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ABSTRACT

Alveolar macrophage@®Ms) are specialized, tisstresident macrophagatthe
frontline of pulmonary defense againshaledpathogensandsurfactant homeostasico
perform these role®yM s undergo cellular programming response ttissue and celf
specific signalglicited by the pulmonary nichélowever thetissuespecific
mechanisms that guideM s metabolismhave remained elusivéVe show that the
natural killer NK) cell-associated meptor, NKRP1B,expressed oAM s plays a critical
role in inducingAM metabolic programmind\krp1l’- mice exhibit significant
vulnerability to pneumococcal infections due toagedependent collapsa theirAMs
population AM s derived fromNkrp1b’- mice show abnormal rates of surfactant lipid
uptakeand dysregulated surfactant metaboli¥ke also find thatrainteraction between
AMs expressed NKHP1B, and typell pneumocyte expressed &y providesacritical
link required tainduce and fine tunAM s metabolic profile thus outlining the first
exampleof a tissuespecific, receptaligand interaction acting as a determinanfbfs
metabolism
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CHAPTER 1: INTRODUCTION

1.1 General classes of pattern recognition receptors
1.1.1 Patternrecognition receptors

Pattern recognition receptors or PRRs, are a group of highly conserved receptors capable
of detecting a wide variety of carbohydrate, lipid, protein, and glycoprotein liands

Many of the molecular patterns recognized by PRRs tend to be pathsgmrated and

in some cases heatsociated as they are released into the extnésrethatrix due to

damage and inflammatiénThe majority of PRRs can be divided into 2 categories based

on their cdlular localization, being either bound to the surface membrane or on

endosomal vesicles. These can be broken down further into a further 4 major PRR
families: Toltlike receptors (TLRs), @ype lectin receptors (CLRs and the related family
C-type lectinlike receptors CTLRS), retinoic aeidducible gene 4ike receptors(RIG-

), and nucleotidévinding oligomerization domain receptors (NGB} seen in Fig.1.1.
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Figure 1.1: Known toll-like and rig-like receptors and theirsignalling pathways.

The majority of tolllike receptors tend to be expressed on the cell surface where they can
most easily interact with their classical bacterial/ye@stved ligands. This is trueif

TLRs 1,2,4,5,6 and 11. These receptors signal primarily through Myd88 to achieve
downstream NFaB activation and stimul ati on
including TLRs 3,7,8, and 9 are found in endosomes where they are more likely to
encounterheir classical viral ligands. Intracellular TLRs signal primarily through

Myd88. However, TLRs 3 and 4 have been experimentally shown to possess the ability to
signal through a Myd88 independeimgnallingcascade which involves the activation of

TRIF andbr TRAF to achieve immune activation. RIG and NGK2 receptors are found

free in the cytoplasm of cells where they sample the intracellular environment for viral
particles or damagassociated molecular patterns (DAMPS) respectively. Figure adapted
from Jaeger et al, 2045

There has been also widespread acceptance of another class of PRRs called absen
in melanoma2 (AIM2)-like receptors (ALRS). These receptors are present in most
species, with bats being an interesting exception, and tend to be expressed primarily on
macrophages and dendritic cllALRs play a role in detecting cytosolic DNA through
direct binding via their Hin domain and a protgirotein binding Pyrin domain. The end

result being activation and modulation of cellular interferon respbinses



Toll-like receptors were one of the first to be discovered with 10 functional
receptors identified in humans including one pseudogene (TURII)Rs recognize a
wide variety of pathogeassociated molecular patterns (PAMPSs) with particular TLRs
being specifically tailored to regaize one or two classes of PAMPs. Hence, TLR7/8 and
TLR9, which are located in endosomal membranes are specific for-singheled RNA
and CpG DNA respectively, viral and bacterial components most likely encountered
through viral entry into the cell ohpgocytosi& While TLR4, located on the cell surface
is specific against lipopolysaccharide@fam-negative bacteria which is where it is most
likely to come into contact with bacterial cell membrdiié8 Upon activation of these
receptorssignallingcan proceed either through a Myd88pendenor Myd88
independent mechanism to elicit an inflammatory response resulting in immune cell
activation, cytokine secretion, and if possible activation of phagocitoSisnversely,

RIG-1 is a specialized receptor involved mainly in antal defenses. It is especially
proficientat binding doublestranded orsinglet r anded RNA, especiall"
present, from many different viral families including rhabdoviruses and
orthomyxoviruses among othétsThe binding of RIG tends to result in the activation

of antiviral responses and secretion of antiviral proteins sucha#JIFN n a MAVS
dependent manntr Through this mechanism, RIGan behave like an early, viral
detection protein and initiataf antiviral responses that have managed to bypass the
TLR-mediated system of viral nucleic acid detection, thus providing redundancy and a
secondary viral detection mechanism for viruses that bypass or remain hidden within

endosomes.



Similar to RIGI receptors, NOD receptors and their close relatives Nik®
receptors (NLRs) are also specialized PRRs that intracellular pathogens including
peptidoglycan motifs (Micetylglucosamine) dbram-positive bacteria and other ligands
such as flagellin (NOD2) andral singlestranded RNA (NLRBY. Activating these
receptors serves to engamdiviral defenses and general cellular activation and cytokine
secretion similar to RIG receptor and other PRRBsHowever, some NLRs, specifically
NALP3 which is a component of the inflammasdfnean detect damagassociated
molecular patterns (DAMPS) such as uric acid crystals found in gout sufferesell
as silica dust and asbestos filam&haghich irritate the lung epithelium and eventually
results in epithelial destruction and DAMP release. All these receptors aréanaiily
well conserved and display a remarkable variety of different lidpamding capacities
which has resulted in a cellular repertoire of early detection systems that is large, varied,
and usually accompanied by multiple redundancies. Nowhere imthestypified than in
the last class of PRRs thetgpe lectins and @ype lectinlike receptors, which
demonstrate remarkable ligand binding capacity as weslbasllingroles that go beyond

simple immune activation.
1.1.2 Gtype lectins (CLECs)function

The CLEC and CTLR families of receptors are the most evolutionarily diverse and
numerous group of PRRs in the mammalian repetfoiféere have been several

attempts to group this highly diverse receptor family into more manageable divisions
with the most recent iteration resulting in the catf 17 different sulzategorie¥'.
Owingtothefani | yds | arge repertoire, covering

thesis, but certain categories warrant discussion and special attention: the various
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collectins and selectins (which, respectively, bind to PAMPSs to induce
aggregation/opsonization aade responsible for cellular adhesion), the large variety of
NK-cell related CLECs/CTLRs, and some unique proteins that nonetheless contain a
CLEC domain, thus opening the door to some interesting prptetein interactions and
signallingpossibilities A nonexhaustive table of the 17 major families of CLECs as well

as a representative member, its distribution and function can be found in table 1.1

# Group name Members Distribution Binding motifs and
ligands
1 Lecitans/Hyalec| Aggrecan core protein Cartilage, ECM carbohydrate recognition b
tins (AGC1, CSPG1, Agcl) CTLD
(Proteoglycans)
2 Type 2 Mincle Macrophage cDC, monocytes, putatve Ca2+binding site
receptors inducible Gtype lectin macrophages, Bells, 2 motif is present
(CLECA4E, CLECSF9) | neutrophils, Kupffer cells
3 Collectins SRD Pulmonary ECM, expressed by Clara| carbohydrate recognition b
surfactant protein D Type Il, alveolar CTLD
(SFTPD, collectin?, macrophages)
SFTP4, PSPD)
4 Selectins L-selectin (SELL, All leukocytes CTLDs bind the
CD62L, LECAM-1, carbohydrate
LAM-1, LYAM-1, Leu
8, TQ1, gp9aeMEL,
Ly22)
5 NK receptors NKG2D Natural killer NK cell s, ouU Non-Ca2+ binding
group receptor 2D cells
(KLRK1, CD314)
6 MMR family MMR Macrophage MDDC, BMDC, M2 No Ca2+-binding site
mannose receptor macrophages, iDC, motif
(MRC1, CD206, mesangial cells,
CLEC13D, hMR) perivascular microglia,
endothelial cells
7 Free CTLDs / REG2 Regenerating Secr etelsd, No Ca2+-binding site
Reg family me motif
(lithostathinel-beta
ReglB, PSR, PTP,
Reg2, Lithostathing,
Regll,)
8 Type 1 Layilin (LAYN) Epithelial cells, Ca2+binding, although the
receptors chondrocytes, synoviocyte motif is unusual (EPS)
9 Tetranectin Osteolectin Stem cell Secreted, osteoblasts, | Contain Ca2-binding motif
family growth factor osteocytes, hypertrophic but not carbohydrate
(CLEC11A, SCGF, chondrocytes binding in CTLD
LSLCL, p47,
CLECSF3)
10 Polycystin Polycystin 1Autosomal Renal cilia Ca2+ and carbohydrate
family dominant polycystic binding
kidney disease 1 protei
(PC1, PKD1)
11 Attractin family Attractin (ATRN, T-cells, secreted Unknown
DPPT-L, MGCA




mahogany protein, Mg
12 CTLD/acidic EMBP Eosinophil Eosinophils Unknown
neck granule major basic
protein (PRG2, BMPG
EMBP, MBP )
13 Type 1 CTLD DiGeorge Syndrome Bone No Ca2+-binding site
/LDL containin | Critical Region Gene 2 motif
protein (DGCR2, IDD, Sez12)
14 Endosialin CD93 Complement Endothelial cells, iDC, Ca2+binding, putative
family component Clq monocytes, macrophagesg carbohydrate binding
receptor (C1QR1, plasma cells
MXRA4, Ly68, Aa4,
ClaRp)
15 Type | CTLD Bimlec (CD302) fetallung, liver, spleenand Unknown
containing kidneys
protein
16 SEEC domain Souble protein Uncharacterized CTLD has potential Ga
containingSCP,EGF, E carbohydratéinding motif
GF andCTLD domains (QPD)
(SEEC)
17 Proteoglycans | FREM1 FRASrelated ECM, expressed by No Ca2+-binding site
extracellular matrix | epithelial and mesenchymg motif
protein 1 (QBRICK) cells

Table 1.1Non-exhaustive list of CLEC and CTLD members

Table showing the 17 members of the CLEC and CTLR families with a representative
member, its tissue distribution, ligands dmadding motif(s). Table compiled from the
works of both Brown, et al 2048and Zelensky, et al 2085

One of the main features distinguishing CLECs from the CTLRs is the
requirement for calcium in ligand recognitior.ECs require a Caion for efficient
glycanbinding whereas CTLRs lack any type of ionic requirement for ligand
recognitiort®. However, there exists significant overlap as to whether a receptor is a
CLEC and CTLR as many of these receptorso
fully elucidated®. Therefore, receptors previously classified as CLECs or CTLRs
continue to be reshuffled as more information is determined and this is shown in the
literature where the same receptuaty appear classified as both a CLEC and a CTLR

depending on the time of publishing.

Due t o CHTindéénslend® ahey can recognize a large variety of ligands
which includes lipids and protein on top of the canonical carbohydrate ligands via their
unique carbohydratbinding domains (CBD) which constitute the vast majority of CLEC
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interactiond'. The canonical, but not exclusive, role for both CLECs and CTLRs is to
serve as PRRs on myeledi@érived immune cells to recognize various pathegen

associated molecular patterns (PAMPSs) and initiateagpatesignallingcascades which

can lead to immune activatibrMany of these receptors are classified as collectins and
selectins but some fall outside of a specific classification scheme owing due either to the

unique role they perform or their unique, eglecific expression pattern.

Pertinent examples of CLEGsijth TLRs as a reference PRR, listed in Figl.2,
include mannose receptor (CD206) which are presambst vertebrates amdainly, but
not exclusively on macrophagesD206 is mainly used tecognize mannose, fucose,
and sulfate glycans residues presanbacterial membrandisrough multiple CTLDgo
initiate immune respons&s Additionally, ovalbumirantigen studies on mannose
receptordeficient mice have shown that lackmoannose receptor on DCs results in a
lack of crosspresentation by DCs, while classical MHI(presentation remains
unimpaired®. The mechanism of mannose receptor influence on antigen presentation is
not fully elucidated but these olrgations show that CLECs possess unique functional
roles depending on cell type and context-BIGN is a prototypical CLE@hich enjoys
wide distribution in mammals with several homologs identifield is expessed on
macrophages and DCs, containangingle, calciuntontaining CBD domain that
functions primarily as a mannose recepttnat exclusively initiates phagocytosis.
Demonstrating the variable function of CLECs depending on the context and ligand
available, DGSIGN has also been shown to act as an adhesion molecule through its
binding of ICAM®®. MICL which is expressed primarily on monocytes, granulocytes

and NK cells whileenjoying wide mammalian distribution with orthologs in birds and



reptileg’, is an interesting exampl&ince most CLECs have a role in bindipathogen
derived molecules MICL, appears to bind exclusively endogenous ldathds hinting

at a potential immunomodulatory role for this receptodekd, a later report has
demonstrated that MICL plays a role in inhibiting innate immune responses and may also
play a pivotal role in regulating runaway inflammation present during rheumatoid
arthritis’®. The fact this reeptor plays such a prominent immunomodulatory role instead
of the traditionally associated pnoflammatory role of CLECs highlights the diversity

not only of CLECligand interactions but also of vastly different and complex roles
CLECs play in immune hoeostasis. Another intriguing example is the newly discovered
receptor DCEL which was discovered within the BZD5 receptor locus as a perhaps
alternate form of this receptor and is mostly expressed on myeloid cells with some NK
expressioff. The ligand for DCL1 is unknown, yet it appears to play a role in

endocytosis and cetlel adhesion on macrophag&gurther demonstrating the varied



functions thaCLECs can exhibit.
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Figure 1.2: TLR and Well described CLECs and theirsignalling pathways

Extracellular TLRs which are PRRs and related to CLECs, work mainly through a

MyD88 independent pathway and may act to synergize with other CLECs to promote cell
activation. Dectinl, Dectin2, and MINCLE interact with Syk through ITAM (Y) motifs
toinduceact i vati on of protein kinase-10Ccand whi ch
MALT1 complex which induces transcription of various{mfammatory mediators. It

should be noted that while Dectinpossesses an ITAM, Decthand MINCLE require

theuseb t he I TAM present on an FcR2 chain rec
dimerize to phosphorylate Syk. B&lgn and Dectifl can also signal through the Rafl
pathway which modulates effects of TLR and other Clsigfalling while the exact

mechanism omannose receptor (MR)gnallingis not fully elucidated. Figure adapted

from Hardison & Brown, 20121

1.1.3 CTLR function and noncanonical interactions
The CTLR family of receptors (Fid..3), functionally C& independent, also

comprises a wide array efgnallingcapable molecules with a large variety of ligand
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specificities which can lead to a multitude of downstream effects based on the type of
ligand and celtype expression of recept. Examples of some walharacterized
CTLRs include DECTINL, expressed on myeloid cells anet8lls across higher order
mammals and rodentshich responds to belucans to mediate arftingal immunity?.
DECTIN-1 in particular is a canonical CTLR example because it has a single CBD
identical to DGSIGN but contains no calcium ion and is more similar tod¢H lectin
receptors and other MHCbinding proténs®3. Other prototypical CTLRs include the
LOX-1 receptorexpressed in mosnammals and includes a human ortholsdikewise
present on macrophages and endothelial cells, serving mainly asaffiluty receptor

for oxidizedLDL and may play a role in atherosclerotic lesion formafionhe CTLR
CLEC-2, a member of the DECTHY superfamily conserved in most high order
mammalsjs mainly expressed gulateletsandDCs whose only known ligand is
podoplanin whose binding serves to activate platelets and promote aggrégation
Conversely, on DCs, CLEZ appears to work synergistically with LPS sensor AR
enhance the production of-lL0, suggesting a role in inflammation resolution towards
the end stage @ram-negative bacterial infectidh The above examples demonstrate
the large variety in both ligand binding capacity areldbnsequences of such on the
varied cell types expressing CTLRs. CLEMas been confounding researchers for quite
some time as it still has no known ligand aghallingremains poorly characterized
despite being discovered more than a decade aggpdaepto be expressed on most
myeloid cells and its expression is downregulated by inflammatory stimuli and
upregulated by resolving cytokines, specifically &% This receptor is also one of the

few that is predominantly found intracellularly, adding further confusion as to its role and

10



ligancf8. Although studies have shown that disruption of CEE&ppears to upregulate
IL-12 secretion by DCs contributing to further exacerbation of Th1 respéfises

Fig. 1.3 highlights some of the more welaracterized CTLRs and their
respective ligands. It should also be noted that most CTLRs containing immunotyrosine
activating motifs (ITAM bearing domains or recruit adaptors which are able to then
subsequently signal through their ITAM. Immunotyrosine inhibitory motifs (ITIM)
containing CTLRs are in the minority and thus also fewer studies as noted by the lack of
a defined ligand for DCIRNnd MICL. Most ITAMs contain a consensus sequence that is
approximately defined agXXL/I(X 6.5)YXXL/I with X denoting any amino acft.
ITIMs, on the other hand, contain a consensus amino acid sequence that is usually
denoted as (I/V/L/ISX-Y-X-X-(L/V), with X representing any amino aéfdUsually
dimerizatiort® of signallingmatif bearing receptors is required to achieve
phosphorylation of the docking sites but that is not alwlagsase. ie mechanism of
ITIM and ITAM signallingwill be discussed, with examples, further below.

Outside of these classically defingghnds and functional roles-@pe lectin
like receptors have been known to bind severatagamonical ligands to produce cellular
effects that go beyond simple immune activation. #_Ras been shown to induce the
transition of macrophages into foamiseéh an oxidized lowdensity lipoprotein
mediated manner, thus showing its importance in atherosclerotic plaque formation and
ability to influence macrophage metabolféniikewise, other studies have outlined the
importance othe TLR-2, TLR-4 and CD36 axis in macrophage dysregulation leading to
foam cells formation achieved by the binding of lipid species not normally associated

with TLRs* 46, LOX-1, as discussed above, is expressed in significant amounts on
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macrophages and tendshind oxidized LDL in a lowaffinity manner. However, DCs
express low levels of LOX as well, but in this context authors have found that it is also
able to bind Hsp70 and promote antigenic cassentation on DC§ thus making it a
potential target molecule for cancer theragitgat rely on immunogenic cell death to spur
anti-tumor responses. MINCLE (Clec4@xpressed on mammalian myeloid cells and
possibly Bcells,presents a particularly interesting case because canonically associates
with FcRo2 to si g mnodorm heterodimers with MCL éJles4d) tok n o wn
promote efficient phagocytosis and to synergistically increase ligand affinity of both
receptor®. Likewise, MINCLE usually binds pathogeterived glycolipids such as those
present on the surface of mycobacterial membfénst recent evidence has shown that
it is able to bind a wide varigof other ligands including cholesterol sulfitand

products of cell death such as SAPE3BDCA2 presents another puzzling case as it is
present on human pDCs but lacks a mouse hortfol®lge canonical ligands for BDCA2
include CpG DNA, similar to TLF®, as well as galactose residues whichgesa to be
preferentially expressed on many tumor ¢éft% However, a study has demonstrated

that BDCA2 is able to bind glycan residues present on many immunoglobulin species,
thus acting as an Fc receptor and a sink for antibadiesponse to excess Ig presence

in the bloodstream due to runaway inflammatfibn.

All of these factors demonstrate the flexible and highly complex nature of
interactions between CLECs and CTLRs. The ability to bind ligands ranging from lipid
proteins, and glycoproteins plus the ability to form heterodimers provide these receptor

families with a wide variety of cell typgependent effects, which also translates into the
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variable nature of CLEC and CTLégnalling
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Figure 1.3: Various known C-type lectin-like receptors, their ligands, and known
interacting partners.

Most CTLRs tend to be present on the surface of cells to interact with PAMPs such as
carbohydrate residues unique to yeast and bacterial cells such as podopiamactin

and galactose. Some of them such as Ddctind Cle€l contain the tracidic domains
DDD, DED respectively which are thought to play a role in phagocytosis and signal
modulation of CTRLs and TLRs, specifically through Rafor those receptovghich
contain an ITAMsignallingis achieved through the recruitment of Syk kinase to allow

forfutherNFe B acti vati on and signal transduct

di merize with FcRo to take advanttage of
initiate signallingcascades. This can be contrasted with MICL and DCIR, which bear
ITIM domains on their cytoplasmic tails. These motifs have been known to recruit src
homology containing phosphatase %2 (SHP1/2). These phosphatases then play a role in
signal modulation by dephosphorylating Syk or the further downstream activating factor
NF-a B Figure adapted from Chiffoleau, 20%8.

1.1.4 CLEC and CTLR non-immune functions

On top of their immune function, CLECs and CTLRS have been observed to play
a role in homeostasis and tissue maintenance. €.B&s been implicated in the
development of and maintenance of bone marrow hematopoietic steth G&lésauthors
were able to positively link CLEQ expression on megakaryocytes to the secretion of
thrombopoietin, thus providing an explanation for the gradual decline in hematopoietic

stem cells observed in CLEEdeficient mice®. Surfactant proteins (SR, B, C and D),

13
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a highly coserved group of 4 secreted CLEC proteins exclusive to the alveolar
epithelium, possess critical roles not only in immune deféibsg also in maintaining the
coherence and other physical properties of pulmonary surféctawithout surfactant
proteins mantaining the lipid/protein surfactant emulsion the respiration would not be
possible Another report has found that mannose recapttandem with

asialoglycoprotein receptor are responsible for regulating circulating glycoprotein
levels®. Mice double deficient for both of these CLECs showed elevated levels of thirty
glycoproteins while fematespecifically showed retention of luteinizing hormone leading
to complications with parturitiof. Another good example of significant nammune
function among CLECs and CTLRs is CLACa which is a secreted, calcium dependent
glycoprotein conserved in primates and rodf®nBLEC-11a was found to promote
osteogenesis both vitro andin vivoand mice deficient in it suffered accelerated aging

related bone loss and reduced capacity to heal bone fr&&tures

Research on CLECs and CTLRs continues to show that these receptors can play
much more subtle and intricate roles in an organism gimply immune function. Many
of them appear to have a significant role in cell development, maintenance and
homeostasis as well. This flexibility in function also coincides with their wide array and

flexibility in signallingcapabilities.
1.15 CLEC and CTLR signalling

As mentioned previously, CLECs and CTLRs possess ITAMs or ITIMs or are
able to recruit effectors witkignallingcapabilities in order to exert their downstream
functions. The vast majority of canonical CLEi@nallingtakes placeia Syk

recruitment to the ITAM, the ITAM being either incorporated into the receptor itself
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( MI NCLE) or borrowed f rl19andpodutiegrasvidesvarieti
of downstream activating functions depending on ligand and cell type expréssing
recepto??. This is in contrast to ITIM bearing CTLRs whitend to recruit SHR and
SHR2 to their ITIM domains thus producing an inhibitory signal to suppress activation
or cellular respons&%(Fig 1.4). Outside of these canonis&jnallingpathways, CLECs
and CTLRs display some unusual signal transduction mechanisms as w&8IGNGn
particular offers a very intriguing case study as to ligvaHility of CLEC/CTRL
signallingsince it does not possess any knaignallingmotifs; relying exclusively on a
cascade of scaffolds and mediators to produce downstream effectsSIKGMNCbinds
mannosylated ligands it will associate wille LSP1-KSR1-CNK signallingcomplex
leading to Rafl activation and cellular activation and enhancedipitammatory
response¥. In contrastthebinding of fucosylated ligands causes the signal complex to
fall apart leaving on LSP1 in association with43G5N. This complex then recruits

| K K Uichwauses repression of Bcl mediated Highallingand promotes secretion of
antrinflammatory cytokines and overall Th2 skewing of cell activ&fiofhis
mechanism of variable DSIGN signallingoffers an insight into the flexibility and wide
variety ofsignallingpotential present in this receptor family class. Outside of these
canonically definegignallingpathways, CLECs and CTLR&iow remarkable variability
in theirsignallingmechanisms (Fig 1.4), such as the ability of DECTIM

preferentially recruit Ral instead of Syko order to drive noftanonical NFe B
signallingin helper Fcell$S, further demonstrating the flexibdgnallingcharacteristics

of this receptor family.
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Most canonical CLEC/CTLR activatirgignallingi nv ol v e s

NFxB

Tl

DCIR

Heterologous
inflammatory
signaling

No ITAM/ITIM

DC-SIGN

¢

CNK

|| ITAM domain
1M domain

di meri zing

utilize its tandem repeats farerecruitment of Syk. Activating CLECs/CTLRs rely on a
hemiITAM on their cytoplasmic whichwhile shorter, is able to recruit Syk and initiate
the downstrearmsignallingcascade which culminates in activation of NFAT-8B and
P38/JNKsignalling ITIM bearing receptors such as DCIR recruit SHP to inhibit and
modulate activating signals anther preinflammatory cascades. Lastly, receptors such
as DGSIGN do not possess any intrinsic activating or inhibitory domains but through
heterodimerizations with other receptors and interactions with differentially modified
ligands, such as mannosylateztsus fucosylated, can trigger downstream cascades that
could be either activating or inhibitory. Figure adapted from del Fresno et al.’2018.

As such, CLEC and CTLRignallingmechanics has been an active area of

research and has shed light on the flexibility of these receptors to psigna#ing

events that appear to deviate from the norm and are in some cases even paradoxical (Fig

1.5). CLEC/CTLRsignallingis influencedby not only the ligand but also whether

homodimerization or heterodimerization occurs, which can have significant implications
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for downstreansignallingby potentially turning an ITAM bearing receptor responsible
for an activating cascade into an inhibjt@ascade. Such is the case of CLEC12A, where
engagement with TLR causes an inflammatory casc&dehile engagement with CD40
causes an inhibitory camte within dendritic celfS. Another good example would be the
Dectin2 and Dectin3 heterodimer, the homodimers of which are known to associate
with and recognizediaglucans present in yeast cell wéld_ikewise, A recent report

has demonstrated that the Dei3 heterodimer configuration is much more capable at
recognizing and eliciting NlkB mediated immune responses agathsalbicansfungal

infection than either homodimer aléfle

Another intriguing example is the notion of the activating ITIM. Once again, CLEC12
(normally a suppressive receptor that controls sterile inflammation) has been found to
enhance interferon responses controlle@®Rbg-I in response to viral infectioffs The
authors demonstrate that a bifurcatsagnallingevent is responsible for this since the
signallingeffect was independent of SHP1/2 activatioti¢cating the need for a different
downstream kinase or phosphatase activa&ti@LEC4A presents another intriguing
examplethatcontains an ITIM that functions in an activating manner byait typel
interferon secretion from DC cells upon binding of specific tuberculosis related ligands,
hypothesizing that the ITIM may be acting as a molecular sink in this context, forcing
SHR1/2 to dock but not allowing them to exert downstream inhipifionctions’?

Lastly, Ly49Q, an ITIM bearing receptor usually associated with natural killer cell
inhibition, has been f oseeretionbypD@@&iTeedo xi cal |

mechanism for this necanonicakignallingis currently unknown but is thought that
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perhaps that it may act in an activating manner in the presence ef @abR TLR9

agonists or may be working @onjunction with DARP1272,

This flexibility can be further exemplified by a CLE®@nallingphenomenon referred to

as nonactivating hemilTAMsignalling since it does not require dimerization and allows

for the binding of only a single phosphanase protein. This is best exemplified through

the function of DNGR1, whose hemilTAMcanpotentiate crospresentation by CDI1

DCs to Fcells’* as well as priming CD8T-cell memory respons&sut it not involved

in any classically defined inflammatory cascade that CLECs and CaiteRerown for
(NFAT or NFaB activation). Ot he-mediatedpoort s
signallingof Dectin1 in response to fungal pathogens can be modified through the
specific cellular localization of Dectih isoformg®. This represents another aue for

control of CLECsignallingdepending on the location of the particular isoform of the

receptor.

As the previously discussed phenomenon of an activating $igkkllingpathway there

have been reports published which highlighted the ability of AMITo act in a

paradoxically inhibitory manner. A classic example of this notion is MINCLE which
usually participates in activating immusignallingcascades through Syk upon

stimulation. Yet, it has been found that under certain conditions eatbmity ligand

binding toLeishmaniaantigens, MINCLE can assume an inhibitory ITAM conformation
which allows for transient Syk binding thus resulting HPSL recruitment and a

dampening of what would normally be an activating immune respomssimilar SHR
1-dependent response has been shown involving the mannose receptor. Upon binding of

m. tuberculosis 0 MR c o u p | elistrexruitect®the, pha§oddme where it
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inhibits degradationf the bacterium and thus allowing it to proliferate inside the

macrophag®.

Taken together, the-§pe lectinlike family of receptors demonstrates that the varied
expression of these receptors coincides with their significantly varied functionality. The
ability of these receptors to promiscuously bind different ligands, forrcananical

hetero or homodimers, and to induce cadictorysignallingsuch as activating cascades
through ITIMs or inhibiting cascades through ITAMs, makes this family of receptors an

important and particularly difficult area to investigate.

A B c D
Non-inflammatory  Heterodimerization Inhibitory ITAM Activating
heml|TAM phosphatases

DNGR-1 Mincle MCL Mincle/SHP-1 Dectin-1 FcRy-coupled
i SHP-2 SHP-2
Dead
ead %

""" b ey Y

CDB* Teel  Syk-mediatedPhagocytosis ~ CCR7 - migration NFAT MAPKs  NFB
Cross-prasentation  signaling CD40f CD86
TNF-o /IL12
Th1 CHCL1-2/ TMF-o /IL-6 FIL-12
Th1/Th17

solL ligand

Figure 1.5: Non-canonical and alternative CLEC/CTLR signalling mechanisms

(A) DNGR-1, closely related to Dectih, has subtle mutations in the Syk binding domain
which allow it to detect and internalize dead cells and potentiate jgressntation but

fail to upregulate inflammatory cytokine secretion. (B) Receptors such as MINCLE and
MCL form heterodimers which increase the affinity for their shared fungal ligand and
increase rates of internalization. (C) Binding of a soluble leishmania ligand ir a low
affinity fashion produces a hypophosphorylated ITAM which preferentially recruits
SHP1/2 and is used to modulatgnallingfrom other receptors. Varying ligand avidity
and affinity may play a role in immune homeostasis. (D) -@Hfs been shown to act as
a scafold for the recruitment of kinases such as Syk which then enable downstream
activationsignalling thus resulting in situation where a traditionally defined inhibitory
phosphatase acts as a facilitator for activasiggalling Figure adapted from del Fresno
etal., 2018%
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1.2 NK cell receptors

A very closely CLEGrelated family are NK cell receptors. Unlikec€lls, NK
cells do not undergo receptor recombinatimsteadof havirg all of their receptors hard
coded into the genome in what has been termed thgéi¢ locuS. Thus, to make up
for the lack of recombination capacity, tN& cell receptor repertoire is large and
composed of several different families of related receptors which all contribute-to NK
cell functioning. X cells operate on a balance of input signals received from their
various surface receptors as they interath thietarget cell. The net summary of these
interactions determines whether an{d&ll will engage the target cell or whether it will
move on to find a different targétIn mice, these receptors can be classified into
families such as the Ly49s, NKG2s and NRR$82(Fig 1.6). Many of these receptors,
including the NKRP1 and ClIr family fall into the @ype lectin like receptor class, vehi
along with the canonical CLECs discussed previously form a large and diverse family of
receptors present mostly on immune cells and that carry out a wide array of

immunological function as demonstrated in the preceding sections.

Some of the more notableceptors in the NK family of CLECs incluthe Ly49
family which serves as the mouse homolog for the-isdiwn KIR family of
proteing®® The Ly49 family of receptors performsimilar immunosurveillance
function to KIRS®, but also haa role to play in NK cell educati8has well as NK cell
memory formatiof. Other welkknown membesof the NK gene cluster are the
receptors of the NKG2 family. These receptors function by binding to stress ligands and

otherproteins expressed on the surface of target cells which may be undergoing
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cancerous transformation or an active viral infection. The majority of these receptors tend
to be activating, such as NKG2C and NKG2INKG2D, for example, interacts with

ligands like MIGA and MIG-B, that are upregulated in stressed cells such as those
undergoing transformation or viraifectiorf®. NKG2A, is an example of an inhibitory

NKG2 family re@ptor, and it tends to bind to HLE on humans and Q& on mice in

what is thought to be analogous to other-bil inhibitory interaction®. Lastly, and

most intriguingly, surfactant proteins A and D, part of the collectin family of CLECs and
present in pulmonary surfactant, are also known to contain CLEC ddfwaiaishave

well-characterizedignallingand immunological functions.

NK gene complex

Cd69

mC6

n n

Figure 1.6: Partial Model of the NK gene complex
Relative spaced model of the NK gene complex showing the major family member in
centromeric order as seen on chromosome 6. Brackets indicate a gene product with

known no known function and no assigned namguté adapted from Carlyle et al. 2008
81

1.2.1 NKRP1 and Clr receptor/ligand family

Turning now to the last major NEell receptor family, th&lKR-P1s, this family
of receptors and ligands possess some unique and interesting qualities. They are located
in the NK gene complex along with the other Jd&ll receptors discussed previously but

the NKRP1 receptors are inherited together with theimagon one single loctfgFig
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1.7). These receptors tend to form homodimers and are classified offasallass Il
transmembrane -G/pe lectinlike receptor€-2 Another unique feature of the NKIRL

family is that whilethe receptors are considered to bg/ge lectinlike receptors their

ligands (the Clr proteins) are-@pe lectin related proteifiswhich opens up interesting
possibilities regardingibding capability between CTLRs as well as to their potential
function. Conservation of this family is evidenced in its presence among mice, rats, dogs,
cattle, and humans, indicating that this gene family plays a significant role in immune

functioning®.

Among rodents, the locus itself is composed of the NKIReceptors A, G, C,
B/D, F, and the pseudogene E as well as the Clr ligands h, f, g, d, ¢, a, and b with Clr i, e,

and j representing known pseu@ogs which have now lost functionality.

Nkrp1/Kirb1

d g c bid f 2(ps1)

({4 )
5 »»u»*

gidec| a
Clec2 j h i ps2Q ps1f ps3 e d

AZ2m

Figure 1.7: Graphical depiction of the NKRP1 gene locus

All known NKR-P1 and ClIr family members in centromeric sequence as seen on
chromosome 6. Triangles depibedirection of orientation of the gene and color depicts
their known function as follows: activating (green), inhibitory (red), half green/half red
(bifunctional), pseudogene (blue), unknown function (purple). Figure adapted from
Carlyle & Kirkham, 201482
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While the receptor family shows good conservation among rodents, so far only one
human homolog of the NKIR1 family has been identified. Specifically, the interacting
partners NKRP1B/D and Chb, identified and described in mice, has been characterized
in humans as well and given the name of NRRA (CD161)**or the receptor and LLT1
for the ligand®® The receptor being expressed on almost all NK cells and a subset of
CD3' T-cells, however this does not rule out the presence and function of othePIKR

receptors in humats

Structurally, these molecules have been shown to interact with other gfobeins
canalso reognize high weight carbohydrates in @0adependent mann€r The NKR
P1 family is thought to exist primarily as homodirs as has been demonstrated with
NKR-P1B and Chb, however, heterodimeric structures are theoretically possible as
well®8, Interestingly, the human NKR1A and CLEC9A appears to be most structurally
related to the mouse NKR1B, which may present an opportunity for diteahslational
researcf?. Significantly less is known about the mouse ClIr and human LLT1 proteins in
terms of structure and composition with soevidence pointing to a similarity between
LLT1 and CD69%. However, a recent study analyzed the crystalized structure of NKR
P1B bound to Ctb (Fig. 1.8). The study has determined that optimal binding affimit
achieved through an NKR1B dimer interacting with two Cls homodimers in order to
achieve optimal avidifyf*. Likewise, uncovering these crystal structures provides
additional evidence of the likeness between NKEB and human NK#R1A as well as
the high homology and conservation betweerbCind Clrg*®* which could imply the

possibility of potential alternative binding partners for NRRB.
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Figure 1.8: C-type lectin domain fold crystal (CTLD) structure of NKR-P1B/Clr-b.
Comparisons between CTLDs of NKRRLB:Clrb and closely related molecules such as
the human NKRP1A and mouse Gly . -helites are in red and disulfide bonds depicted
as green stickCrystal structures show striking conservation of CTLD features between
NKR-P1B:Clrb and NKRP1A and Clg 0%,
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1.2.2 NKRP1 and celkignalling and function

Similar to Ly49s and NKG2D, the NKR1 family contains receptors that can
exhibit either an inhibitory or an activating effect upon the NK cell. As mentioned
previously, the NKRP1s are Qype lectinlike molecules that bind other proteins as well
as longchain carbohydratés Likewise, the structural similarities between the NRR
family of receptors as well as their Clr ligands suggest that there is significant potential
for crossreactivity andpromiscuity between receptbgand pairs. Based on experiments
elucidating the roles of NKiR1s and Clr binding upon NBell physiology, evidence has
shown that there are several activating members of the-RKR including NKRP1A,

C, and F, which stimate NK cell cytotoxic immune responses, and NREB/D, and G,
which inhibit NK cell respons@5°102103 Fyrther experimentation has revealed that
NKR-P1F, as well as NKIR1G, have several interacting partners;chd and-g for
NKR-P1F and Ckd, -g and-f for NKR-P1G31%(Fig 1.9). However, the interacting

partners of NKRP1A, NKR-P1C as well as Gla ard Clr-h are currently unknown.
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NKR-P1 receptors

FcRy FcRy FcRy
Cytoplasm
Membrane
Extracellular
/ BID
Known interacting partners
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Membrane
Cytoplasm
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EEE |nhibitory BN Activating EEE Bi-functional BN Unknown

Figure 1.9: Schematic showing NKRP1 receptors, Clrligands, their interaction and
known signalling mechanisms.
Schematic showing known interactions between NKRP1 and Clr family members. NKR
P1F and G have severateracting partner(Clr c, d and g and CIr d, g and f
respectively), NKRP1B has been shown to interact with only-&IWhereas NKRP1A
and C have no described interactions. All known activating NRnembers signal
t hrough di mer i zxarttheioactivatimgteffectsk-wh&eas theonhibitory
NKR-P1G and B/D contain integrated ITIM domains in their cytoplasmic tail and likely
exert their inhibitory effects through recruitment of SHP

Mechanisms osignallingthrough the NKRP1 receptorsdve been slowly

elucidated over time. The activating recep
receptormediated ITAMsignallingpath. For example, NKIR1C was experimentally
demonstrated to require FcR2 binding in or
stimulated NK and NKTcells'%>1% All of the activating NKRP1 receptors contain
residues specifically required for FcRO2 as

wel |l as the presence of an Lck and PLCo
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(YxxL) respetively'®’ which is quite similar to the CD4 and CD&cEll coreceptor.

NKR-P1C was experimentally verified throughicemunoprecipitation to recruit Ick in a

fashion similar to the Eell coreceptot®®. The NKRP1F receptor, however, while
retaining the sequences necessary to recru
canonical YxxL recruitment motif which may relegate it to a morstgoulatory role as

opposed to directlytenulating®. In general, FcRphosphorylation of activating NKR

P1s leads to downstreasignallingthrough the recruitment of Syk and further signal

transduction into the céff.

Conversely, both NKRP1G and NKRP1B both contain a consensus ITIM motif
designated a8 x Y x *%&! In the context of NKRP1B, this ITIM notif has been
shown to recruit SHR in NK cells when stimulated with pervanad&t® begin a
downstreansignallingcascade. NKRP1G also appears to contain this canonical motif
but lacks the recruitment sequence foPicknplying that perhaps it requires a

costimulatory molecule or a geceptor for optimal functioning.

This is in contrast to the human NKIRLA which contains neither a canonical
ITIM nor an Ick recruitment motif buappears to have a n@anonical motif (AXYxxL)
that has the theoretical potential to function as a weak F¥ID161 has also been-co
immunc-precipitated with complexes of Ick, Fyn and Lyn, at least in the context of NK
cells'®® Figurel.10illustrates thdTIMs and ITAMs, transmembrane domain, the CxCP
Src kinase binding domain and the amino acid differences between inhibitory and

activating NKRP1family members, highlighting their cellulargnallingpotential
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ITIM CxCP

mNKR-P1A MD-TARVYFGLKPPRTPGAWHESPPSLPPDACRCPRSHR. . .
mNKR-P1E MDSTTLVYADLNLARIQEPKHDSPPSLSPDTCRCPRWHR. . .
mNKR-P1C MD-TASIYLGLKPPRTLGAWHESPPSLPPDACRCPRSHR. . .

cytoplasmic

charged

mNKR-P1A SALK|LSCAGLILLVVTLIGMSVLVRVLI|QKPS. ..
mNKR-P1B LALK|FGCAGLILLVLVVIGLCVLV-LSV|QKSS...
mNKR-P1C LALK|LSCAGLILLVLTLIGMSVLVRVLV|QKPS...

transmembrane extracellular

Figure 1.10 NKR-P1B locus amino acid sequenc@&mino acid sequences of NKR
P1B, A and C highlighting the ITIM domain, CxCP Src binding domain as well as the
charged transmembrane portion of the receptdapted from Carlyle et al, 19%9
Progress on uncovering the detailed mechanisactidn of these receptors as
well as potential binding partneravebeen slow. This has been compounded by a lack
of antibodies against the NKR1s or the Clrs, scarcity of mouse knockout models, and
high potential for glycosylatidi4 all of which make reaching definitive conclusions

difficult. Nonetheless, some very interegtiwork has been done to reveal the function

and binding interactions of both the NKRL receptors as well as their Clr ligands.

1.2.3 NKR-P1 non-canonical function

The role of NKRP1 receptors is for the most well defined in the context of NK
cells, since their presence was first detected on this cell type at the time of their initial
discovery. Likewise, while we know that NKIRLB sends an inhibitory signal into the
NK-cell, the ubiquitous expression of its ligand-@lmeans that this receptiigand pair
is part of a larger system. This system acts as anMH@ependent recognition system

that protects cells from NK cethediated cytotoxic responses as has beemodstrated
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by our group and others when examining the interaction betwedndegliicient target
cells and NKRP1B expressing NK cefi§!1°11¢ A recent report has also demonstrated
overexpression of LLT1 on human ptate cancer, likely a result of a mutation that
serves to evade detection by NK cells by inhibiting NK activity through MR,

This evidence serves to demonstrate the functional homology asMHhh©GH method of
immune surveillance, thus prompting thespibility of functional conservation between

mice in humans in other aspects of the NRRand Clr family of interacting proteins.

However, the presence of some of NHRR and Clr family of receptors and ligands has
been documented on other cell types al where they can possess significantly
different functionality. For example, a study has shown that ¥R signalling through
DCs and Bcells plays a role in-Eell costimulation via Cltg, resulting in Fcell

expansion and H2 secretioh® Other reports have demonstrated the presence of NKR
P1G on CD103DCs in the intestinal epitheliurf. In this context, it is thought that the
NKR-P1G receptor in tandem with its cognate ligandfCéxpressed almost exclusively

on intestinal epithelial cells, acts as a method of immunosurveitfince

As obscure and unexplored as the NRRreceptor family is, even less is known
about the Clr family of ligands which in some circumstances can have unique distribution
patterns andignallingfunctions oftheir own. For example, Clv and Clrg expression
are fairly ubiquitous, being present on most hematopoieticd®e#sto some extent and
present at varying levels in many epithelial cells with the potential for induced expression
under certain conditions such as MCMV infection and kidney reperfusion'&trgg42!
Several Ckfamily members also have described roles in contexts other than NK cells.

For example, the expression of @lon the gut epithelium and its role in mediating
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immune tolerance towards gut microbiota in conjunction with gut expresséavich

is most likely also responsible for immune tolerance and gut immunosurveitattée
Other Clrs appear to have a moradgpth role in controlling cellular processes and
differentiation, which sets up an important precedent for the discoveries being described
in this work. For example, Glv has been to show inhibit osteoclast formatiowitro

andin vivo Clr-b deficient mice appeared to exhibit an aberrant number of csséncl
resulting in increased bone resorption and lack of bone formation leadingavexaige
bone mass in these mié& Further evidence of this is provided through genetic studies
in human populations that contain a N19K substitution in the homologous LLT1
transcript. This LLT1 mutation was implicatedthe increased loss of bone density in
postmenopausal women compared to women expressing the normal LLT1 tr&fiscript
Likewise, the mouse NKRP-LClIr system has been described as aMétCI recognition
system in mice and it appears to play a similar role in humans, but reports have also
described some neranonical functioning as well.divation ofNKR-P1A (CD161) in
humanin T-cells appears to inhibit-€ell cytotoxicity, in line with the potential of ITIM

signalling but also paradoxically induces proliferatith

Evidence has steadily besrounting which supports the notion of the NKRP1
and Clr family of recepteligands being expressed on other cell types and having
potentially unique and varied cedpecific functions. This is of course not restricted to the
NKRP1-Clr family. Previous seains have outlined the varied roles that NKG2 and Ly49
receptor family members can play on different cell tygé® following study presented
here continues with this trend and aims to examine the role-RKBRplays in steady

state functioning of immuneetis to determine whether it exhibits any homeostatic or
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developmental roles outside of its known role of inhibiting NK-o@ddiated lysis. Since
we report the presence and tisspecific function of NKRP1B on tissugesident
alveolar macrophages, thiarrants a more #depth discussion into the alveolar
macrophages themselves.

1.3 Tissueresident macrophages
1.3.1 Macrophage origins and tissueesident functions

The innate component of the mammalian immune system is composed of several highly
specialized subtypes of macrophages that perform unique-spsu#ic roles. Over the

past decade a great body of new innate immunity research has modified our
understanding of the mononuclear phagocyte system to such a degree that significant
revisionshave been produced with respect to what monocytes, macrophages, and
dendritic cells (DCs) are and the way their respective populations develop. New evidence
has emerged which shows that macrophages are not simply terminally differentiated
circulating monogtes but that they form unique populations which are distinct not only
from monocytes but from other macrophages as well, all depending on their
location'?>128 This has given rise @ new concept termed tissue residency. Wherein
macrophages residing in particular organs form unique, tiesident populations which

are modified from the standard monocyte derived macrophage phenotype into a
macrophage that possesses unique charstatsriailored specifically to their tissue of
residence. Recent research has shown that many organs are seeded by fetal liver
monocytes as is the case in the IdAgyolk sac macrophage precursors as is the case in

the braif?®12°or a combination of both as appears to be the case in the liver and the
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heart3*31(Fig1.11).

Figure 1.11 Resident macrophage ontogeny of various organs and tissues.

Schematic highlighting the different ontogenies that make up the resident alveolar
macrophag@opulation for a particular tissue. In this sense, HSC populations have been
split into two categories: (embryonic), which includes fetal liver monocytes and yolk sac
macrophages but with no evidence implicating either directly, and (adult) which have
pased throughthe FLT3" stage and are continuously replenished from the peripheral
blood monocyte pool. Figure adapted from Epelman et al., ¥014

Skin (Langerhascells) and alveolar macrophages undergo an interesting
transformation as the organism ages. While the embryonic cells do give rise to a
persisting adult population of tissuesident macrophages, over time peripheral blood
monocytes to seem to play a mé&eger role in replenishing Langertsand AM cell
numbers, macrophages of peripheral blood monocyte origin have been found in these two
populations as the organism ages, implying a-tii@gendent failure of resident
macrophage replenishment possibly thueell senescen&&133 This process of
embryonic tissue seeding, and differentiation can best be explained as an intricate
interplay between two pionepopulations of yolksac and fetal livederived

macrophages which compete for niches to colonize. (Fig).1.1
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