in
stimulating T cell-mediated immunity [185, 192-196]. pDCs also @¢df\-producing
cells are primarily devoted to the production of high levels of TiyigdN in response to
viral challenge, inducing antiviral immunity [197]. Since a reqaublication implicated

PIxnAl involvement in pDC function, it would be informative to proffixnAl
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expression in these DC subtypes, in order to identify distinct fotethis molecule in
these functionally diverse cell populations [30].

Migration of DCs: As mentioned previously, in order to achieve the unique capacity
for T cell priming, DCs must undertake several critical steps priordell engagement. One
of those tasks is to migrate from the periphery to T cell aredéise secondary lymphoid
tissues [237, 238]. CCL21 (SLC) and CCL19 (ELC) are the major akiess that induce
migration of mature DCs from the periphery to DLNSs, by stinmudgtheir receptor CCR7 on
DCs [200, 239, 240]. Immature DCs express low levels of CCR7, whichnes
upregulated upon DC maturation. CCR7-expressing DCs become mdbilipon
stimulation with antigens or inflammatory cytokines such as @N&Ad as a result, migrate
into DLNs [208-210]. CCR7 on DCs is critical for DC migration,G8R7" Langerhans
cells in the skin are unable to migrate to DLNs [211]. Recewlies implicated CXCL12
(SDF-1n) as an additional chemokine important for DC migration, which binds to its oecept
CXCR4 on DCs [209, 241, 242]. Concurrently, other chemokine receptors s@BRds
and CCR5, responsible for binding CCL5 (RANTES) are downregulated (jpon
maturation [240].

PIxnAl is a well-known pathfinder in neuronal axon growth in respan§eina3A, a
soluble guidance cue, suggesting that PIxnAl could also play an anpanle in
chemokine-induced DC migration [4, 34, 140, 243]. Although no impairment wasretdser
in DC migration to the DLNs iplxnal‘" animals by another group, their methodology which
entails skin painting with fluorescent isothiocyanate (FITChbi complicating factors. It
is imperative to reexamine the migratory capacity of DCligcPIxnAl, using hypothesis-

driven experimental approaches [29].
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Rho, R-Ras, and Rap Small G-proteins: Rho GTPase plays a role downstream of
PIxnAl upon T cell conjugation that directs actin polarization towtlrel§ cell contact sites
as shown in Chapter 1l [78]. Rho GTPase-mediated actin polanzati DCs has been
shown to be critical for T cell activation [91, 244]. However, Rho &ERA, B or C) does
not seem to directly interact with PIxnAl, leaving an unaddregapdetween PIxnAl and
Rho signaling [32, 33].

Functioanlly, PIxnAl is anticipated to directly interact with RsRa Ras-related small
GTPase. PIxnAl has been linked to regulation of R-Ras functimugh its potential
GTPase activating protein (GAP) activity based on sequence hoy@®gl105]. R-Ras is
highly homologous to human Ras (H-Ras) [116]. Despite the sequemtzist, R-Ras has
been demonstrated to play a distinct role from protooncogenic HiR@s 118]. It is well
established that R-Ras activates integrin signaling, nmeguih cellular migration and
adhesion [119]. A GAP is a regulatory element for a specifie®-Binding protein,
suppressing G-protein signaling by facilitating G-protein-bound Gyérolysis. Upon
facilitated hydrolysis of GTP, G-proteins become inactivatecangimg bound to GDP [115].
PIxns contain segmented R-Ras GAP conserved regions includimgvér@ant R residues
critical for GAP activity [32, 105, 107]. In addition, circumstantigidence suggests that
PIxnAl has GAP activity for R-Ras.

Rapl, a Ras-like small GTPase has been introduced as a downfstcgamactivated
by R-Ras [123]. Rapl has also been implicated in translation obamental stimuli into
integrin-mediated cellular adhesion and motility, in general, asalialimmune cells [124-
132]. Rapl has been shown to play a key role in chemokine-induceafid€kiing, through

its effector molecule, RapL (Regulator of cell Adhesion and rRal#on enriched in
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Lymphoid tissues) [125]. Rapl regulates not only integrin activityalaat actin dynamics,
through its diverse effector molecules [130, 245]. More importantly, Rapfiresses Rho
activity by one of its effector molecules called Arap3, whichileixss GAP activity for Rho
[246]. As mentioned previously in Chapter I, Rho is activated dovwarstia PIXnAl upon
T cell engagement [78, 246]. We are currently seeking to detenviiether Rapl activity is
regulated by PIxnAl. R-Ras and Rapl in DCs may be sequentially operatidreaPixinAl
pathway upon T cell engagement. However, it is also possible thaAIP directly
suppresses Rapl activity without involving R-Ras, since PIxnAl iosnta SynGAP
conserved region which is known to be essential for the GAP aativiRap [32, 136]. The
latter possibility is also supported by the findings that Rapl aR@&dRshare some of their
GAP proteins [137]. Our primary question is whether Rapl activitggalated by PIxnAl

and if that results in Rho activation upon T cell engagement.
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Materials and Methods

Medium: Cells were cultured in complete RPMI-1640 medium (Gibco) suppledenith
10% (v/v) heat-inactivated fetal calf serum (ATLANTA Biologis), 2.0 mM L-Glutamine,
50 uM B-mercaptoethanol, 25mM HEPES, 100 U/ml penicillin, 100 pg/ml streptiomy

nonessential amino acids, and sodium pyruvate, as previously described [184].

Cells and mice: Bone marrow-derived DC (BMDCs) were generated as previously
described [71, 78, 184]. Briefly, DCs were enriched from mouse bon@wnaells (2 x
10°/ml) for 12 days by the addition of GM-CSF (Day 0: 20 ng/ml; Bag0 ng/ml; Day 6:
10 ng/ml; Day 8 and 10: 5 ng/ml) and IL-4 (Day 6 and 8: 10 ng/ml;IDay ng/ml), as well
as TNFe (Day 10: 20 ng/ml; Day 11: 10 ng/ml) (Peprotech) in completdRFE640
medium. Cells were harvested at Day 12 and usedhfeitro migration assays or further
pulsed with 1 uM ovalbumin (OVA) protein (Worthington Biochemical)0at uM OVA
peptide (323-339, GenScript) at°87 overnight. OVA-pulsed DCs were used for co-culture
experiments or for injection into recipient mice along with Ck&ieled OT-II T cells that
have been enriched using Mouse T Cell Enrichment Columns or Mouské CD4 Subset
Columns (R&D Systems). For real-time PCR analyses ohAad expression, the
splenocytes or the bone marrow cells isolated from C57BL/6 wece sorted using MoFlo
(Dako), following staining with Phycoerythrin (PE)-, Fluoresceinthiocyanate (FITC)- or
Allophycocyanin (APC)-conjugated antibodies against cell surfackersa CD19 (B cells),
CD3 (T cells), CD11c and CD11b (mDCs and macrophages (Mac)) addoCB220 and

mPDCA-1 (pDCs). (eBioscience). BM-derived pDCs were endchéh FIt3L (R&D
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Systems) treatment for 10 days in complete RPMI 1640 medium®at id75% CQ, as
described [191]and the mPDCA-1B220" and CD11¢ pDCs isolated by FACS. C57BL/6
mice were obtained from Jackson Laboratory. The C57BL/6 Ly5.ipieat mice used for
adoptive transfer experiments were purchased from the NationaéiCastitute, Bethesda,
MD. PIxnaI” mice were provided by our collaborators, Dr. Yutaka Yoshida and D
Thomas Jessell at Columbia University [243]. Tenal” mice back-crossed for five
generations into the C57BL/6 strain at Columbia University Wakcrossed an additional
four generations into the identical strain. OT-1I-C57BL/6 mwhbkich are OVA>3.339
peptide-specific TCR transgenic animals were obtained fromMinhael Croft (La Jolla
Institute for Allergy and Immunology, La Jolla, CA) [78]. Animakere housed at UNC-
Chapel Hill under specific pathogen-free conditions, and animal proeeavere performed
in compliance with the National Institutes of HealBuides for the Care and Use of
Laboratory Animalsas pre-approved by the Institutional Animal Care and Use Committee of

the University of North Carolina at Chapel Hill.

Preparation of cDNA and Real-Time quantitative PCR Total RNA was isolated from
each population of freshly isolated ex vivocultured cells, using RNeasy Plus total RNA
isolation kit (Qiagen), from which complementary DNA was geteerausing random
primers and SuperScript Il reverse transcriptase (Invitrogeagcording to the
manufacturers’ instructions. Real-time PCR was performed) @yBrGreen Mix (Applied
Biosystems) and the following oligonucleotides [7%ixnal primers, forward 5'-
CAATCCTGCTACCGTGGAGAA-3, reverse 5-CCGCAGAAGTCGTCATOW -3 [71];

Ccr7  primers, forward 5’-AAAGCACAGCCTTCCTGTGT-3,, reverse 5'-
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AGTCCACCGTGGTATTCTCG-3’ [247];  Cxcr4d primers, forward 5'-
CAGAGGCCAAGGAAACTGCT-3, reverse 5-CTGACGTCGGCAAAGATGA3' [248],

and p-actin, forward 5-AGGGCTATGCTCTCCCTCAC-3’; reverse 5-CTCTCAGC
TGTGGTGGTGAA-3' [79, 248]. Real-time PCR was performed usirg) Prism 7700
instrument (Applied Biosystems). The levelsRiknal, Ccr7, and Cxcrdranscripts were
normalized top-actin expression [79]. Each experiment had triplicate samples aid eac

value shown is representative of three independent experiments.

Cloning and expression of PIxnAl-Fc: The extracellular fragment (265-3969 bp) of full-
length PIxnal cDNA sequence was subcloned in TOPO-TA (Invitrpged)fused to the 5'-
end of the Fc portion of human IgG1l cDNA (792-1487 bp: Hinge-CH2-CH3) ip@ieP4
mammalian expression vector (Invitrogen). A Kozak sequence (GQCAWas added at
the 5’-end of PIxnAl upstream of the translation start site€§Ad65-267 bp) followed by its
intrinsic signal peptide sequence. For a Fc-only construct, Ké¥b&, and IL-2 signal
sequences (TAC AGG ATG CAA CTC CTG TCT TGC ATT GCA CR&T CTT GCA
CTT GTC ACG) were added to the 5-end of the Fc portion of human [§G2-1487)
along with restriction enzyme sites at either end using PCRlosidacinto TOPO-TA and
cloned into the pCEP4 backbone (Invitrogen). Both the constructs seseenced,
transiently over-expressed in HEK293 cells, and the resulting proteifred using protein
A/G agarose beads (Pierce). Transient expression was &stabliy introducing the pCEP4
cDNA construct of PIxnAl-Fc or Fc-only into HEK293 cells usiraictim-phosphate co-
precipitation [249]. After a 72 hr-incubation in serum-free IMDMdium (Gibco), culture

supernatant was removed from the cells, and passed through isteglade filters
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(Millipore). Prior to the purification step, expression of PIxnAdl-#&nhd Fc-only control
protein was confirmed by SDS-polyacrylamide gel electropl®réSDS-PAGE) and
Western-blotting. Briefly, filtered supernatants were intedbavith Protein A/G agarose
beads at %C overnight. Beads were washed three times with PBS, and boBRiS-PAGE
loading buffer. Protein eluted from the beads was subjected to 82%6%rSDS-PAGE
followed by Coomassie blue staining or transfer to nitrocellulosabrene. PIxnAl-Fc or
Fc-only protein was detected using the anti-Fc of the human Ig@gaief to horse radish
peroxidase (Invitrogen). For functional assays, PIxnAl-Fc armhRcprotein were purified
using Protein A/G columns (Invitrogen), dialyzed with PBS, emracentrated using Amicon
Ultra (100 kDa or 10 kDa, Millipore). Protein concentration wagermined by Bradford

protein assay, and the samples stored in 25% glycerol/PBS’@t -70

Co-Culture of DCs with OT-Il T cells: Prior to DC-T cell co-culture, BMDCs from
plxnal” mice and WT controls were examined for the expression of thevialy surface
markers using either FITC-conjugated or PE-conjugated fluorescdnovdiat as followed:
anti-CD86-PE, anti-CD80-PE, anti-IBAFITC and anti-CD40-PE along with anti-CD11c-
APC (BD Biosciences). BMDCs (2 x J0were co-cultured with 1 x £00T-II T cells in
complete RPMI-1640 medium. Prior to co-culture, CO3cells or CD4 T cells were
enriched employing Mouse T cell enrichment columns or Mousél TPd Subset Columns
(R&D Systems), respectively, according to the Manufacturerssructions. Cells were
labeled with Carboxy-Fluorescein Succinimidyl Ester (CFSEym@&) by incubation in
serum-free RPMI medium with 1 uM of CFSE at’G7or 10 min. followed by several

washes with complete RPMI medium [79]. For blocking experim@itaAl-Fc or Fc-only
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control protein was added to the DC-T cell co-culture at DayQultured cells were
harvested at specific time points post co-culture. Harvestiési were treated with anti-
mouse CD32/CD16 Fc blocker, and stained with APC-conjugated antigh@body (anti-

TCR-APC) or with biotinylated anti-§5 antibody or anti-CD69 (antif36-biotin or anti-

CD69-biotin) followed by streptavidin conjugated with APC (SA-AR€Bioscience). Cells
were fixed in 1% formaldehyde/PBS and stored’@t fér flow cytometry. Cells from each
time course were analyzed at the same time by flow cytgmeting the Dako Cyan

cytometer and analytical software, Summit 4.3 or FlowJo (TreeStar).

Intravenous Co-Transfer of DCs and CFSE-labeled OT-II T ells: CFSE-labeled OT-II T
cells (2 x 16) and OVA-pulsed BMDCs (5 x $pfrom plxnal” mice or WT control mice
were simultaneously injected intravenously into the tail vein of CEHLy5.1 mice.

Splenic T cells isolated from the spleen with hypotonic RBIs1¥15.5 mM NHCI;, 1 mM

KHCO;3; 10 uM EDTA in H,O) 72 hr. post-transfer were analyzed. Three mice wewik use

per group in each experiment and the data shown is representativ® ahdependent

experiments

Analysis of OT-II T cells from recipient mice: The spleen from each recipient mouse that
was co-injected intravenously with DCs and CFSE-labeled IOT4dells was isolated and
prepared as a single cell suspension following erythrocyte deplstibrhypotonic RBC-
lysis. Splenocytes were treated with anti-mouse CD32/CD16 dékdal and stained with
anti-Vp5-biotin followed by SA-Pacific Blue (PB), along with anti-Ly5ARC-Cy7 and anti-

TCR-APC (eBioscience). Thepg' cell population gated out of the viable Ly5PCR" T
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cell population was analyzed for the presence of a CFSE $lcemee shift using flow

cytometry.

ELISPOT assay IFN-y ELISPOT assays were performed according to the manufasturer’
instructions (eBioscience). Briefly, a 96 well ELISPOTi@hlaas pre-coated with anti-IFN-
antibody at 4C overnight. Splenic single cell suspensions were prepared agbddsand
re-stimulated with peptide OV¥g.339(0.1 uM) or left unstimulated in complete RPMI
medium for 24 hr. at 3T with 5% CQ. The cells were serially diluted 1:1 to 1.25 X 10
cells, starting from 2 x focells. After a 24 hr-incubation, cells were removed by washing
and IFNy detected using biotinylated anti-IFNantibody followed by Avidin-Horse Radish
Peroxidase (Av-HRP). Freshly prepared AEC (3-amino-9-etimdazole) substrate solution
supplemented with 0.015%,68, was added to each well, and developed for 10 to 45 min.
The reaction was stopped with distilled water, and the plates aveaight in the absence
of light. Purple spots, each of which representing a cell liadt secreted IFN; were
enumerated using a microscope. Spots were counted double blindethe atifferences

between the two groups (w/ WT DCs vs w/ PIxiA1Cs) were evaluated by a student t-test.

In vitro Migration Assay. Ninety six trans-well Chemo Tx plates (5 um pore size;
NeuroProbe) were used as previously described [184]. Brieflychbemokines, CCL19,
CCL21, CXCL12, and CCL5 (PeproTech) as well as the complement,fatbar (R&D
Systems) were serially diluted at a 1:1 ratio in 28 pleofis-free RPMI 1640 medium and
placed in the bottom wells. BMDCs (1 x®Lrom plxnaI mice or WT controls suspended

in serum-free RPMI-1640 medium were added onto the hydrophobic meentitar, and
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the assembly incubated for 3 hr. af@7n a 5% CQ incubator. Cells on the filter were
removed by aspiration, and the cells still remaining on the feshed with Versene and
PBS. Cells that migrated through the filter were spun down at 1gs0Gr £C for 5 min.
Medium from each bottom well was transferred to the correspondeiigoiva 96 well

ELISA plate (Corning) for a XTT assay.

XTT Assay. XTT viability assays were performed on the cells present in the bottdsofel
the trans-well plates. XTT [2,3-bis (2-methoxy-4-nitro-5-sulfopied-[(phenylamino)
carbonyl]-2H-tetrazolium hydroxide] (Sigma-Aldrich) was dissdlve pre-warmed serum-
free RPMI 1640 medium at 1 mg/ml. PMS (Phenazine MethoSulagena-Aldrich) was
dissolved at 1.5 mg/ml in PBS and stored @ for up to 3 hr. Fifty micro-liters of PMS
solution were added to 10 ml XTT solution, 50 ul of which was then addeach of the 96
wells. The plates were incubated for 4 hr. diC3ih the presence of 5% GOA standard
reference plate was prepared using 1 XcHls serially diluted at a 1:1 ratio. The number of
cells that migrated was deduced from the standard curve madeheostandard reference
plates. Optical density was measured at 450 - 650 nm usingcimogb®tometer, Spectra
Max 190 (Molecular Devices). The average of triplicate weltiecting one concentration
of each chemokine was displayed with standard deviations. All theimems were

performed in triplicate.
Subcutaneous Transfer of BMDCs into Mouse Foot Pad8SMDCs (2 x 16) generated

from plxnal” mice and from WT control mice were simultaneously injectedwgaheously

into mouse foot pads following differential labeling with CMFDAe{Tracker™ Green
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CMFDA: 5-chloromethy! fluorescein diacetate; Molecular Prybms PIxnAT™ DCs and
CMRA (CellTrackef™ Orange CMRA: Molecular Probes) on WT DCs. An identical was
performed with the only variation being the switching of the lalgetlyes. Labeling of the
cells with either reagent was performed according to the mauotgéas instructions. Briefly,
a final concentration of 0.8 pM CMFDA or CMRA was added to 1 ¥nml0of BMDCs
derived fromplxnaI” or WT mice in pre-warmed PBS (¥fg and C&'-free) and incubated
for 30 min. at 37C. After washing twice with PBS, cells were incubated®BS for another
30 min. at 37C. Differentially labeled cells were mixed in equal raiG8/RA" WT mixed
with CMFDA* KO; CMFDA" WT mixed with CMRA KO) and prepared at 2 x 46ells/30
pl of PBS for subcutaneous transfer into the foot pads of thpiertiC57BL/6LY5.1
congenic mouse. Thirty six hours post-BMDC transfer, the recipice were euthanized
and their popliteal draining lymph nodes (DLNs) isolated along witmémeDLNSs (axillary).
Both sides of the popliteal LNs were pooled together per mouse, ragid sell suspensions
prepared in 2% FCS-containing PBS by gently grinding the tissithspellet pestles and
filtering the suspension through a cell strainer (BD Bioscienc@s)ls (1 x 16) were treated
with anti-CD32/CD16 Fc blocker and then stained with anti-CD11c-8§T-along with
anti-Ly5.2-APC. The cells gated out of viable Ly5@pulations were analyzed in two-
dimensional plots with CMRA (FL2) and CMFDA (FL1), by flow cytetry (Flow
Cytometer, Dako Cyan). Four to eight recipient mice were usedjqoup, resulting in a
total 16 to 32 mice per experiment. The result shown is repatisenof three independent
experiments. Statistical analysis between the two groupsepevas carried out using a

student t test (Prism Software).
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GST pull-down assay for activated Rapl: DCs (1 x 16) were conjugated with OT-II T
cells (1 x 16) that had been fixed with 1% formaldehyde at@Tor 2 min., as described
previously [78, 246, 250]. Cells were lyzed in a modified immune ptatigm assay buffer
(50 mM Tris, pH 7.4, 75 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxychorate). 2%
SDS), containing protease inhibitors as well as 1 mM NaF, and SadiMm vanadate. Cell
debris was removed by centrifugation and lysates incubated5@ittg of GST-RalGDS-
RBD (provided by Dr. Leslie Parise, University of North Cmal at Chapel Hill)
immobilized on glutathione beads to capture GTP-bound active Rapl. Doataoh active
Rapl and total Rapl from the lysate was determined by Wddtatimg with a polyclonal
anti-Rapl antibody (Santa Cruz Biotechnology) that recognizes baphiARand RaplB,
followed by an anti-rabbit IgG HRP secondary antibody (Santa Biotechnology). The
relative amount of active Rapl was determined by comparing tberanof pulled-down

active Rap1 to the total amount of Rapl from cell lysates.
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Results

PIxnAlis primarily expressed in myeloid DCs.

DCs are comprised of highly heterogenous cell types, including tsubsewnhich
exhibit overlapping but distinct properties and functionalities. AltholRixnAl was
originally found to be highly expressed in mature BMDCs, we profilbthAl expression
patterns in different subsets of DCs along with other immune cBllnAl transcript levels
in different subsets of freshly isolated DCs and bone marrowedeB®Cs, along with other
cell types such as B and T lymphocytes were determined byimeaquantitative PCR.
PIxnA1” BMDCs were used as a negative control for PIxnAl expressigngHi). PlxnAl
was found to be predominantly expressed in DCs, with the highestssixpredetected in
mature BMDCs cultured for 12 days vitro, followed by freshly isolated splenic (CDI1c
CD8u’) mDCs and the mDCs isolated from bone marrow that were not sebjecculture
(Fig. 3.1). Splenic (CD11aCD8x") lymphoid DCs (IDCs) exhibited PIxnA1l expression but
the level was lower than their myeloid counterparts from thesglEes5-158]. In addition, it
iIs notable that mature BMDCs treated with ThFshowed higher levels of PIxnAl
expression than those of freshly isolated DCs with no stimulationfirming our
observations that PIxnAl is upregulated upon maturation [71]. Plx@A%drpts were also
detected in BM-derived macrophages (Mac), but not in unstimulatednmsal cells mainly
composed of Macs remaining in a resting state (Fig. 3.1). PIMNRNA levels were
maintained very low in freshly isolated splenic B and T lymphacjg85-158]. In addition,
either freshly isolated oin vitro FIt3L-induced (CD11t mPDCA-I B220) pDCs from

bone marrow did not express significant levels of of PIxnAl. iBhg®ntrast to a previous
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report which demonstrated PIXnAl transcription in pDCs, where & sumgested to be
involved in TLR signaling [30]. Nevertheless, PIxnAl appears t@tpessed at much

higher levels in myeloid lineages, especially in BMDCs.

PIxnAl-Fcinhibits T cell proliferation.

Accrued evidence suggests a role for PIxnAl is mainly inTDCell conjugation.
PIxnAl is primarily involved in actin polarization upon T cell engagetmas previously
addressed in Chapter Il [78]. In addition, one of the ligands for PIxnAafa6D, is

expressed on T cells [29, 79].

To directly test whether PIxnAl plays a role upon T cell consauble PIxnAl-Fc
fusion protein was utilized, as a competitive inhibitor of PIxnAlxnRIL-Fc fusion protein
is composed of the PIxnAl extracellular region linked to the Faopoof the human 1gG1
molecule resulting in it being secreted as a soluble protgém @.2A). The truncated
PIxnAl-Fc protein is expected to associate with PIxnAl ligaxgsessed on T cells, by
competing with endogenous PIXxnAl on DCs. As a control, the Fc pattiboman IgG1
alone was generated. The Fc-only protein was designed tataeteseby the addition of a
signal peptide sequence to the 5-end of the Fc portion (Fig. 3.2i8¢. sdluble PIxnAl-Fc
and Fc-only coding sequence was cloned into the pCEP4 mammaligssaprvector, and
the protein products generated in HEK293 cells. Both of the proteires tested for purity
as well as the level of expression using SDS-PAGE and Wieskatting. As shown on a
SDS-PAGE gel visualized by Coomassie blue, the molecular wefghixnAl-Fc and Fc-

only was approximately 180 kDa, and 25 kDa, respectively, as teddi€ig. 3.2Ba). This
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was confirmed by Western blotting with HRP-conjugated anti-humalyGdqFig. 3.2Bb).
Both of the proteins produced in HEK293 in serum-free condition wehdyhegriched with
little contamination (Fig. 3.2Ba-b). Their expression levels was® relatively high,

compared to that of the same coding sequence cloned in other vectors (data not shown).

For a DC-T cell co-culture experiment, freshly isolated splénir-Il T cells were
labeled with CFSE, and put into culture along with OVA protein-gLIB&DCs in the
presence of PIxnAl-Fc protein or Fc-only protein. As a negatiw&rol, DCs left unpulsed
(No OVA control DCs) were used in cultures with T cells.lIeere harvested at 96 hr.
post co-culture, and stained witlg%biotin followed by APC-streptavidin. The cells gated
as the \B5' live lymphocyte population was analyzed according to its CFQikspe The
PIxnAl-Fc-treated group showed less efficient T cell profifenathan the Fc-only group.
As shown in Figure 3.2C, proliferating cells accumulated more is¢hend peak (39.6%),
representing the first descendants of the originally CFSE-labeled @scegtile only 27.6%
of the cells in the second peak were detected in cells tredte&aonly protein. In contrast,
the proportion of dividing cells that have undergone further division avamatically
reduced in the PIxnAl-Fc treated group, 15,6%, 4.4% and 1.8% in the 3rd-5th peak
respectively (Fig. 3.2C, the middle panel). This is reduced wherpared to control cells
treated with Fc-only which have 20.8%, 8.5%, and 5.4% of cells in the 3rd-8ks pe
respectively (Fig. 3.2C, the left panel). The OT-II T celisiglated by DCs without OVA
pulse did not proliferate, as expected (Fig. 3.2C, the right). Thesdts support the
contention that PIXnAl participates in stimulating T cellshatlevel of cell-cell contact, in
line with antigen-loaded MHC class Il and co-stimulatorduidiog B7 molecules, in an

antigen-dependent manner.
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Data in Figure 3.2 are from a co-culture representative of timdependent
experiments using the CD3 cells from OT-II transgenic mice. Experiments using CD4
OT-1I T cells also show similar reduced proliferation pattenthe PIxnAl-Fc treated group
compared to Fc-only controls (data not shown). Regarding thelatory effect of PIxnAl-
Fc on T cells through its binding to Sema6D or other ligands on I3, ¢eé addition of
PIxnAl-Fc into a co-culture of OT-II T cells and PIxiADCs did not improve proliferation
efficiency compared to those with Fc-only protein, suggestingtxaAl-Fc has little effect
on T cell proliferation. This is further supported by the lack wgnaentation effect of

PIxnAl-Fc in T cell proliferation upon anti-CD3 and ani-CD28 stimulation (datahooirs).

PIxnA1” DCs are less effective in stimulating co-cultured OT-I1 T cells.

DC-T cell co-culture with PIxnAl-Fc demonstrated that T patliferation is inhibited
upon interfering with the PIxnAl interaction with its ligand on Tiscéfig. 3.2C). However,
the inhibition by PIxnAl-Fc might have been partial, due to aspetitive binding with
endogenous PIxnAl from DCs. Therefore, the blocking effect of PixhAdlg be further
examined in the future by utilizing different dilutions of PIxnAd-&hd Fc-only to determine
an optimal blocking concentration. Considering the possibility of pamiaibition by
PIxnAl-Fc, DCs completely lacking PIxnAl (PIxXnADCs) could be used instead. T cell-
stimulation with PIxnA1" DCs would clearly show the severity of the defect in T cell
response caused by lack of PIxnAl on DCs.

Prior to co-culture experiments, it was confirmed that thgression of co-stimulatory
molecules such as CD86, CD80, or CD40 along with CD11c is not affbgtéhe removal

of PIxnAl, and neither is that of 1°Aas previously determined (Fig. 3.3A) [29, 71]. As
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suggested by our studies using RNAIi or PIxnAl-Fc protein (Fig. 3.2),cotgulture
experiments using PIxnA1DCs revealed that T cells bearing OM#gssgspecific TCRs
were not activated in the absence of PIxnAl on DCs (Fig. 3.3) [REPCIT cell co-culture,
OVA3,3.339specific VB5' T cells cultured with PIxnAT DCs did not proliferate compared to
WT control DCs (Fig. 3.3B) [71, 78]. The effect of PIxnAl deficiency on T celifpration
was even observable at Day 2, an early time point, with thestelifecoming much more
pronounced as the cell proliferations were continually progrefisinggh Day 4, and 7 (Fig.
3.3B). This pattern of inefficient ps" T cell proliferation in the absence of PIxnAl was
reiterated in the total T cell population (Fig. 3.3C). It shouleshdted that in both the total
TCR" and the \B5" OVA-specific populations, a majority of T cells were prolifara even
upon stimulation with PIxnAL DCs, compared to those with nonpulsed WT DCs (Fig. 3.3B-
C). However, a dramatic difference between groups with and witRbatAl became
apparent when considering the number of cell divisions they had undergaed#is Gultured
with PIxnAL™ DCs were two or three cell cycles behind T cells stiredlatith WT control
DCs at Day 4 and 7. The lack of engagement between PIxndBSama6D accounts for
inefficient T cell proliferation at the later time points,thviDCs lacking PIXnAl [79].
Furthermore, much greater numbers of thg5'VT cells incubated with PIxnA1 DCs
remained non-proliferative at Day 4 (WT 9.2%; KO 23.3%; No OVA 56.2%) and Day 7 (WT
0.4%; KO 6.3%; No OVA 61.4%). The percent of CD@9cells detected in the culture that
contained PIxnAT DCs was comparable to those with WT DCs, as opposed to Twithlls
no OVA control DCs, exhibiting few CD6IT cells (45.7%; 40.0%; 0.6%) at Day 2 (Fig.
3.3C). This suggests that T cells interacting with PIXhAICs were able to upregulate the

early activation marker, CD69, through TCR stimulation and co-siitionls, but were not
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fully activated to undergo efficient proliferation due to the latka stimulation through
PIxnAl.

Since the CD3T cells used in co-culture experiments contained both*@bd CD8
T cells, CD8 T cells were subsequently analyzed separately. “GDglls included in the T
cell preparation showed no proliferation but a great reduction innatabers, suggesting
that CD8 T cells do not proliferate in response to OVA-pulsed BMDCs, andftliéue to
lack of TCR stimulation (data not shown). This result confitmasg the target cells of OVA-
pulsed BMDCs are OVA-specific CDZ cells, as originally established [251].

The current co-culture experiments using PIXAAILCs not only verified the results

of our PIxnAl-Fc blocking assays, but also revealed the impairmeTl cell proliferation
resulting from the complete lack of PIxnAl on DCs, as opposed to thal gocking of

PIxnAl interaction with competitive inhibition (Fig. 3.2 and 3.3).

PIxnAl” DCsareless effective in stimulating T cellsin vivo.

We have confirmed that PIxnAl on DCs augments T cell primirghasn byin vitro
DC-T cell co-culture (Fig. 3.2C and 3.3B-C). To test whetherddbk of PIxnAl on DCs
would cause a defect in T cell response under more physiologreddlyant conditionsin
vivo T cell activation experiments were performed by emplowgitigptive transfer. PlxnAl
or WT DCs that were OVA-pulsed were intravenously transfantedthe tail vein of Ly5.1
congenic mice along with CFSE-labeled OT-II T cells at adti.r DCs left unpulsed were
also transferred with OT-1I T cells, as negative controls.

Analysis of the \B5" T cells gated out of the viable Ly5.ZCR" populations at 72 hr.

post-transfer revealed that a significantly reduced number ¢f beld undergone cell
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divisions among the R5" T cells injected with PIXnAL DCs compared to those with the
WT DC counterparts (WT 52.1%; KO 30.8%; No OVA 6.5%) (Fig. 3.4A). ding cells in
both groups underwent similar division cycles, but the number of nedlaah cell cycle with
PIxnA1” DCs was consistently reduced compared to that with WT (WT 1.9%, 8.1%,
7.2%, 9.3%, and 24.5% vs KO 1.0%, 1.8%, 2.0%, 3.7%, 6.5%, and 15.8% [ tf#& geak,
respectively) (Fig. 3.4A, left and middle panels). T cells in bgthups were still
proliferating compared to those with no OVA-pulsed control DCs &igA). In vivo T cell
activation assay suggests that significantly fewer T eedlee activated in the presence of
DCs lacking PIxnAl.

A defect of PIxnAT DCs in priming T cells was also observed by significantly
reduced numbers of IFNproducing cells upon OVA restimulatiogx vivo,using an 1FNy
ELISPOT assay. Each spot represents a singleylpidducing cell, and 186 spots per 1.25
x 10° splenocytes on average were obtained from the mice exposed DCA versus 57
spots to PIxnAT DCs (Fig. 3.4B). We also observed a more than five-fold dex(€a5%
vs 3.2%) in IFNy producing cells in the Ly5'2VpB5" viable populations upon OVA-
rechallenge when primarily stimulated by PIXWADCs compared to WT controls, using
intracellular IFNy staining and flow cytometry (data not shown). SignificantiyefielFN-y-
producing cells were generated upon stimulation by DCs lackixgAR| suggesting that
PIxnAl is likely to play a role in inducing a Thl response. Howedespite the reduced
numbers of IFNy producing cells that were attributable to the lack of PIxnAl Qs,0he
remaining cells that do not produce IFNR our assay might have produced other cytokines.
Therefore, cytokine analysis should be considered for a broad ramg&kines including

the ones that induce either Th2 (IL-13 or IL-4), or Th17 (IL-23) response.
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PIxnA1" DCs exhibit reduced migration in vitro.

Previously, RNAIi was utilized to deplete PIxnAl in DCs, throughititieduction of
retroviral short hairpin RNA [71, 78]. Although RNAIi was successfudepleting PIxnAl,
the retroviral transduction induced DC activation, implicating chamgeseir migration
characteristics. This effect limited the utility of migoa assays in analyzing the role of
PIxnAl in DC function. In addition, difficulties were encountered iramiiig a sufficient
number of virus-infected DCs, in the process of depleting PIxXnAl b&iRWNhese problems
were completely circumvented by utilizing thixnaI” mice obtained from our collaborators
[243].

Utilizing this model, we were able to observe significant redustiin PIxnAl" DC
migration towards CCL19 (ELC) and CCL21 (SLC) compared to WT almjtin a trans-
well migration assay (Fig. 3.5A-B). Migrating cells weareantified by a XTT assay by
virtue of the characteristic of XTT-tetrazolium, which is regtlito orange-colored formazan
by cellular metabolic activity. DCs with or without PIxnAl wealso tested with CXCL12
(SDF-1n), a chemokine, suggested to support DC migration to DLNs [242]. Althouag
consistently observed lower numbers of PIXAARCs that had migrated towards CXCL12
compared to their WT counterparts, variability in cells miggttowards CXCL12 was
much greater than towards the cytokines CCL19 or 21 (Fig. 3.5C). Bidsaused for the
assay were TNR-treated mature DCs, neither PIxiADCs nor WT DCs migrated towards
CCL5 due to downregulation of its receptors which include CCR1 and 5, upon DC
maturation (Fig. 3.5D) [200, 210]. We also examined the migration >xafARI" DCs
towards C5a, a complement factor, to serve as a control. C%dsbidownregulated upon

DC maturation, resulting in very low numbers of DCs migratingatols C5a (Fig. 3.5E)
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[200]. In order to verify whether comparable numbers of PIXABTs and WT DCs were
loaded for migration assays, both populations were subjected toa’3dys using serial
dilutions starting from 1 x FOcells. The control XTT assay samples provided means to
deduce the number of cells from the optical density values detirbly spectrophotometry.
Based on this conversion, cell numbers were found to be equivalent bedxeAl™ DCs
and their WT counterparts (Data not shown). Based on the XTT, aggapximately up to
25% of the WT DCs migrated to the bottom well at the optimal ¢dretgon of CCL19 (1
pug/ml), CCL21 (2ug/ml) and CXCL12 (21g/ml), compared to less than 5% of the PIxAHA1
DCs (Fig. 3.5A-C).

To determine whether the chemokine receptor expressions area@ffgcthe lack of
PIxnAl on DCs, the expression levels of CCR7 and CXCR4, recepioSGL19/21 and
CXCL12, respectively, were examined. The transcript levels samthce expression of
CCR7 and CXCR4 were compared between PIXhafd WT DCs by real-time quantitative
PCR (Fig. 3.5F) and by flow cytometry using surface staimitg anti-CCR7-PE or anti-
CXCR4-PE along with anti-CD11c-APC (Fig. 3.5G), respectively. ataDfrom the
quantitative PCR and the flow cytometry on Day 12-harvested BM@¥Dsonstrate that
PIxnA1” and control DCs have the comparable levels of chemokine receptdRy, &l
CXCR4 (Fig. 3.5F-G). Transcript levels of CCR7 and CXCR4lim&1L" DCs were found
to exhibit considerable variability compared to WT controls, but alihy the differences in
expression of both chemokines in PIxi¥A&nd WT control cells were proven insignificant
(p>>0.05) (Fig. 2.5F). Therefore, PIxnAl is not likely to be involved inugnegulation of

these receptors but probably in the signaling upon chemokine stimulations forenigrati
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PIxnA1” DCs are less effective in migration to the draining lymph nodes.

We established that PIxnA1DCs are unable to migrate towards defined chemokines
vitro (Figure 3.5). To determine whether the lack of PIxnAl on DCsdwadult in defects
in DC migrationin vivo, equal numbers of differentially labeled PIXiADCs and WT
controls were subcutaneously co-transferred into the hind foot plad357BL/6LY5.1
congenic mice. The major advantage of this strategy is thaiplopulations are subjected to
identical microenvironments.

Among the cells isolated from the popliteal DLNs, the transle@®11¢ Ly5.2"
populations contained less PIxnA1DCs compared to WT DCs from both sets of
differentially labeled cells (CMRAWT vs CMFDA" KO; CMFDA" WT vs CMRA" KO).
Few CMRA" or CMFDA" cells were detected from non-DLNs (axillary) (data not shown).
However, differences in the number of migrating cells betwedRE" WT vs CMFDA"
PIxnAl” DCs were lower than the reverse experiment (CMF¥A vs CMRA' PIxnA1”
DCs). The differences between CMRWT vs CMFDA' PIxnAl” DCs were found to be
statistically insignificant (p>0.05), compared to the differenoetsveen CMFDAWT vs
CMRA" PIxnA1" DCs which were found to be siginificant (p= ~ 0.01). Although tha da
consistently showed that the number of PIXAALCs migrating to the DLNs was less than
their WT counterparts, there were samples that exhibited fengeating DCs regardless of
the PIxnAl status of the cells (Fig. 3.6). The question of wh&fs lacking PIXnAl have
a defect in migratiomn vivo upon challenge or maturation signals will have to be addressed

by alternative strategies.
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Rapl is downstream of the PIxnAl pathway in DCs.

Several observations have facilitated our hypothesis of a rolelxoAP in the
regulation of Rapl upon T cell conjugation. First of all, Rapl has toesn to function
downstream of R-Ras signaling in a macrophage-like cell i@8][ In addition, PIxnAl
with its possible GAP activity towards R-Ras based upon sequenaddgynwith other R-
RasGAPs, suggests that Rapl might be downstream of PIXnAl. Secoiipl effector
molecule called Arap3, has been shown to perform a RhoGAP function tcessigpino
activity [246]. Therefore, Rapl would generate a negative sign&Ho activation, which
was observed in the presence of PIxnAl on DCs upon T cell conjugaioshown in
Chapter 11 [78].

In order to determine whether Rapl is regulated by PIxnAl uporl Engagement,
the level of activated Rapl was measured in PIXhBCs and their WT counterparts upon
conjugation with T cells, by employing a GTP-Rapl pull-down asges/shown in Figure
3.7, our preliminary result demonstrates that PIXAAICs contain an elevated level of
activated Rapl compared to WT DCs. In fact, WT DCs exhibéeeld lower than those
observed in control DCs that were left unpulsed (-OVA) or DCs aied in the absence of
T cell conjugation (Fig. 3.7). Since the OT-II T cells weredi in 1% formaldehyde prior to
the conjugation, there was no contribution of activated Rapl from T CBfls reduction in
activated Rapl levels upon WT DC-T cell conjugation suggésts Rapl activation is
suppressed by PIxnAl. In addition, baseline Rap1 activity in PIkriZs appears elevated
upon T cell engagement, compared to the basal level of Rapl actidéy unstimulated

conditions.
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Based on the assumption that PIxnAl can exhibit R-RasGAP wctivit reduction of
downstream Rapl activity upon T cell conjugation would be due to sRfRaction
suppressed by the GAP activity of PIxnAl [32, 105, 123]. The reducti®api activity
upon T cell conjugation, in the presence of PIxnAl on DCs, may exjhairprevious

observation demonstrating that Rapl suppresses Rho via one of its effectors [246].
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Discussion

PIxnAlis expressed on myeloid DCs.

Among the different subsets of freshly isolated DCs and bone mdeovwed DCs,
along with other cell types including B and T lymphocytes, PIxnA$ detected primarily in
myeloid DCs, especially iin vitro cultured BMDCs, by real-time quantitative PCR (Fig.
3.1). The expression of PIxnAl in the myeloid cell types was evilem the lack of a
similarly pronounced signal in splenic B and T lymphocytes.

PIxnAl transcription was not detected in freshly isolatednovitro Flt3L-induced
(CD11¢ mPDCA-T B220) pDCs isolated from bone marrow. This result is in stark
contrasts to a previous report suggesting significant levelsxafARItranscription in FIt3L-
induced pDCs, where it was functionally implicated in TLR7 ah&9 signaling pathways
[30]. Our unpublished data using freshly isolated pDCs from mousenbamew stimulated
with known agonists for TLR7 and 9 also suggests a reduction in greelTVFN response in
PIxnA1" pDCs compared to their WT counterparts (data not shown). Theraforeans for
detecting PIXnAl protein is necessary, but unfortunately a clyramailable commercial
antibody lacks specificity. Since transcript levels do not caeelvith the amount of
functional protein, surface expression as well as total proteiregsipn of PIxnAl should
also be determined using PIxnAl-specific monoclonal antibodiesshwive are in the
process of producing. Conversely, it is possible that low PIxnAldrahdevels do not
represent actual protein expression (Figure 3.1), because of thbiljgpssi an extensive
half-life of the protein. Irregardless, PIxnAl appears to be expressadththigher levels in

myeloid lineages, especially in BMDCs, compared to other immut® cBased on this
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observation, we chose to study PIxnAl function in mature BMDCs. Uilrent study is
based on our hypothesis that PIxnAl must play an important rolelsriltad highly express
the protein [175, 176, 178, 179]. We also expect that Th responses stdrwitdt BMDCs

would be similar to those with myeloid DCs.

PIxnAl playsarolein T cell priming upon conjugation.

Accumulated evidence suggests that PIxnAl is involved in the evehtsctha during
DC-T cell conjugation. In support of this role is the observatioh $lemna6D, a PIxnAl
ligand, is expressed on T cells [29, 79]. Experiments employing @€l co-culture with
PIxnAl-Fc blockage demonstrate that DCs lacking PIxnAl intereeladtivity exhibit only
suboptimal T cell priming upon contact, resulting in inefficient T peoliferation (Fig.
3.2C). The basic experiment indicates that the intercellulavitgadf PIxnAl upon T cell
engagement is essential for T cell priming. Even though tketteeipossibility of a direct
stimulatory effect from PIxnAl-Fc, overall inhibition of T celtoliferation by PIxnAl-Fc
suggests that activation of DCs through PIxnAl needs to occur for optimal T cell priming

We can conclude from this experiment that blocking PIxnAl interactith T cell
components upon DC contact is sufficient to inhibit naive T cell praliion. That PIxnAl
affects T cell responses from the initial phase in supported bgreuvious observation that
PIxnAl is involved in F-actin polarization towards the interface upocell conjugation
(Chapter 1) [78]. Actin polarization in APCs has previously bdsmws to play a crucial
role in optimal conjugation with T cells and subsequent T cell responses [91, 92, 233, 244].

In addition, our co-culture experiments with PIx#/ADCs demonstrate that T cells are

not fully activated to undergo efficient proliferation and clonal espan due to the lack of a
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stimulation through PIxnAl (Fig. 3.3A-B). However, T cells stiatedl by DCs lacking
PIxnAl are still able to upregulate the early activation markd#D69, through TCR
stimulation and co-stimulations (Fig. 3.3B).

T cell stimulation by DCs lacking PIxnAl not only confirmed tlesults of the
PIxnAl-Fc blocking assays, but also demonstrated the grave consesjuencl cell
proliferation resulting from the complete lack of PIxnAl on DCsp@gosed to the patrtial
blocking of PIxnAl interaction with competitive inhibition (Fig. 3.2C &h@B-C). Since
previous studies have shown no defect of PIXhAXCs in antigen uptake or processing as
well as in antigen binding affinity of MHC Class Il molecutgsthe cell surface, the impact
of PIxnAl on T cell priming is attributable to the role of Plxnddon DC-T cell engagement.
Furthermore, PIxnAl has been shown to perform cis-interactionsawgetbmplex of Trem-
2/DAP12 surface proteins which is known to transduce a mitogegnealsihrough the Erk
pathway [29, 252]. Since DAP12 activation was also shown to occur inotitext of
Sema6D-PIxnAl ligation, it supports our findings that the lacklhafi4&4l on DCs leads to
inefficient proliferation of cognate T cells, although Sema6D does appear solely
responsible for the stimulatory activity of PIxnAl especiaftiythe early phases of T cell

activation [29, 79].

OT-11 T cell activation by DCs lacking PIxnAl isreduced in vivo.

The question of whether the lack of PIxnAl on DCs would cause atdefdccell
responses under more physiologically relevant conditions was aeldit®gsurin vivo T cell
activation experiments employing adoptive transfén vitro co-cultures suggested that

proliferation of T cells stimulated with DCs lacking PIxnAl was not asiefit as those with
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WT DCs (Fig. 3.3). In vivo T cell activation assays suggest that a significantly retluce
number of T cells were activated in the presence of DCs laédxgAl. The exogenous
Ly5.2" TCR' T cells co-transferred with PIxnA1DCs in the spleen of each recipient were
also significantly fewer than those with WT DCs, as deterdhime exogenous R5° T cell
staining, suggesting that more T cells might have died dueettatk of optimal stimulation
by co-transferred PIxnA1 DCs. The question of whether PIxnAl plays a role in T cell
survival is an interesting one and should be addressed in future stidbesheless, DCs
lacking PIxnA1l did not produce as a vigorous T cell proliferation asc@itrolsin vivo (Fig.
3.4A). In addition, the lack of OVA-specificPd” T cell proliferation in the presence of
unpulsed control DCs supports the accepted model of antigen-depemdéad T cell
activation by OVA-stimulated BMDCs (Fig. 3.4A, the right panel).

A defect of PIxnA1 DCs in priming T cells was also uncovered by significaretyef
number of IFNy-producing cells upon OVA restimulatiox vivo,using an IFNy ELISPOT
assay (Fig. 3.4B). Since the ELISPOT assay cannot spégificaasure exogenous OVA-
specific T cells, flow cytometric analysis using intraceliullFN-y staining was also
performed. There was a more than five-fold reduction in the numbiNsf-producing
cells in the exogenous OVA-specific T cell population upon OVAhaienge when
formerly stimulated by PIxnA1 DCs compared to WT controls (data not shown).
Significantly fewer IFNy-producing cells were generated upon stimulation when they were
originally activated by DCs lacking PIxnAl, suggesting that Plxphays a role in inducing
a Thl response. Indirect evidence suggested that PIxnAl might dafdrl response
through the production of IL-12p70, based on the findings that only when Plwasl

present on DCs, a higher level of IL-12 was detected from DCs upauiaion by Sema6D,
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a PIxnAl ligand, [29, 180]. However, the cells that did not produceylFFfNour assay might
have produced other cytokines, inducing a Th2 (IL-13 or IL-4), or a Th17 (llteBRpnse.
Thus, cytokine profiling upon DC-T cell co-culture utilizing cytokineags followed by
ELISA and/or ELISPOT assays will address the question of whé&tlxnAl on DCs plays a
role in the fate-determination of cognate T cells. The teshlould then be verified by
additional ELISPOT assays for various cytokines eon vivo re-challenged splenocytes
isolated from the recipients after adoptive transfer. An additiqueestion to be answered is

what Th response occurs in the absence of PIxnAl [253].

PIxnA1” DCs exhibit reduced migration.

PIxnAl is a well-known path-finder in neurons for axonal growth ipaoese to a
soluble guidance cue, Sema3A [4, 34, 140, 243]. This is the primarymnegdPIxnAl has
been suspected to play a role in chemokine-induced DC migration. Howevenpairment
was previously observed in DC migration to the DLN®lxnaI” animals [29]. Although
skin painting with FITC is a commonly used method, it harbors sosedeintages in
measuring DC migratiom vivo, for the following reasons: 1) Free FITC can be carried over
from the skin and taken up by resident DCs in DLNs [208, 212]; 2) Tinetiskue treated
with FITC contains complex subsets of DCs including Langerharns aetl dermal DCs
which are still poorly characterized [208, 212], and 3) Unidentified imnulefects in
plxnaI” animals could interfere with DC behavior. To address thesdcshiings, we
employed two different strategies: 1) We examined itheitro DC migratory capacity

towards defined chemokines; and 2) We analyinedivo migration of PIxnAY" DCs and
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WT controls into the DLNs by the application of differentiabdang and subsequent
subcutaneous co-transfer into congenic recipient mice.

PIxnA1" DCs exhibited a more than 50% reduction in migration towards akiees,
CCL19 (ELC) and CCL21 (SLC), compared to WT controls (Fig. 3.5A-Bespite larger
variations in migratory activity towards CXCL12, we also obsemestiiced migration of
PIxnA1” DCs towards CXCL12, compared to WT DCs (Fig. 3.5C). Irregssdié PIxnAl
status, few DCs migrated towards CCL5. This result wascgegesince DC maturation
results in the downregulation of its receptors, CCR1 and 5 (Fig. 3Amglysis of transcript
levels and surface expression of CCR7 and CXCR4 in PIXreixtd WT DCs revealed that
expression of these chemokine receptors is not affected by Plxats of the cells (Fig.
3.5F-G). Therefore, PIXnAl is most likely not involved in the upregulation eétheceptors
but probably in the signaling induced upon chemokine stimulations for migration.

The question of whether the lack of PIxnAl on DCs would affect nograt vivo was
addressed by differential labeling of DCs frpmnaI” and WT mice and by subsequent co-
transfer into congenic Ly5.2mice. Despite the advantages of this strategy in that both
populations are subjected to identical microenvironments, we encalrgerenexpected
problem associated with using the two different dyes (CMFDA @RIRRA). Co-transfer
following labeling of PIxnAZ” DCs with CMRA and of WT DCs with CMFDA into the foot
pads resulted in significantly reduced migration of PIXAiAICs to the DLNs, suggesting
inefficient trafficking of PIxnA1" DCs. However, reversal of the staining (CMRIT and
CMFDA* PIxnA1" DCs) resulted in reduced trafficking of the CMRWT DCs compared
to the CMFDA WT DCs to the DLNs. This resulted in the differences betwd¢RA WT

versus CMFDA PIxnAl” DCs in migration being statistically insignificant (p>0.05),
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whereas migration CMFDAWT versus CMRA PIxnAl” DCs was statistically different
(p= ~ 0.01). A one possible explanation could be that CMRA is more toxtells than
CMFDA, causing more cell death for CMRM®Cs,in vivo. Indeed, when CMRAWT DCs
and CMFDA PIxnAl” DCs migrated, the differences observed were less, possiblydue t
more cell death of the CMRANT DCs (Fig. 3.6). When using CMRRIXnA1” DCs and
CMFDA™ WT DCs, the differences observed were greater, also posgielyo higher cell
death of CMRA PIxnAl” DCs. Nontheless, the data consistently showed that the numbers
of PIxnA1" DCs migrating to the DLNs were less than their WT countespalthough there
were some samples in either group that had few migrated €y@sdtess of their origins (Fig.
3.6).

To definitively answer the question of whether PIxnAl deficiencyltesn defective
DC traffickingin vivo upon challenge or maturation signals, alternative stratelgeegddsbe
employed. A different approach is to use a single fluorescemtwiihout any reported
toxicity and label a single population, PIxnAbr WT DCs, but leaving the other unlabeled.
By virtue of the congenic mice expressing the Ly5 antigen, diffsgs in migration are

expected to be easily determined between labeled and unlabeled exogenous DCs.

Rapl is downstream of the PIxnAl pathway in DCs.

Previously, it was observed that the level of activated Rho GTiPageegulated by
PIxnAl signaling upon T cell contact, resulting in subsequent potarization towards the
interface with T cells (Chapter 1l) [78]. Actin polarizatiom APCs, especially DCs, is
known to be critical for T cell stimulation [91, 92, 233, 244]. Rho GTP@&es A, B or C)

do not appear to bind to PIxnAl, directly [32, 33]. In contrast, it is strongly suddbateR-
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Ras GTPase interacts with PIxnAl through its conserved domainR-RasGAP. In
addition, there is circumstancial evidence suggesting thatARIxexhibits R-RasGAP
activity [32, 105]. Rapl has appeared as another potential player deamstf PIxnAl
since Rapl can be activated by R-Ras [123]. Rapl is also lioketdad via Arap3 which
suppresses Rho activation [246]. In line with R-Ras and Rho, thedksetivated Rap1l in
PIxnA1”™ DCs was verified to determine whether Rapl is regulateddmAPR. By means of
GST pull-down assays, the level of active Rapl in PIXhSCs was detected was greater
than that of WT DCs, upon T cell engagement. Furthermore, tbedéactivated Rapl in
WT DCs upon T cell engagement was even reduced compared to itsevatsa under
resting conditions such as no stimulation by T cells or a spemifigen (Fig. 3.7). This
finding suggests that Rapl activity is suppressed by PIxnAl, as aqocemee of the R-
RasGAP activity of PIxnAl. It is also plausible that PIxnmAlght perform a GAP activity
towards Rapl, based on the conserved SynGAP region of PIxnAl which is kodve
essential for RapGAP activity [32, 136]. Indeed, there is a grotlpedR-RasGAPs that also
serve as RapGAPs [137].

Similar to R-Ras, Rap1l also signals for cellular adhesion andgration mainly by
activating integrins [119, 121, 132, 245, 254]. Indeed, Rapl is known to plajcal caote
in regulating cell migration and/or adhesion, in immune cells anotimgys [125, 129-131,
133, 245, 250, 254, 255]. With regard to DCs, defective Rapl signaling was foceusé
impaired DC traffickingin vivo [125]. The physiological significance of suppressing Rapl
activity upon stimulation has been suggested for T cells [129, 131P8 GlOppresses Rapl
activity while CD3 stimulates Rapl activation, upon T cell adtwaby APCs. Rapl

downregulation by CD28 was shown to prevent activation-induceddeath or cell cycle
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arrest which is mediated through a hyperactive LFA-1-ICAM-1raugon. Hyperactive
Rap1 activity resulted in reduced Erk activation, concomitant witbgupation of p2'#**, an
indicator of cell cycle arrest, leading to less IL-2 produchgnrl cells [129]. Therefore, a
potential suppressive role of PIxnAl on Rapl activity could be a pBikoAl's function in
promoting an optimal T cell response, by regulating integrin activation.

Regardless of R-Ras involvement, it should be verified whetheR&#pd activity is
suppressed by PIxnAl upon T cell conjugation, and whether this resaliselevated level
of Rho activation. Suppression of Rapl activity by PIxnAl upon T amljugation is
anticipated not to only result in elevated levels of Rho actieiggling to actin remodeling
and polarization but also in the regulation of integrin activitiesutin effector molecules
such as RapL which are responsible for cell adhesion and/ortimngrdJltimately, the study
of Rapl activity regulation by PIxnAl should be extended to cover thaseiwesolved in

chemokine-induced DC migration.
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Figure 3.1. PIxnAl transcript levels determined by real-time PCR:PIxnA1 RNA

transcript levels were measured as follows. 1) BMDCs or Mac: Twelveudayed mature
BMDCs derived from WT angixnal” mice; BM-derived CD11bCD11¢ Mac; FIt3L-

induced mPDCA-1CD11¢ B220 pDCs ; and 2) freshly isolated cells: CD10D11b

mDCs from BM; mPDCA-1CD11¢ B220 pDCs from BM; peritoneal cells; splenic
CD11¢ CD8:” mDCs; DC11ECD8x" IDCs; and splenic CO3T cells and CD19B cells.
Except for the PIxnATL BMDCs as a negative control, all the other samples were prepared
from WT C57BL/6J mice. Except Dayl2 BMDCs and peritoneal cells, each group of cells
was sorted by FACS (MoFlo) for RT-PCR analysis. And PIxnAl transcripldevere
calculated and normalizgiactin levels. Each value represents fold increase over PTxnAl
DCs as 1. Data is representative of three independent experiments.
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Figure 3.1
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Figure 3.2. DC-T cell co-culture with PIxnAl-Fc blockadeThe extracellular fragment of
murine PIXnAl cDNA fused to human IgG1 Fc (PIxnAl-Fc) and Fc only control witb-an |

2 signal peptide sequences were expressed in HEK293 cells, and purified using p@tein A
agarose beads (A). A Coomassie blue-stained SDS PAGE gel (Ba) and West@dh)bl
performed with anti-human IgG-Fc-HRP show the purified PIxnAl-Fc proteiovwar180
kDa) and Fc only control protein (arrow: ~25 kDa), respectively (B). FdrB&eT cell co-
culture experiment, PIxnAl-Fc or Fc only was added in the co-culture of@Mi{bng with
CFSE-labeled OT-II T cells at Day 0. Harvested cells weneestavith V35-APC and

CFSE peaks were analyzed on channel FL1 among the cells gated @&t &f/%

lymphocytes by flow cytometry (C).
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Figure 3.2
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Figure 3.3. DC-T cell co-culture using PIxnAT DCs: BMDCs generated fromixnal”
mice or WT littermates were pulsed with OVA protein at Day 12 for 12 hrs., amédtfor
mature DC surface markers, CD86, CD80,”]-8D40 and CD11c (dark lines), using FITC-
conjugated antibodies for I?’APE-antibodies for CD86, CD80 and CD40, and APC-
conjugated antibody for CD11c, to compare surface expression in Pixd&% with those
on WT counterparts, respectively. Isotype controls were used with isotypleechaicd
fluorescent conjugate-matched hamster or rat antibodies (gray linesptpeseentage of
positive cells for desired marker expression in each sample gated out b¥éopalpulations
(A). DCs from both groups were added in co-culture with CFSE-labeled D€dlls at 1:5
ratios, respectively. Cells were harvested at Day 2, 4, and 7, stained wktpBuitiotin or
anti-CD69-biotin followed by SA-APC or anti-TCR-APC, and analyzed by floiorogtry.
Plots were gated out of a live lymphocyte population, from whigh-positive or \B5-
negative populations were enumerated (B). Live lymphocyte populations from Day 2
samples was displayed with CFSE reduction and CD69 expression for Day 2 q@npies
top row) and TCR expression for Day 4 and 7 (C, the middle and the bottom rows). One
experiment representative of three independent experiments is shown.
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Figure 3.3
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Figure 3.3
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Figure 3.3
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Figure 3.4. T cell activation assayn vivo: Day 12 BMDCs fronplxnal or WT
littermates were pulsed with OuM peptide OVAz23-339 and intravenously transferred into
the tail vein of B6-Ly5.1 congenic mice along with CFSE-labeled OT-II [E e¢ll1:4 ratios.
The splenic T cells from each mouse were analyzed 72 hr. post-transfer. taftexgswith
anti-Vp5-biotin followed by SA-pacific blue along with anti-TCR-APC and -duy%.2-APC-
Cy7, CFSE-labeled 5" T cells were gated out of Ly5.ZCR" T cells and visualized by
flow cytometry (A). IFNy production was determined by ELISPOT, 24 hr. post-
restimulation with OVAgex vivo(B). Each group reflects an experiment performed in
triplicate and the figure is representative of two independent experimeatssti&tl analysis
was carried out by student t-test using software Prism.
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Figure 3.4
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Figure 3.5. In vitro migration assay for PIxnAI"” DCs: PIxnA1" DCs were tested for

their migratory activities towards various chemokinesjtro using 96-transwell plates.

Day 12 BMDCs fronplxnal mice and from WT littermates were exposed to CCL19 (A),
CCL21 (B), CXCL12 (C), CCL5 (D), and C5a (E, a complement fact@ megative control).
Cells migrated towards each chemokine present in the bottom wells were edests450-

650 nm using a XTT assay. For setting standard curves, PIxBI&E along with WT DCs

(1 x 10 cells each) were also subjected to XTT assays with serial dilutionslatait:
Standard curves served as internal controls for the equivalent numbers of WTrekt! Plx
DCs used for each assay. The average of triplicate wells reflectexgoncentration of each
chemokine is displayed with standard deviations. One representative of {eenidelet
experiments is shown (A-E). The number of cells in each sample was deduced based on th
equation aquired from either standard curve. Expression of CCR7 and CXCR4 was
compared between PIxnAIDCs and WT DCs, both from the preparations usethfeitro
migration assays. Real-time PCR was performed on cDNA from PIxB&k or WT
counterparts for Ccr7 and Cxcr4 along with PIxnAl expression. Transcrifg {eeet
normalized t-actin levels and expressed as fold over WT (F). Surface expression of CCR7
and CXCR4 along with that of CD11was compared among the total live populations from
PIxnA1” or WT BMDCs using anti-CCR7-PE, anti-CXCR4-PE, or anti-CD11c-APC
antibodies (dark lines). Isotype controls were prepared with isotype-rdatnobddluorescent
conjugate-matched hamster or rat antibodies (gray lines) to reflect thggpepulation

that was gated out of total viable cell population (G). Data is represerdbtivee
independent experiments (F-G). Statistical analysis of the real-tilReoRCCR7 and
CXCR4 between the two groups per set was carried out by student t tesisamdd?®tware.
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Figure 3.5
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Figure 3.5
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Figure 3.6. In vivo migration assay for PIxnAI"” DCs: PIxnA1" DCs were examined for

their migration, from skin tissue to the DLNs. Day 12 BMDCs frikmal” mice and WT
littermates were OVA-pulsed, differentially labeled with CMR#Ada&CMFDA, respectively,

and mixed at a 1:1 ratio (1 x €ells each). As an internal control, the labeling was reversed.
Equal numbers of differentially labeled PIxnAzand WT DCs were subcutaneously
transferred to the hind foot pads of Ly5.1 congenic mice. At 36 hr. post-transfer, DLNs
(popliteal) and NDLNSs (axillary) were isolated from the recipient raioe the total LN cells
stained with anti-CD11¢c-APC-Cy7 and Ly5.2-APC. The transferred CMRA {Fir2)

CMFDA (FL1)" DC populations were analyzed in two-dimensional plots from cells gated out
of a CD11¢ Ly5.2" live population using flow cytometry. Either group is represented as
percent CMFDA or CMRA" cells from Ly5.2 CD11¢ cells for each recipient’s DLNSs.

Each open circle reflects a single recipient mouse. Data is egpaiige of three

independent experiments. Statistical analysis between the two groups pas satned out

by student t test and Prism software.
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Figure 3.6
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Figure 3.7. GST pull-down assay for activated Rap1 in PIxnAIDCs upon DC-T cell
conjugation. The amount of active Rap1l in PIXnADCs upon T cell conjugation was
compared to WT counterparts by GST pull-down assays. OVA-pulsed DCs {)Lfroh®
plxnaI or WT mice were prepared. CD@T-II T cells (1 x 16) were isolated and fixed

with 1% formaldehyde. Negative controls for antigen-dependent DC-Targllgation were
non-OVA pulsed PIxnAT or WT DCs with T cells as well as the ones pulsed with OVA but
incubated without T cells. Subsequent to incubating each group of DCs with or without T
cells at 37C for 2 min., GTP-bound Rap1l was precipitated with RBD-GST-agarose beads
and detected along with total Rapl from each cell lysate using wedddting. GTP-Rapl

and total amounts of Rapl from WT and PIXAARCs are shown in the rectangular box.
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Figure 3.7
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CHAPTER IV: CONCLUSIONS AND FUTURE DIRECTIONS



4.1. Finding PIxnAl ligand on naive T cells for T cell activation (Fig. 4.1; Fig. 5.1)

The work presented here shows that PIxnAl on the surface of D@siaml for
priming T cells upon DC-T cell conjugation, as well as fomebkine-induced DC migration.
Although Sema6D on T cells has been identified as a PIxnAl lifdee Appendix), it is
expected that PIxnAl pairs with more than one ligand expressed aell§ in a
spatiotemporal manner. It is because Sema6D is shown upregulatedctipatioa, while
PIxnAl is already expressed on mature DCs prior to encounterialisTtbat | reasoned that
there might be another ligand of PIxnAl on naive T cells [29, 71, 78, @@htifying the
PIxnAl ligand expressed on naive T cells that triggers idluéaesignaling cascade upon
cognate T cell engagement would allow us to examine morelchbat molecular events
take place upon activation of PIxnAl. When monoclonal antibody for PlxaAtailable,
we would like to perform high-throughput methods such as mass spectrometry, itoorder

identify PIxn-Al-interacting proteins from naive T cells.

4.2. Arole of PIxnAl in T cell polarization (Fig. 4.2)

Ourin vitro co-culture experiment using PIxnADCs showed inefficient proliferation
of cognate T cells stimulated by DCs lacking PIxnAl not onitheearlier time point (Day
2) but also in the later stage (at Day 7), (See Fig. 3.3)h &at&a suggest that PIxnAl might
be involved in T cell polarization process. Extended function of PIxnédd also supported
by a recent observation that Sema6D, PIxnAl ligand, augmentd feggonse in the later
stage of primary response [79]. Potential involvement of PIxnAl dellTpolarization was
suggested by a previous finding that PIxnAl augments IL-12 satigyiDCs in response to

Sema6D [29]. Moreover, the same report showed thatylpkdduction was significantly
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reduced irplxnal” animals along with alleviated EAE symptoms upon MOG challe®@ |
Although recent evidence suggests that there are IL-12-independenaysitfor induction
of Thl response, it is well studied that Thl response is faeditay IFNy which is strongly
induced by IL-12 production from DCs in a variety of contexts [180, 183, 256-26Qhis
regard, lower numbers of IFN-producing cells in the OVA-recall response aftevivo T
cell priming by PIxnAZ DCs, also implies that PIxnAl favors inflammatory Thl response
(See Fig. 3.4). However, cytokine profiling should be valuable trméte whether PIxnAl
plays a role in terminal differentiation of T cells, sinchestcytokines inducing Th2 (IL-13
or IL-4), or Thl7 (IL-23) response has not been tested. Cytokingsafodlowed by
ELISPOT/ELISA assays on DCs with or without PIxnAl upowitro DC-T cell co-culture
will provide a clue whether PIxnAl on DCs affects T cell fat@ésiditionally,in vivo T cell
priming followed byex vivoantigen-recall response using ELISPOT assays will vamify
vitro results. One additional question to that is what T cell respoosklwe default in the

absence of PIxnAl [253].

4.3. PIXxnAl on migratory activity of DCs

Previously, no impairment was found in DC migration from thepbery to DLNS in
pIxnaI" animals by others [29]. However, the methodology that they useadiremntskin
painting with FITC to measure DC migration vivo has some disadvantages as mentioned
elsewhere (Chapter Ill). Due to such drawbacks, it was imper#o re-examine the
migratory properties of PIxnA1DCs, and in the current study, we have perforinedtro
andin vivo analyses.In vitro chemotaxis assays for defined chemokines including CCL21

and CCL19, PIxnAT DCs showed significantly reduced capacity to migrate towards suc
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chemokines. However, there was no obvious difference in expression af @@RCXCR4
in PIxnA1” DCs which are receptors for CCL21/19 and CXCL12, respectivelyestigg

no role of PIxnAl in regulating the expression of either recept@ F&g 3.5). Therefore,
PIxnAl is likely involved in the signaling upon chemokine-induced migration of DCs.

However, in the course of confirming whether inefficient DC ntigra upon
chemokine stimulation would be physiologically relevantivo, we have encountered an
unexpected complication with differential labeling. DC tr&ifig from the periphery to
DLNs has been testdd vivo using differentially labeled DCs fromixnal”~ mice or WT
littermates using two different fluorescent dyes, CMFDA alMR®. Results showed that
one pair of differentially labeled DCs (CMFDAPIxnAL” and CMRA WT)) found in
recipient DLNs showed insignificant difference between PlxhAahbd WT DCs (p>0.05)
compared to the other pair (CMRARIxnAL” and CMFDA WT) of which much more
CMFDA* WT DCs were found in DLNs than CMRAIxnA1" DCs (p= ~ 0.01) (See Fig.
3.6). In general, lower numbers of CMRA-labeled DCs were foundlsfoem DLNs than
those of CMFDA-labeled ones.

One explanation would be that CMRA might have been more toxic thaRD@iV
causing cell death. It is also possible that lack of PIxnAl ors Bb@Quld have been
compensated by other factansvivo, such that a migratory defect of DCs did not appear as
severe in animals as isolated DCs upon defined chemokines testéd. In order to
clarify whether the lack of PIxnAl on DCs causes a severetdaf®C trafficking to DLNs
upon challenge, an alternative strategy is to label PIXnACs or WT DCs with one

fluorescent dye such as CMFDA which is thought to be minimalli toAfter transfer into
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the periphery such as hind foot pads of congenic Ly5.1 recipient bote unlabeled and

CMFDA-labeled Ly5.2 DCs can be analyzed in comparison.

4.4. Small GTPases involved in PIxnAl signaling (Fig. 4.3)

As previously shown, we have observed that PIxnAl affects D@tgaeti chemokine-
induced migration as well as in T cell priming upon conjugatiomwe¥er, it is yet to be
defined the molecular mechanism by which PIxnAl signals for regglauch cellular
behaviors. Previously, our group showed that DCs contained elevatedoieRéls GTPase
activity only in the presence of PIxnAl upon T cell engagemengweli by subsequent
actin polarization towards the interface with T cells [78]thim absence of PIxnAl, elevated
Rho activity was not evident upon T cell conjugation, neither was potarization, which is
known to be crucial for T cell response [91, 92, 233, 244]. However, thetdl ia gap
between PIxnAl and Rho GTPase, based on the evidence that Rho &(Rtes®, B, or C)
do not directly bind to PIxnAl [32, 33].

Instead, PIxnAl has been suggested to interact with R-Ras, and p&{BasGAP
activity, upon Sema3A stimulation that requires downregulation of RaBasty [32, 105].
Although PIxnAl has never been directly proven to exhibit such agtiRtRasGAP
conserved sequence in the cytoplasmic region of PIXnAl supporthithatight be the case
[32].

It is evident that R-Ras activates integrin signaling, ftlulee migration and adhesion
[119]. Related to R-Ras functionality, Rapl has also been imgicatcell adhesion and
migration, in the immune cells among others [124, 126, 130, 132, 250, 254, 255, 261-263].

Based on recent evidence, Rapl functions downstream of R-Rasyantiviacrophage-like
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cell line [123]. In addition, Rapl has a link to Rho via Arap3, a Ragtteff protein, which
performs RhoGAP activity, suppressing Rho activation [246]. Basethese links, we
hypothesized that Rapl might be regulated by PIxnAl.

To test our hypothesis, Rapl activity has been compared in D®e iprésence or
absence of PIxnAl upon T cell conjugation using GST pull-down assays preliminary
attempts to compare Rapl activity in PIXAADCs to WT controls produced promising
results, showing that a level of activated Rapl in PIXASLCs was elevated compared to
WT DCs upon T cell contact (Fig. 3.7). This preliminary resuljgests that PIxnAl
potentially down-regulates Rapl activity. As suggested previotistpuld be through its
GAP activity for R-Ras, PIxnAl suppresses R-Ras activation, hwhiould results in
downregulation of Rapl activity. Another possibility is that PIxnAighh play a GAP
activity directly for Rapl without involving R-Ras. This is |&&ely but still possible since
PIxnAl has SynGAP conserved region, known to be essential for RapGikRyd136].
Ras and Rap proteins also share some of their GAPs [137, 264].

Regardless of whether R-Ras mediates PIxnAl-Rapl pathwayfoous is to
determine whether Rapl downstream of PIxnAl regulates activRyoA, as well, because
RhoA was previously observed upregulated by PIxnAl upon T cell interd€ig 2.4) [78].
As mentioned previously, a link between Rapl and RhoA has been conneceRdpi
effector molecule called Arap3, which is a RhoA-GAP, theralppsessing RhoA activity
[246]. In this way, downregulation of Rapl activity by PIxnAl whicbuld result in
elevated levels of RhoA activity (Fig. 2.4) [78]. Therefore, folluyv the current
experiments to verify suppression of Rapl activity by PIXxnAl, our igirto determine

whether Rho GTPase is suppressed by Rapl upon T cell engagenmemre@ulation of
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Rapl activity by PIxnAl could be mimicked by introducing a known Rapl@#AEein into
PIxnAl” DCs via transduction of adenoviral particles that are availabteugh
collaborations. Our hypothesis will be tested whether reducti®apl activity executed by
this exogenous RaplGAP protein in the absence of PIxnAl would lead toysehise
elevation of Rho activity. Furthermore, Rapl functionally interauis integrins, by
reciprocally activating each other through its effector moescalich as RapL [130, 245, 254,
265].

Collectively, it appears that Rapl would signal through Rho for aethodeling, but
also signal for integrin activation through its distinct effectmiecules, in order to regulate
cell adhesion and/or migration. Therefore, analogous to other canRapl potentially
regulated by PIxnAl upon T cell conjugation is also likely to signal for didivaf integrins
as well as for actin remodeling in DCs, both of which are thotglebntribute to optimal
stimulation of T cell response. If this hypothetical pathwayleh/&R1L-Rapl is definitively
proven, PIxnAl relationship with Rapl should be further tested in chemiokineed DC

migration, as well.

4.5. PIxnAl: its clinical implications

It is clearly shown that PIxnAl on the surface of DCs is cluwi only in T cell
priming but also in chemokine-induced DC migration. PIxnAl is also icateld in
augmentation of IFN-production, which is indicative of Thl inflammatory response [180,
183, 256-260]. Such evidence that PIxnAl is a stimulatory factor foeldfmediated
immunity proposes that PIxnAl is a potential target for developingapgkatics against

autoimmune inflammatory disorders such as multiple sclerosty.(Nhdeed, in EAE model
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mimicking human MSplxnal” mice showed significantly lower clinical morbidity scores
along with profound reduction of IFN-production, compared to WT individuals, upon
challenge [29].

Therefore, the mechanism of PIxnAl signaling should be dissectedding
identification of its ligand as well as its effector molesulénderstanding PIxnAl signaling
mechanism will direct to a way of efficiently attenuatingrfA1 signalingin vivo without

causing significant side effects, for example, through the usage of PIxnBlbdkade.
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CD28

CDI54TCR LA

Figure 4.1. Diagram of intercellular molecular interactions on the surfae of DCs and
CD4" naive T cells upon conjugation for T cell priming. Not only the interaction of
antigen-loaded MHC class Il molecules with cognate TCRs, but also ostenalatory
interactions have been appreciated for their importance in T cell primgigasuhe
interaction of B7 with CD28, CD40 with CD40L (CD154), and ICAM-1 with LFA-1.
PIxnAl interaction with its ligand on T cells is now evidently an additional caskition for
T cell activation.
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Figure 4.2. Diagram of Sema6D stimulation and subsequent signaling eventson DC-

T cell interaction. It is a collective illustration of known signaling events upon Sema6D
interaction with PIxnAl upon DC-T cell interaction. In the late stagec#llresponse,
Sema6D stimulation is shown to activate c-Abl kinase activity in T cellgltiresin
phosphorylation of Lat as well as Ckrl, leading to augmented IL-2 production [79]. On DC
side, DAP12 is shown to be activated upon Sema6D, leading to elevated levels of IL-12
production, although PIxnAl association with Trem-2-DAP12 complex does not seem to be
changed by Sema6D engagement [29].
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Figure 4.3. Diagram of hypothetical signaling events stimulated by PIxnAl upon
engagement with its ligand on naive T cells in the context of DC-T cell gogates.

Upon T cell priming, PIxnAl interaction with its ligand is thought to not only stimdlate
cells directly (#1) but also stimulate DCs for further T cell stimulaté®).( Signaling events
in DCs involving Rap1l possible regulation by PIxnAl is expected to contribute tdtére la
(#2). Rapl has been connected to suppression of Rho via its effector molecule, Arap3, a
RhoGAP. In addition, Rho is activated upon T cell stimulation only in the presence of
PIxnAl, as shown in Chapter II. Itis also shown that Rapl is activated by R-Ras. Thus
based on our preliminary data that a level of activated Rapl in DCs upon T cell tonjuga
was elevated in the absence of PIxnAl as shown in Chapter lll, it is hypothésir&apl

is regulated by PIxnAl either via its R-RasGAP activity or directti s possible RapGAP
activity. Rap1l is hypothesized not only to signal for actin remodeling through Rhdsdout a
to signal for modulation of integrin activity through its effector molecules s RapL, both
of which are thought to contribute to optimal T cell response.
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Figure 5.1. Detection of Sema6D-Fc fusion protein colocalization with PlRdvia
confocal microscopy. The extracellular portion of Sema6D was fused with the Fc protion of
human IgG1 in the pCDNA3 backbone (A). A 3 kb full-length cDNA encoding Sema6D
isoform 6 (Sema6D-6) was isolated from mouse brain RNA by RT-PCR (B). $summeof
Sema6D-Fc (100 kDa) from drug-selected Chinese hamster ovary stableeseliéis
confirmed by western-blotting (C). Cos-7 cells were transfected withr @tRixnAl or
CD8ua-expressing plasmid and then incubated with biotin-conjugated Sema6D-Fc fusion
protein (S6D-Fc). Biotin-Sema6D-Fc was detected by streptavidin (@#A)gated Alexa
Fluor 555 (red). PIxnAl was detected by staining with anti-PIxnAl rabbit polycldnal A
followed by Alexa Fluor 647-conjugated anti-rabbit IgG (Blue). @s detected with an
anti-CD&. mAb followed by anti-mouse Alexa Fluor 647. Purple color demonstrates
Ecolocalization of biotin-S6D-Fc with PIxnAl (D). PIxnAl-expressing mouss @@ured
for 12 days were incubated with biotin-S6D-Fc or control human IgG followed by the
staining procedure described in D (E). To confirm that PIXnAl expression by 8Cs w
necessay for Sema6D-Fc association, we used a small hairpin RNA (Shiriedlte
PIxnAl expression as described in Chapter Il [78]. DCs transduced with an etrptiyak
control (EV), a retrovirus containing a mutated shRNA (CtrISh), or a retobiearing
shRNA for PIxnAl (PIxnSh) were used in a localization assay with Sema6DHec
staining protocol is identical to the one described in D. Purple color demonstratés that
red signal for biotin-S6D-Fc colocalized with the blue signal for PIxnAXedAiction in
PIxnAl expression correlated with a reduced capacity of Sema6D-Fc tasssoth DCs.

Published in O’Connor, B.P., et al. Semaphorin 6D regulates the late phase’of C&¥4
primary immune responses. 2008YAS105(35): 13015-20.
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