CHAPTER 12

Signaling Chain Homooligomerization
(SCHOOL) Model

Alexander B. Sigalov*

Abstract

ultichain immune recognition receptors (MIRRs) represent a family of surface receptors
M expressed on different cells of the hematopoietic system and function to transduce signals

leading to a variety of biologic responses. The most intriguing and distinct structural
feature of MIRR family members is that extracellular recognition domains and intracellular signal-
ing domains are located on separate subunits. The biochemical cascades triggered by MIRRs are
understood in significant detail, however, the mechanism by which extracellular ligand binding
initiates intracellular signal transduction processes is not clear and no model fully explains how
MIRR signaling commences. »

In this Chapter, I describe a novel mechanistic model of MIRR-mediated signal transduction,
the signaling chain homooligomerization (SCHOOL) model. The basic concept of this model
assumes that the structural similarity of the MIRRs provides the basis for the similarity in the
mechanisms of MIRR-mediated transmembrane signaling. Within the SCHOOL model, MIRR
triggering is considered to be a result of the ligand-induced interplay between (1) intrareceptor
transmembrane interactions between MIRR recognition and signaling subunits that stabilize and
maintain receptor integrity and (2) interreceptor homointeractions between MIRR signaling
subunits that lead to the formation of oligomeric signaling structures, thus triggering the receptors
and initiating the signaling cascade. Thus, the SCHOOL model is based on specific protein-protein
interactions—biochemical processes that can be influenced and controlled. In this context, this
plausible and easily testable model is fundamentally different from those previously suggested for
particular MIRRs and has several important advantages. The basic principles of transmembrane
signaling learned from the SCHOOL model may be used in different ficlds of immunology and
cell biology to describe, explain and predict immunological phenomena and processes mediated
by structurally related but functionally different membrane receptors. Important applications of
the SCHOOL model in clinical immunology, molecular pharmacology and virology are described
in the Chapters 20 and 22 of this book.

Introduction

Immune cells respond to the presence of foreign antigens with a wide range of responses, includ-
ing the secretion of preformed and newly formed mediators, phagocytosis of particles, endocytosis,
cytotoxicity against target cells, as well as cell proliferation and/or differentiation. Antigen recog-
nition by immune cells is mediated by the interaction of soluble, particulate and cellular antigens
with an array of membrane-bound signaling receptors. Key among these receptors is the family of
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structurally related but functionally different multichain immune recognition receptors (MIRRs)
that are expressed on many different immaune cells, including T-and B-cells, natural killer (NK)
cells, mast cells, macrophages, basophils, neutrophils, eosinophils, dendritic cells and platelees.™
Figure 1 shows typical examples of MIRRs including the T-cell receptor (TCR) complex, the B-cell
receptor (BCR) complex, Fe receptors (e.g., FceR1, FcoRI, FeyRI and FeyRIIT), NK receptors (e.g.,
NKG2D, CD94/NKG2C, KIR2DS, NKp30, NKp44 and NKp46), immunoglobulin (Ig)-like
transcripts and leukocyte Ig-like receptors (ILTs and LIRS, respectively), signal regulatory proteins
(SIRPs), dendritic cell immunoactivating receptor (DCAR), myeloid DNAX adapter protein of
12 kD (DAP12)-associating Jectin 1 (MDL-1), novel immune-type receptor (NITR), triggering
receptors expressed on myeloid cells (TREMs) and the platelet collagen receptor, glycoprotein VI
(GPV1). For more information on the structure and function of these and other MIRRs, I refer
the reader to Chapters 1-5 of this book and recent reviews.>?

A distinct but common structural characteristic of MIRRs is that the extracellular recogni-
tion (or ligand-binding) domains and the intracellular signaling domains of these multisubunit
complexes are intriguingly located on separate subunits (Figs. 1 and 2). The MIRR ligand-binding
subunits are integral membranc proteins with small intracellular domains that are themselves inert
with regard to signaling. Signalingis achieved through the association of the ligand-binding chains
with signal-transducing subunits that contain in their cytoplasmic domains one or more copies
of the immunoreceptor tyrosine-based activation motifs (I'TAMs) with two appropriately spaced
tyrosines (YxxL/Ix¢sYxxL/I; where x denotes nonconserved residues)?® or the YxxM motif,425
found in the DAPI10 cytoplasmic domain?® (Fig. 1). The association of the MIRR subunits in
resting cells is driven mostly by the noncovalent transmembrane (TM) interactions between
recognition and signaling components (Fig. 2) and plays a key role in receptor assembly, integrity
and surface expression.?’!!131821.26:37

The MIRR-mediated activation signal can be divided into four parts: (1) the extracellular
recognition of a multivalent antigen resulting in the aggregation, or clustering, of the MIRRs,
(2) MIRR triggering and 'TM signal transduction, (3) phosphorylation of the ITAM or YxxM
tyrosine residues by protein tyrosine kinases (PTKs) and activation of specific intracellular path-
ways and (4) the activation of genes in the nucleus. The extracellular recognition of an antigen, the
MIRR-triggered biochemical cascades and the mechanisms of gene activation are understood in
significant detail. However, the mechanism by which the MIRR transduces ordered information
such as antigen recognition from outside the cell via receptor TM and juxtamembrane (JM) regions
into intracellular biochemical events (part 2) is not well defined. In other words, the key question
remains unanswered: what is the molecular mechanism by which clustering of the extracellular
recognition domains of MIRRs leads to receptor triggering and tyrosine phosphorylation of the
intracellular ITAMs or YxxMs, thus initiating specific pathways and resulting in immune cell
functional outcomes? It is also not known how this putative mechanism can explain the intriguing
ability of immune cells to discern and differentially respond to slightly different ligands.

MIRR-mediated signal transduction plays an important role in health and disease making these
receptors attractive targets for rational intervention in a variety of immune disorders.”******4 Thus,
future therapeutic strategies depend on our detailed understanding of the molecular mechanisms
underlying MIRR triggering and subsequent 'TM signal transduction. In addition, knowing these
mechanisms would give us a new handle in dissecting the basic structural and functional aspects
of the immune response.

Despite numerous models of MIRR-mediated TM signal transduction suggested for particular
MIRRs (e.g., TCR, BCR, Fc receptors, NK receptors, etc.), no current model fully explains at
the molecular level how ligand-induced TM signal transduction commences. As a consequence,
these models are mostly descriptive, do not explain mechanistically a vast majority of the specific
processes behind “outside-in” MIRR signaling and do not reveal clinically important points of
therapeutic intervention. In addition, since the term “MIRR” was first introduced in 1992! and
MIRR-triggered signaling pathways were hypothesized to be similar,"**# no general mechanistic
model of MIRR-mediated immune cell activation has been suggested up to date. This impedes our
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Figure 1. Multichain immune recognition receptors (MIRRs). Schematic presentation of the
MIRRs expressed on many different immune cells including T- and B-cells, natural killer cells,
mast cells, macrophages, basophils, neutrophils, eosinophils, dendritic cells and platelets.
Abbreviations: TCR, T-cell receptor; BCR, B-cell receptor; ILT, Ig-like transcript; LIR, leukocyte
Ig-like receptor; GPVI, glycoprotein VI; DNAX adapter proteins of 10 and 12 kD, DAP-10 and
DAP-12, respectively; signal regulatory protein, SIRP; dendritic cell immunoactivating recep-
tor, DCAR; NK, natural killer cells; KIR, killer cell Ig-like receptor; myeloid DAP12-associating
lectin 1, MDL-1; novel immune-type receptor, NITR; TREM receptors, triggering receptors
expressed on myeloid celis. Reprinted from Trends Pharmacol Sci, 27, Sigalov AB, Immune
cell signaling: a novel mechanistic model reveals new therapeutic targets, 518-524, copyright

2006 with permissi

on from Elsevier.
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Figure 2. Structural assembly of MIRRs (the inset) and the signaling chain homooligomerization
(SCHOOL) model of MIRR signaling. The model proposes that formation of competent MIRR
signaling subunitoligomers driven by the homooligomerization of signaling subunits is necessary
and sufficient to trigger the receptors and induce transmembrane (TM) signal transduction and
downstream sequence. MIRR clustering and receptor reorientation (stage 1) induced by ligand
(A) or antibodies to MIRR recognition (not shown) or signaling (B) subunits (e.g., anti-TCRa,
anti-TCRB, anti-CD3e, anti-IgB, etc.) lead to formation of a dimeric/oligomeric intermediate
in which signaling chains from different receptor units start to trans-homointeract and form
signaling oligomers (stage 2). All interchain interactions in this intermediate are shown by light
gray arrows reflecting their transition state. Upon formation of signaling oligomers, protein
tyrosine kinases phosphorylate the tyrosine residues in the cytoplasmic signaling motifs, the
immunoreceptor tyrosine-based activation motifs (ITAMs, shown as gray rectangles), thatleads
to generation of the activation signal, dissociation of signaling oligomers and internalization
of the engaged MIRR binding domains (stages 2 and 3). Next, the signaling oligomers sequen-
tially homointeract with the relevant signaling subunits of nonengaged receptors resulting in
formation of higher-order signaling oligomers, thus propagating and amplifying the signals
(stages 4 and 5). This also leads to the release and subsequent internalization of the nonen-
gaged ligand-binding MIRR subunits. Small solid black arrows indicate specific intersubunit
hetero- and homointeractions between TM and cytoplasmic domains, respectively. The TM
interactions between MIRR antigen recognition and signal-transducing subunits have a key
role in receptor assembly and integrity on resting cells while cytoplasmic homointeractions
represent a main driving force of MIRR triggering. Circular arrows indicate ligand-induced
receptor reorientation. Phosphate groups are shown as gray circles.
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advanced understanding of the immune response and even more important, prevents the potential
transfer of therapeutic strategies between seemingly disparate immune disorders.

Central Hypothesis

My central hypothesis is that the similar structural architecture of the MIRRs dictates similar
mechanisms of MIRR triggering and subsequent TM signal transduction and therefore suggests
the existence of similar therapeutic targets in seemingly unrelated diseases. This makes possible the
development of novel pharmacological approaches as well as the transfer of clinical knowledge,
experience and therapeutic strategies between immune disorders. In addition, this hypothesis
significantly improves our understanding of the immune modulatory activity of human viruses
such as human immunodeficiency virus (HIV) and human cytomegalovirus (CMV) and as-
sumes that the lessons learned from viral pathogenesis can be used for the development of new
therapeutic approaches.

In this chapter, I describe a novel mechanistic model of MIRR triggering and subsequent TM
signal transduction, the signaling chain homooligomerization (SCHOOL) model 4 'The model
suggests similar mechanisms for all known MIRRs (Fig. 2) and reveals new therapeutic targets
in MIRR triggering pathways®* that are described in Chapter 20. Important applications of this
model in basic and clinical virology are considered in Chapter 22.

SCHOOL Model of MIRR Signaling

Ligand-induced dimerization/oligomerization of cell surface receptors is frequently employed in
signal transduction,”®! with dimerization of receptors being the most frequent. For MIRRs, bind-
ingof multivalent but not monovalent ligand and subsequent receptor clustering/oligomerization
arc also thought to be required for induction of the signaling cascade, with MIRR dimerization
constituting a necessary and sufficient step for triggering cell activation.#%5%7¢ Thus, the recep-
ror dimer can be considered as an “clementary stimulatory unit” leading to an immune response.
Intracellularly, the need for MIRR dimerization is consistent with the suggested structural hypoth-
esis of cross-phosphorylation®>” that assumes that the kinase(s) responsible for catalyzing ITAM
Tyr residue phosphorylations exist associated with the receptors, however, for steric reasons they
cannot phosphorylate tyrosine residues on chains of the same receptor complex. Upon dimeriza-
tion/oligomerization, these kinases phosphorylate the tyrosines of a distinct receptor complex
(cross-phosphorylation, or transphosphorylation), thus triggering the receptor.®®

Basic Concepts and Principles

The SCHOOL model suggests that formation of competent MIRR signaling subunit oli-
gomers, rather than MIRR oligomers per se, is necessary and sufhicient to trigger the receptors
and induce TM signal transduction and the downstream signaling sequence.””* Within the
model, this oligomerization is driven by the specific homotypic interactions I discovered in 2001
and first reported in 2004.™ of intrinsically disordered cytoplasmic domains of MIRR signaling
subunits. Later, the natural propensity of the TCR T cytoplasmic domain to homodimerize has
been confirmed by other investigators.” Surprisingly, in contrast to other unfolded proteins,®
the homodimerization/oligomerization of the unstructured protein molecules studied is not
accompanied by a structural transition to a folded form,”®##2 thus opposing the generally ac-
cepted view on the behavior of intrinsically disordered proteins and representing a very unique
and unusual biophysical phenomenon itself. Hypothesizing a crucial physiological role of these
homointeractions in MIRR triggering and cell activation, the SCHOOL model*”* indicates
that MIRR engagement by multivalent antigen or anti-MIRR-signaling subunit antibodies (e.g.,
anti-CD3¢ or anti-IgP antibodies for TCRs and BCRs, respectively) leads to receptor clustering
coupled with a multi-step structural reorganization driven by the homooligomerization of MIRR
signaling subunits (Fig. 2). The model also assumes that the diversity of the immune cell response
is partly provided by the combinatorial nature of MIRR-mediated signaling. Signal diversification
may be achieved through different patterns of MIRR signaling subunit oligomerization># in
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combination with distinct activation signals provided by different MIRR signaling modules®***
and/or different ITAMs located on the same signaling module (e.g., TCR € chain).” Thus, ac-
cording to the model, the more signaling subunits that are in the MIRR complex, the higher is the
diversity of immune cell functional outcomes in response to different ligands.

Within the proposed model, MIRR triggering is considered to be the result of the ligand-induced
interplay between (1) intrareceptor TM interactions that stabilize and maintain receptor integ-
rity, 21 3819212637960 a5 (2) interreceptor homointeractions between the cytoplasmic domains
of MIRR signaling subunits™#! that Jead to the formation of oligomeric signaling structures and
dissociation of the signaling subunits from their respective recognition subunits. Formation of these
signaling oligomers triggers phosphorylation of ITAMs, thus initiating the signaling cascade.

Main Stages of MIRR Triggering/Signaling
According to the SCHOOL model, MIRR triggering and TM signaling induced by binding
to multivalent antigen or anti-MIRR antibodies can be divided into five main stages (Fig. 2):

1. Dynamic lateral dlustering and rotation. Antigen/antibody brings two or more MIRRs
together in sufficient proximity and correct relative orientation toward each other to
promote the interreceptor homointeractions between signaling subunits. Once initiated,
these homointeractions weaken the intrareceptor TM interactions between recognition
and signaling subunits.

2. Intermediate complex formation. A signaling-competent oligomeric intermediate complex
is formed, bringing together the cytoplasmic domains of the signaling subunits, protein
kinases and various adaptor/effector proteins, to create a competent, activated receptor
complex. In the signaling subunit oligomers formed, the ITAM Tyr residues become
phosphorylated, thus starting the signaling cascade.

3. Dissociation and internalization. Signaling oligomers dissociate from the cngagcd
ligand-recognition subunits, which are internalized.

4. Interactions with nonengaged receptors, lateral signal propagation and amplification. Signaling
oligomers interact with the signaling subunits of nonengaged receprors resulting in forma-
tion of higher-order signaling oligomers, thus propagating and amplifying the activation
signal.

5. Dissociation and internalization. Signaling oligomers dissociate from the nonengaged
ligand-recognition subunits, which later arc internalized.

This plausible and easy testable model is fundamentally different from those previously suggested
for particular MIRRs (TCR, BCR, FceRI, GPVI, etc.) and has several important advantages.

First, this model is based on specific protein-protein interactions—biochemical processes that
constitute the foundation for the majority of cell recognition and signal transduction processes in
health and disease. Protein-protein interactions can be influcnced and controlled'” and specific
inhibition and/or modulation of these interactions provides a promising novel approach for rational
drug design, as revealed by the recent progress in the design of inhibitory antibodies, peptides and
small molecules.'*!” Second, assuming that the general principles underlying MIRR-mediated
TM signaling mechanisms are similar, the SCHOOL model can be applied to any particular re-
ceptor of the MIRR family, including but not limiting to those shown in (Fig. 1). Third, based on
specific protein-protein interactions, the model reveals new therapeutic targets for the treatment
of a variety of disorders mediated by immune cells (see Chapter 20). Fourth, this model represents
a powerful tool to dissect molecular mechanisms of MIRR-mediated signaling and related cell
functional outcomes in response to antigen. Finally, an important application of the model is that
similar therapeutic strategies targeting key protein-protein interactions involved in MIRR trig-
gering and TM signal transduction may be used to treat diverse immune-mediated diseases. This
assumes that clinical knowledge, experience and therapeutic strategies can be transferred between
scemingly disparate immune disorders or used to develop novel pharmacological approaches.
‘These and other clinically important features of the SCHOOL model will be discussed in more
detail in Chapters 20 and 22.
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Main Restraints of MIRR Triggering/Signaling Imposed by the SCHOOL
Model

Interactions between TM helixes of recognition and signaling MIRR subunits maintain
receptor integrity in unstimulated cells and determine the relative positions of these subunits in
the receptor complex (angles, distances, etc.), thus dictating the overall geometry and ropology
of MIRR.29-11:13.1821,26:37.95.100 \7ithin the SCHOOL model, the overall structural architecture of
MIRRs, in combination with the requirement to initiate interreceptor homointeractions between
MIRR signaling subunits (Fig. 2), impose several restraints for MIRR triggering:

o sufficient interreceptor proximity in MIRR dimers/oligomers,

e correct (permissive) relative orientation of the receptors in MIRR dimers/oligomers,

+ long enough duration of the MIRR-ligand interaction that generally correlates with the
strength (affinity/avidity) of the ligand and

o sufficient lifetime of an individual receptor in MIRR dimers/oligomers.

The importance of these factors for productive MIRR triggering is strongly supported by a
growing body of evidence #3#3%566267687350104134 Tneerestingly, relative receptor orientation also
has been shown to be critically important for the activation of other dimeric/oligomeric TM
receptors. 1%

Therefore, the restraints imposed by the model play an especially important role during the first
stage of MIRR triggering (Fig. 2), at which point these spatial, structural and temporal require-
ments (correct relative orientation, sufficient proximity, long enough duration of the MIRR-ligand
interaction and lifetime of MIRR dimers/oligomers) should be fulfilled to favor initiation of
trans-homointeractions between MIRR signaling subunits and formation of competent signaling
subunit oligomers. If these requirements are not fulfilled at this “final decision-making” point, the
formed MIRR dimers/oligomers may dissociate from the ligand and remain signaling incompetent
and/or break apart to its initial monomeric receptor complexes. Also, at this stage, slightly different
ligands may bring two or more MIRRs in different relative orientations that favor homointerac-
tions between different signaling subunits and result in formation of different signaling oligomers
or their combinations, thus initiating distinct signaling pathways. This mechanism might explain
the ability of MIRRs to differentially activate a variety of signaling pathways depending on the
nature of the stimulus.

Within the proposed model, the signaling oligomers formed dissociate from ligand-binding
chains, which later are internalized (Fig. 2, stage 3). This mechanism provides a structural and
mechanistic basis for our improved understanding of many immunological phenomena, such as
adaptive T-cell tolerance or anergy,'“>'** differential biological role of CD3 chains,'# ligand- or
antibody-induced exposure of a cryptic polyproline sequence in the cytoplasmic domain of
CD3g,'!>%1% BCR desensitization,'® %! cytomegaloviral (CMV) escape from NK attack'* and
others. The dissociation mechanism allows the initially formed signaling oligomers to sequentially
homointeract with the signaling subunits of nonengaged receptors (Fig. 2, stages 4 and 5) result-
ing in formation of higher-order signaling oligomers, thus propagating and amplifying the signal.
Also, this leads to dissociation and subsequent internalization of the nonengaged ligand-binding
subunits. Thus, as with bacterial chemoreceptors,”*!** the SCHOOL model-based mechanism of
MIRR-mediated cell activation suggests spreading ( propagation) activation signal from engaged
to nonengaged receptors within receptor clusters.

Finally, it should be noted that similar spatial, structural and temporal restraints are imposed
within the proposed model for MIRR triggering by not only antigen (Fig. 2A) but also the
anti-MIRR (Fig. 2B) antibodies such as anti-TCRa,, anti-TCRB, anti-CD3g, anti-IgB and others.
This may explain differential immune cell functional outcomes mediated by MIRRs depending
on the specificity of the antibodies, 7108 111-113156-160

Supportive Evidence
I developed the SCHOOL model as a general model for the structurally related MIRR family
members, namcly, for all receprors that have extracellular recognition and intracellular signaling
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modules located on separate receptor subunits. For this reason, in order to support the main
concept and assumptions of the model, I use a rapidly growing body of evidence coming from
studies of various MIRRs.

Clustering and Proximity

In order to trigger the MIRR, within the SCHOOL model, two or more receptors should be
clustered/oligomerized in sufficient proximity to each other to initiate homointeractions between
signaling subunits with subsequent formation of competent signaling subunit oligomers (Fig.
2).247% To date, these spatial restraints imposed by the model on MIRR triggering and initiation
of the signaling cascade are consistent with the experimental data observed.

T-Cell Receptor

There is a growing line of structural, biophysical and cellular evidence suggesting that ligand-spe-
cific TCR oligomerization is critical to generate a functional signal and that TCR dimerization
constitutes a necessary and sufficient step for triggering T-cell activation (see also Chapters 6 and
11) 5257-6085-687274105,161-167 Thege findings clearly demonstrate that dimeric/oligomeric antigens are
able to stimulate T-cells, whereas monomeric fail to do so. Interestingly, a correlation between
antigenicity and repetitiveness of major histocompatibility complex (MHC)-bound peptides
{(pMHC:s) has been also shown.!® For dimeric pMHC class I and II complexes, the ability to
trigger T-cells has been reported to decrease with increasing length of the connecting spacer.'$%1%
Recently, by testing well-defined dimeric, tetrameric and octameric pMHC complexes containing
rigid polyproline spacers of different lengths, it has been also shown that their ability to activate
cytotoxic T-lymphocytes decreases as the distance between their subunit MHC complexes in-
creases.'™ Intriguingly, the preTCR complex has been shown to form oligomers spontaneously, in
a ligand-independent manner.!”*'7! This oligomerization is mediated by specific charged residues
in the extracellular domain of the preT'CRa chain and is necessary and sufhcient to induce autono-
mous signaling and stimulate préTCR function.'”®'” Recently, TCR-coreceptor complexes from
naive or activated CD4+ or CD8+ T-cells have been found to exist as either dimers or tetramers,
whereas no monomers or multimers were detected.'¢”

B-Cell Receptor

Similar to the TCR-induced signaling, the BCR activation signal is shown to be triggered by
cross-linking of receptors through multivalent antigen, 536114116172 thus confirming the necessity
of BCR clustering for competent signaling and cell activation (see also Chapter 6). Interestingly,
as it has been shown in 2007 for the preBCR, the ability of the purified recombinant receptor to
dimerize indicates that accessory protein(s) are not required for dimerization and by extension,
preBCR signaling through multimerization can occur in a ligand-independent fashion.” Showing
strong similarities to the observations reported for the préCR-mediated signaling,'”™'”! these
findings are well consistent with the molecular mechanisms proposed by the SCHOOL model.

Fe¢ Receptors

Multichain Fc receptors, such as FceRI, FcoRI, FeyRI and FeyRIII, have been known to initi-
ate cell signaling following interactions with multivalent ligands that induce their clustering (sec
also Chapter 3). 2262637788 11L17-12L173175 Ecg R aggregates as small as dimers have been reported
to be capable of providing an cffective activation signal to cause mediator secretion.’! Using a
set of chemically well defined ligands of valences 1-3, the magnitude of the cellular response has
been demonstrated to dramatically increase as the valency of a ligand raises from two to three.®?
Trivalent ligands with rigid double-stranded DNA spacers have been shown to effectively stimu-
late FceRI-mediated degranulation responses in a length-dependent manner, providing direct
evidence for receptor transphosphorylation as a key step in the mechanism of signaling by this
receptor, whereas long bivalent ligands with flexible spacers has been demonstrated to be very
potent inhibitors of mast cell degranulation stimulated by multivalent antigen.'?? In other studies,
the spacing of receptors in ligand-specific FceRI aggregates has been also shown to be important
for generating the activation signal.'’*
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NK Receptors

Multivalent ligand-induced receptor oligomerization is presumed to be a common mechanism
for initiating NK receptor-mediated signaling.!”"'* Also, structural and biochemical studies of
NKG2D receptor®'7#!7” have demonstrated that the receptor cxists as a dimer not only in the crystal
but also at the surface of unstimulated NX cells. However, in contrast to preBCR and préT'CR, this
ligand-independent dimerization does not trigger the receptor and initiate downstream signaling,
suggesting that dimerization is necessary but not sufficient to trigger the receptor.

Glycoprotein VI

Collagen, a natural ligand of GPVI, contains the GPVI-binding GPO (glycine-proline-hy-
droxyproline) motifs that form about 10% of the fibrillar collagen sequence and thus represent
multiple GPVI-binding sites.” Using a series of collagen-like model peptides containing GPO
motifs of increasing length within (GPP), sequences, Smethurst et al'”® have demonstrated that
platelet aggregation and protein tyrosine phosphorylation can be induced only by cross-linked
peptides that contain two or more GPO triplets. Multimeric snake venom proteins such as con-
vulxin also strongly activate GPVI in a multimer size-dependent manner,®*®! suggesting that
clustering of GPVI receptors through multiple binding events leads to activation. Structural
studies have revealed a dimeric state of GPVI and 2 parallel grooves on the GPVI dimer surface
as collagen-binding sites with an orientation and spacing of these grooves precisely matching the
dimensions of an intact collagen fiber.* These findings provide a structural basis for GPVI signal-
ing mechanisms in which collagen-induced GPVI clustering triggers a signaling cascade via the
FcRy-chain. In 2007, GPVI-FcRy-chain oligomerization on the surface of unstimulated platelets
has been directly demonstrated,” suggesting that, like dimerization of NKG2D, oligomerization
of GPVT is necessary but not sufficient to trigger the receptor.

Other MIRRs

Human TREM-1 receptor has been shown to exist asa “head-to-tail” dimer in crystal, suggesting
that the dimeric TREM-1 most likely contains two distinct ligand-binding sites.” High-avidity
ligands are thought to trigger TREM-1 and TREM-2, suggesting that formation of multivalent
ligand-receptor complexes is a necessary step in TREM-1-mediated cell activation.'™* Murine
paired immunoglobulin-like receptor (PIR)-A and human leucocyte immunoglobulin-like receptor
(LILR)-A2 (ILT/LIR7) complexed with the FcRy signaling chain through their transmembrane
domains are also required to be clustered by a multivalent ligand in order to initiate TM signal-
ing.'*!82 Recently, it has been shown that integrin signaling in neutrophils and macrophages re-
quires 'TAM-containing adaptors, DAP-12 and FcRy, suggesting that integrin signaling-mediated
activation of cellular responses in these cells proceeds by an MIRR-like mechanism.**> Homomeric
associations involving transmembrane domains have been reported to represent a driving force for
integrin activation, thus providing a structural basis for the coincidence of ligand-induced integrin
clustering and activation.'34!%

Orientation

A rapidly growing body of experimental evidence strongly supports the importance of inter-
receptor orientation within ligand-specific MIRR dimers/oligomers for receptor triggering and
generation of an activation signal. These findings are in good agreement with the orientational
restraints imposed by the SCHOOL model on the initiation of interreceptor homointeractions
between signaling subunits in order to trigger MIRRs (Fig. 2).%7 Suggesting the importance of
relative orientation,>””* the model explains for the first time why random encounters of MIRRs
by lateral diffusion or oligomeric forms of MIRRs existing in unstimulated cells™®18618 3nd
platelets” do not result in MIRR triggering and cell activation.

T-Cell Receptor

Despite direct biophysical measurements of the interreceptor relative orientation in ligand-spe-
cific TCR dimers/oligomers have not yet been performed, several lines of evidence indicate that
relative orientation plays an important role in TCR-mediated cell activation. Using monoclonal
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antibodies (mAbs) specific for the TCR, it has been shown that T-cell activation does not cor-
relate with the affinity of the mAbs but rather with the recognized epitope.!® In other studies,
triggering of different epitopes of the TCR-CD?3-G, receptor complex has been also reported to
induce different modes of T-cell activation,*"*” suggesting that TCR signaling is not a simple
on-off switch through cross-linking/clustering. In addition, high concentrations of anti-TCR, but
not anti-CD3, induce a proliferative response without antibody cross-linking.'** Also, anti-TCR
and anti-CD3 have been demonstrated to be different in their capacity to induce responsiveness to
interleukin-4 (IL-4)'® and in their requirement for costimulatory signals.’*® Yang and Parkhouse
have reported that stimulation of T-cells with a panel of anti-CD3 mAb recognizing different
cpitopes has differential functional consequences, demonstrating for the first time that differ-
ences in activation mechanisms not only exist between TCR and CD3, but also between epitopes
within CD3 and postulating that occupancy of different CD3 epitopes may result in different
degrees of conformational change in the receptor complex.” In thymocytes, only anti-TCRf} Ab
but not anti-T'CRd reagents cause long-term TCR downmodulation.'® Using three-dimensional
fluorescence quantitation methods, signaling-induced reorientation of T-cell receptors that cannot
be mediated by simple passive diffusion has been shown to take place during immunological syn-
apse formation.'”” In 2007, a change in the orientation of the TCR with respect to the membrane
induced by binding to pMHC has been proposed to play an important role in TCR signaling.”®
Conclusions about the importance of interreceptor orientation in the ligand-specific TCR dimers/
oligomers have been also made in 2007 by Minguct et al'*! who suggested the so-called permissive
geometry model of TCR signaling (see also Chapter 11). In contrast to these studies, Cochran
et al'® have reported that intermolecular orientation is not critical for triggering T-cell activation.
However, to address this issue, the authors have used in their studies pMHC dimers coupled via
flexible chemical cross-linkers that do not prevent rotation of pMHC molecules around their long
axis. This assumption is further supported by the authors’ findings that estimated distances for
the used cross-linkers in fully extended conformations (50, 70 and 90 A) did not correlate with
the apparent hydrodynamic diameter values experimentally determined for the corresponding
crosslinked pMHC dimers in the surprisingly narrow range of 70 to 75 A.'® Thus, these dimers
cannot be considered as conformationally constrained suggesting a lack of control over the inter-
receptor orientation in these experiments.'

The three-dimensional structures of the three A6-TCR/peptide/HLA-A2 complexes that
generate very different T-cell signals have been found to be remarkably similar to each other and
to the wild-type agonist complex, suggesting that different signals are not generated by different
ligand-induced conformational changes in the aff TCR.'** This is in agreement with the SCHOOL
model proposing that different signaling oligomers can be formed and therefore different T-cell
signals can be generated depending on the intermolecular relative orientation in the ligand-specific
TCR dimers/oligomers rather than ligand-induced extracellular conformational changes.>#

In summary, a vast majority of the experimental findings reported so far strongly support an
importance of interreceptor relative orientation in ligand-specific TCR clusters for TCR trigger-
ing and cell activation.

B-Cell Receptor

BCRs have been proposed and confirmed to organize into oligomeric clusters on the B-cell
surface.**'871% 'The observed basal BCR clustering does not result in receptor triggering and sub-
sequent cell activation suggesting that, like with TCR and EpoR, a member of cytokine receptor
superfamily,' the oligomerization of the BCR is necessary but not sufficient for receptor activa-
tion'®* and that interreceptor relative orientation in the BCR dimers/oligomers plays an important
rolein receptor triggering. The differential effects of the point mutations in various parts of the TM
sequence of BCR membrane Ig (mlg) have been reported to differentially affect B-cell activation
induced by mono- or polyvalent anti-mlg antibodies, thus providing more evidence for importance
of correct intermolecular orientation in BCR signaling.®
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Fe Receprors

As shown for FceRI, it is not only the number of crosslinked FceRlIs that determines the
magnitude of mediator secretion-causing signal induced by different mAbs, but also the relative
orientation of receptors within the produced dimers, thus suggesting the importance of the orien-
tational restraint in ligand-specific FceRI dimers/oligomers for generating competent activation
signal 11 4121191261279 Eyreher, in the IgA receptor, FcaRl, a positively charged arginine residue
within the TM domain of ligand recognition o chain promotes association with the signaling FcRy
chain ¥ Studies on signaling through mutants of the FcaRI have shown that a vertical relocation
of this TM positive charge does not have any significant effect on proximal and distal receptor
functions, whereas a lateral transfer of the positive charge completely abrogates these functions.? A
possible explanation for these findings is that a vertical relocation of the noncovalent electrostatic
bond does not change interreceptor relative orientation within the receptor dimers/oligomers
formed upon multivalent ligand stimulation while lateral transfer does.

NK Receptors

Existence of dimeric NKG2D receptor complexes in both NKG2D crystals and at the surface
of unstimulated NK cells®17177 suggests that not only dimerization but also relative orientation
of receptors within ligand-specific NKG2D dimers/oligomers plays an important role in receptor
triggering.

Glycoprotein VI

Similar to NKG2D receptor complexes, GPVI has been found to form a back-to-back dimer
in the GPVI crystal® and to exist in an oligomeric state on the surface of unstimulated platelets,”
suggesting an important role of interreceptor relative orientation within these oligomersin GPVI

signaling,

Other Receptors

The type I TM glycoprotein gp130 is the commonly used signaling receptor chain of all
IL-6-type cyrokines (i.c., IL-6).”* Intriguingly, signal transduction via IL-6 requires not only gp130
homodimerization but also the correct relative orientation of the gp130 cytoplasmic regions in
ligand-specific receptor dimer, suggesting that subtle changes in the orientation of the receptor
chains relative toward each other might result in very different responses.!® Enforcement of gp130
dimerization is not sufhicient for receptor activation but additional conformational requirements
have to be fulfilled.'”* Thus, like dimerization of the MIRRs, dimerization of the cytokine receptors
by monoclonal antibodies is in most cases not enough to induce signal transduction.'*

Interestingly, many members of the tumor necrosis factor receptor superfamily were once
thought to signal through ligand-induced receptor trimerization. However, recently, these recep-
tors have been shown to exist as pre-assembled oligomers on the cell surface.”'*® This suggests
that, upon the binding of the trimeric ligand, not only oligomerization (trimerization) of these
single-chain receptors but also the correct intermolecular relative orientation within trimers plays
a crucial role in signaling.

Oligomerization of Signaling Subunits

Accordingto the SCHOOL model, homooligomerization of the cytoplasmic domains of MIRR
signaling subunits drives formation of competent signaling oligomers, thus leading to triggering of the
receptor and initiation of the signaling cascade (Fig. 2).>*”*® Importantly, this homooligomerization
also plays a crucial role in amplification and lateral propagation of the activation signal(s) (Fig. 2).
The model also suggests that depending on the nature of stimuli, different signaling subunits can be
oligomerized and become phosphorylated, thus triggering distinct signaling pathways and resulting
in different funcrional outcomes.>*** The experimental data obtained to date for different MIRRs
strongly support the main concept of the SCHOOL model.

The ability of TCR € cytoplasmic domain to oligomerize was first reported in 20047® and later
confirmed in cell studies on the activity of membrane-anchored chimeric ,m/peptide molecules
fused with the cytoplasmic domain of € chain.” Similarly, the propensity of the BCR Igoiand Igf3
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signaling subunits to oligomerize™ has been recently confirmed and demonstrated to result in the
ability of the BCR Igot/Igf heterodimer to assemble into oligomers.'®

Both in vitro and in vivo studies have shown that dimerization of CD3¢ is critical and sufficient
to substitate for a preT CR signal and drive double-positive transition, suggesting that the property
of the préT'CR responsible for -selection is the autonomous formation of oligomers, which brings
CD3 signaling subunits in close proximity to each other.'*'7 Thesc findings confirm the ability
of CD3e to dimerize, first reported in 2004 for the CD3¢ cytoplasmic domain and proves the
physiological importance of this dimerization suggested by the SCHOOL model 2474

Asreported,” FeeRl signaling 3 and y subunits independently dissociate from a ligand-binding
o chain immediately after crosslinking with multivalent ligand. Moreover, these signaling subunits
dissociate in the oligomerized form. Interestingly, only ¥ chains are oligomerized on surfaces of
cells stimulated with a suboptimal concentration of antigen, while f chains remain dispersed.”®
In contrast, stimulation of cells with an optimal concentration of antigen results in the distinct
oligomerization of both signaling subunits.2®

In cytokine receptor signaling, dimerization of not just extracellular but rather cytoplasmic
domains of the gp130 signaling subunit is critically required to trigger the receptor and initiate
the signaling cascade.’®*!751% Recently, ligand-induced formation of surface receptor oligomers
has been reported for the Fas receptor.” This single-chain receptor has a cytoplasmic death
domain (DD) that, upon receptor stimulation with a trivalent ligand, binds to the homologous
DD of the adaptor protein Fas-associated death domain protein (FADD) and homotrimerizes,
thus initiating the caspase signaling cascade. Interestingly, a mutation in Fas cytoplasmic domain
(T225K) linked to autoimmune lymphoproliferative syndrome impairs receptor oligomerization
and inhibits Fas-mediated signaling but retains the ability to interact with FADD.?! This indicates
that homointeractions between Fas cytoplasmic tails have an important role in the receptor trigger-
ing. Similarly, cytoplasmic domain-mediated dimerization of toll-like receptor 4 (TLR4) hasbeen
recently reported to play an important role in the TLR4 triggering and signal transduction.?22%

Dissociation

Within the SCHOOL model, dissociation of competent signaling oligomers from both engaged
and nonengaged ligand-recognition subunits upon multivalent ligand stimulation, plays an impos-
tant role in MIRR triggering, signal amplification and propagation and initiation of the signaling
cascade (Fig. 2).%7* Experimental data accumulated to date strongly support this suggestion.

In activated T-cells, the CD3 and T signaling chains has been shown to independently dissociate
from the remaining receptor subunits.**2” Further, TCRs lacking T are endocytosed more rapidly
than completely assembled receptors,”® in line with the SCHOOL model. For BCR, it has been
reported that, upon binding of moderate- to low-affinity antigen, che Igot/Igf subunits physically
dissociate from mig resulting in BCR desensitization.'® Interestingly, although desensitized cells
fail to respond to receptor ligation by a high dose of antigen or by anti-Igh antibodies, the dissoci-
ated Igot/IgP signaling complex retains signaling function if aggregated by anti-Igf antibodies.'#
In this context, similar mechanisms are proposed by the SCHOOL model to be involved in the
BCR desensitization, 19151 T-cell clonal anergy'#-*®#!° and in the inhibition of T-cell activation
by the so-called TCR core peptide (CP).?!! The ligand-mediated physical dissociation of the acti-
vated BCR complex has been later confirmed in other studies.?* In 2005,2** using primary murine
B-cells, it has been found that while >95% of the mlg is internalized following anti-Ig-induced
aggregation, 20-30% of IgB remains on the surface, suggesting that mlg and IgB may function
independently following the initial stages of signal transduction. As mentioned, upon crosslinking
of the FceRI with multivalent ligand, oligomerized signaling § and y chains immediately dissociate
from a ligand-recognition o chain *®

Duration of the Ligand-Receptor Contact

The SCHOOL model suggests that the multivalent ligand-receptor contact should last long
enough to bring two or more MIRRs in sufficient proximity and correct relative orientation
toward cach other and hold them together to promote the interreceptor homointeractions



Signaling Chain Homooligomerization (SCHOOL) Model 133

between signaling subunirs, thus initiating the downstream signaling cascade (Fig. 2).247 It
should be noted that duration of the MIRR-ligand interaction generally correlates with the
strength (affinity/avidity) of the ligand. Clearly, the strength of the ligand determines not
only duration of the ligand-MIRR contact but also lifetime of an individual receptor in the
engaged MIRR dimer/oligomer. These important aspects of the model are also consistent with
the experimental data accumulated so far.

In T-cells, the results of multiple reports show a broad correlation between the duration of
TCR-ligand interaction and ligand potency.’#% A similar interpretation is possible for the data
on a revised model of kinetic proofreading in which the duration of TCR engagement regulates
the efhiciency with which signals trickle through the rapidly reversible early activation pathways to
induce later responses®!” (see also Chapter 8). It is also known that the off-rate of ligand binding
plays a role in determining the specificity of the TCR-generated signal in a population of T-cells
that can discriminate between self and nonself in the thymus.*'® Also, the number of TCR ITAMs
required for efficient positive or negative selection has been reported to vary depending upon the
affinity of the TCR/ligand interaction.”? In studics on T-cell activation by bacterial superantigens,
asimple relationship between the affinity of the Staphylococcus enterotoxin C3 (SEC3)-TCR inter-
action and the functional responses has been proposed; stronger binding results in stronger T-cell
responses.” As recently shown, short-lived pMHC ligands induce anergy in T-cell clones in vitro
and specific memory T-cells in vivo.”! Total signal strength has been demonstrated to determine
the capacity of primed T-cells to respond to homeostatic cytokines, to survive cytokine withdrawal
and to accumulate in vivo.””” The strength of antigen stimulation is also known to regulate T-cell
progression through thresholds of proliferation, differentiation and death.”

Similar to T-cells, the B-cell response to antigen varies as a function of antigen/BCR interaction
affinity?** As demonstrated, above the threshold, concentration of antigen required to trigger a
response decreases as the affinity increases.”* BCR signal strength has been shown to determine
B-cell fate.”” Importantly, continuous receptor signaling of a defined amplitude appears to be
critical for development and survival of mature B-cells.”® It is also known that, upon binding
of moderate- to low- but not high-affinity antigen, the Iga/Igf} subunits physically dissociate
from mlg resulting in BCR desensitization.'*® A critical role of receptor affinity in antigen-driven
selection of B-cell clones in vivo has been also suggested based on studies of stable B-cell transfec-
tants.””” Recently, the strength of the initial BCR-triggered activation signal has been proposed to
finally determine the eventual duration of BCR signaling and the rate of its transmission through
downstream pathways.”

A great body of evidence shows that the capacity of downstream signaling by an individual
FceRI depends on its capacity to remain in a cluster and is therefore influenced by the ligand
affinity/avidity 5212117131229 The ability of a similar signaling mechanism to trigger distinct
FceRI-mediated mast cell responses like mediator release and survival has been reported to be
determined by the FcRy signal strength or duration.!”* Interestingly, recent findings redefine
FcaR1I as a bifunctional inhibitory/activating receptor of the immune system that mediates both
anti- and proinflammatory functions of IgA, depending on ligand multimericity and duration
of multivalent ligand-induced receptor signaling.* In platelets, athnity/avidity of interaction of
GPVI with collagen or convulxin has been suggested to play an important role in receptor signal-
ing and GPVI-mediated platelet activation.!**8!

For more information on the important role of the ligand-MIRR complex lifetime in MIRR
triggering I refer the reader to Chapter 8 of this book and recent reviews.?162923123

SCHOOL Model: Trinity of Description, Explanation and Prediction

Based on well-defined biochemical processes such as specific protein-protein interactions,
the SCHOOL model represents the first general mechanistic model of MIRR signaling and can
be also defined as a dynamic, continuous, spatially homogeneous, descriptive and explanatory
model.*** This model describes and explains molecular mechanisms and the main driving forces
of TM signal transduction for functionally unrelated receptors that share a common organizing
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principle—extracellular recognition module(s) and intracellular signaling module(s) are found
on separate subunits and are noncovalently associated through their TM domains. Thus, the
basic principles of TM signaling learned from the model can be used in different fields of im-
munology and cell biology to describe processes that are mediated by structurally related but
functionally different membrane receptors.>*** Besides the ability to describe general principles
of MIRR-mediated signal transduction, the SCHOOL model provides a mechanistic explanation
for specific processes behind “outside-in® MIRR signaling that remain unclear. Since it was first
published in 2004, the model has also predicted several experimental observations that have been
later reported for different immune cells.

By definition, the utility of scientific models is evaluated on their abilities to explain past
observations, predict future observations and control events as well as on their simplicity, or
even aesthetic appeal. The distinct features of the SCHOOL model demonstrating its utility are
described in detail below for specific MIRRs (see also Chapters 20 and 22).

SCHOOL Model of TCR Signaling

Description

The TCR is a multisubunit complex composed of the ligand-binding clonotypic af heterodi-
mer, as well as the heterodimeric CD38¢ and CD3ye signaling components and the disulfide-linked
¢ homodimer that contain one (€,y and 8) or three () TTAMs, respectively (Figs. 1 and 3; Chapter
1). This receptor complex provides an intriguing ability of T-cells to discern and differentially
respond to MHC-bound peptides that can differ by only a single amino acid. The mechanism by
which the precise ligand-binding specificities of the TCR are converted into the distinct intracel-
lular signaling processes and diverse functional outcomes has been one of the most controversial
topics in T-cell immunology. The SCHOOL model suggests not only the mechanism of TCR
triggeringand cell activation that can explain the majority of immunological phenomena observed
experimentally but also proposes distinct ways to control and modulate the T-cell-mediated im-
mune response.

The overall rigid geometry and topology of the TCR is defined by electrostatic interactions
between TCRof TM domains and TM domains of different signaling dimers: CD3ye, CD306¢
and T, Interestingly, the TCR { subunit seems to have a unique and dynamic relationship with
the TCR-CD3 complex since only this signaling homodimer appears to turn over independently
from the rest of the TCR complex on the cell surface.” Assuming that different TCR signaling
modules provide distinct signaling and T-cell functional outcomes,”#43 the SCHOOL model of
T-cell activation suggests”’* that depending on the nature of activating stimuli, two or more TCRs
can be clustered to dimer/oligomer in different relative orientations that promote homointeractions
between different signaling subunits. This results in formation of distinct CD3 and/or T signaling
oligomers and their activation through the phosphorylation of the corresponding ITAM tyrosines
(Fig. 3), thus initiating distinct signaling cascades and leading to distinct functional outcomes.

Within the model (Fig. 3), two or more TCRs are clustered to dimer/oligomer with sufficient
interreceptor proximity upon binding with multivalent ligand and simultancously rotate around
the receptor axis perpendicular to the membrane to adopt a correct relative orientation toward
each other, permissive of initiating the trans-homointeractions between  molecules. Until the {
I'TAM tyrosines are phosphorylated by protein tyrosine kinase (PTK), this process is reversible
and its reversibility can depend on duration of the TCR-ligand contact that generally correlates
with the strength (affinity/avidity) of the ligand and sufficient lifetime of a receptor in TCR
dimers/oligomers. At this point of bifurcation, two alternative pathways (Fig. 3, stages IV and
III) leading to partial or full T-cell activation, respectively, can take place depending on the na-
ture of activating stimuli. As a result, either T or both { and CD3 signaling oligomers are formed
with subsequent phosphorylation of ITAM tyrosines by PTKs and dissociation from remaining
TCR-CD?3 complexes or TCRaf chains. At this irreversible stage, downstream signaling events
are triggered. Later, the remaining TCR-CD3 complexes or TCRaf chains are internalized.
According to the proposed model, at least two different activation signals (shown in the Fig. 3
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as signals A and B) can be provided from the T and CD?3 signaling oligomers and both signals
are required for full activation of T-cells. Thus, distinct signaling is achieved through  and CD3
signaling oligomers and/or through various combinations of signaling chains in oligomeric CD3
structures (Fig. 3). Then, the signaling oligomers formed from the initially engaged TCR dimer/
oligomer can sequentially homointeract with the relevant signaling subunits of nonengaged TCRs
resulting in formation of higher-order signaling oligomers with their subsequent phosphorylation
and dissociation from ligand-binding subunits. This process leads to amplification and lateral
propagation of the activation signal(s). Later, the remaining nonengaged TCR-CD3 complexes
or TCRaf chains are internalized.

Thus, in the context of the model, TCR clustering by the MHCs bound to agonist, partial
agonist or antagonist peptides results in formation of receptor dimers/oligomers with similar inter-
receptor proximity but different intermolecular orientation. This leads (or does not) to initiation
of homointeractions between different signaling subunits with their subsequent oligomerization
and activation, providing distinct signaling and T-cell functional outcomes. This mechanism is
also proposed for T-cell activation mediated by other stimuli such as anti-TCRa, anti-TCRS,
anti-CD3g, etc.

Comparison to Other Models

There exist numerous models of TCR triggering and their modifications, including but not
limiting to a kinetic proofreading model 723233236240 seria] triggering model,!'%**'** serial en-
counter model,” conformational models,**!3145-447191.246:253 permissive geometry model'® and
clustering®®*7$075:161191 and segregation®*2* models. Most of these models are discussed in detail
in Chapters 6-11 of this book. However, despite the rapidly growing number of models and their
modifications, no current model explains at the molecular level: (1) how ligand-induced TCRTM
signaling commences and (2) how this process occurs differentially for altered ligands or in altered
cellular contexts. Some of the models suggested so far were rejected in further studies, such as a
conformational model that suggests a lipid-dependent folding transition of the TCR g cytoplasmic
domain to be a molecular switch linking ligand-induced TCR clustering and phosphorylation of
the T ITAM tyrosines.?® Later studies have shown that binding of the € cytoplasmic domain to
stable lipid bilayers is not accompanied by a structural transition to a folded form and that phos-
phorylated T is still able to bind to lipid, thus contradicting this model # In addition, most of the
current models have been developed by investigators to describe their own experimental data. As
a consequence, these models are mostly descriptive and often fail by trying to explain most of the
immunological data accumulated to date. Many of the models suggested to date simply describe a
phenomenon but not the mechanisms underlying the phenomenon. Examples include clustering
models*?578075161191 that describe a requirement for multivalent ligand to trigger TCR but do not
explain the specific molecular mechanisms underlying those observations. Importantly, the lack
of these mechanisms in a vast majority of the existing models does not permit to identify clini-
cally important points of therapeutic intervention. Table 1 illustrates comparative features of the
currently existing models and demonstrates how these distinctive models for the first time can be
readily combined into one model, the SCHOOL model of TCR triggering and TM signaling.

Utility

'The powerful ability of the SCHOOL model to describe, explain and predict TCR-related im-
munological phenomena, providing a mechanistic explanation at the molecular level, is illustrated
in Table 2. Selected examples are also described below in more detail.

Clinically relevant TCR CP, or TCR mimic peptide, represents a synthetic peptide correspond-
ing to the sequence of the TM region of the ligand-binding TCRa chain critical for TCR assembly
and function (Chapter 16). This and similar TM peptides capable of inhibiting antigen-stimulated
TCR-mediated T-cell activation were first reported in 1997.2%7 Since that time, despite extensive
basic and clinical studies of these peptides,!1**8%7 the molecular mechanisms of action of these
clinically relevant peptides have not been elucidated until 2004 when the SCHOOL model was
first introduced.® Within this model,>** the TCR CP competes with the TCRa. chain for
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SCHOOL model of T cell receptor signaling
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Figure 3. SCHOOL model of the T-cell receptor (TCR) activation. Immunoreceptor tyrosine-based
activation motifs (ITAMs) are shown as gray rectangles. TCR-CD3-E components are represented
as whole polypeptides and as a simplified axial view. All interchain interactions in intermediate
complexes are shown by dotted arrows reflecting their transition state. Circular arrow indicates
ligand-induced receptor reorientation. Interaction with multivalent ligand (notshown) clusters the
receptors and pushes them to reorientate (I) and bring signaling subunits into a correct relative
orientation and in sufficient proximity in the formed receptor oligomer (for illustrative purposes,
receptor dimer is shown), thus starting the trans-homointeractions between t molecules (11). Then,
two alternative pathways can take a place depending on the nature of activating stimuli. First is
going through a stage IV resulting in formation of T, dimer (dimer of dimers) and phosphorylation
of the T ITAM tyrosines, thus triggering downstream signaling events. Continued on next page.
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Figure 3, continued from previous page. Then, the signaling T oligomers formed subsequently
dissociate from the TCR-CD3 complex, resulting in internalization of the remaining engaged
TCR-CD3 complexes (VII). This pathway leads to partial (or incomplete) T-cell activation.
Alternatively, the intermediate complex formed at the stage Il can undergo further rearrange-
ments, starting trans-homointeractions between CD3 proteins (l1) and resulting in formation of an
oligomeric intermediate. Again, the stages |, [l and Il can be reversible or irreversible depending
on interreceptor proximity and relative orientation of the receptors in TCR dimers/oligomers as
well as on time duration of the TCR-ligand contact and lifetime of the receptor in TCR dimers/
oligomers that generally correlate with the nature of the stimulus and its specificity and affinity/
avidity. Next, in the signaling oligomers formed (l1l), the ITAM tyrosines undergo phosphoryla-
tion by PTKs that leads to generation of the activation signal, dissociation of signaling oligomers
and internalization of the remaining engaged TCRaB chains (VIII, XI). This pathway provides
at least two different activation signals from the T and CD3 signaling oligomers (signals A and
B), respectively and results in full T-cell activation. The distinct signaling through € and CD3
oligomers (or through various combinations of signaling chains in CD3 oligomeric structures)
might be also responsible for distinct functions such as T-cell proliferation, effector functions,
T-cell survival, pathogen clearance, TCR anergy, etc. In addition, the signaling oligomers formed
can sequentiaily interact with the signaling subunits of nonengaged TCRs resulting in formation
of higher-order signaling oligomers, thus amplifying and propagating the activation signal (not
shown). Also, this leads to the release and subsequent internalization of the remaining nonen-
gaged TCR complexes and/or TCRaf chains (not shown). Abbreviations: PTK, protein tyrosine
kinase. Phosphate groups are shown as filled gray circles. Reprinted from Trends Immunol, 25,
Sigalov AB, Multichain immune recognition receptor signaling: Different players, same game?
583-589, copyright 2004 with permission from Elsevier.

binding to CD3d¢ and € hetero- and homodimers, respectively, thus resulting in disconnection
and predissociation of the signaling subunits from the remaining receptor complex. The proposed
mechanism is the only mechanism consistent with all experimental and clinical data reported up to
date for TCR TM peptides and their lipid and/or sugar conjugates. The model also predicts that
the same mechanisms of inhibitory action can be applied to MIRR TM peptides corresponding
to the TM regions of not only the MIRR recognition subunits but the corresponding signaling
subunits as well (see also Chapter 20).24"# This was recently confirmed experimentally’®*2% by
showing that the synthetic peptides corresponding to the sequences of the TM regions of the signal-
ing CD3 (9, €, or y) and § subunits are able to inhibit the immune response in vivo. Importantly,
the SCHOOL model is the first model that not only clearly explains the molecular mechanisms
of action of TCR TM peptides™’* (sce also Chapter 20) but also extends the concept of their
action through these mechanisms to any other TM peptides of MIRRs and to the MIRR-mediated
processes involved in viral pathogenesis****° (Chapters 20 and 22).

Interestingly, the model suggests a molecular explanation for the apparent discrepancies in in
vitro and in vivo activities of cell-permeable chemical inducers of dimerization.”%?” In 1993, it
has been reported that in vitro chemically induced dimerization/oligomerization of the TCR T
cytoplasmic domain results in T-cell activation, as measured with a reporter gene assay.”’ Later,
activation of a chimeric receptor, containing binding domains for chemical inducers of dimerization
fused to the cytoplasmic tail of TCRE chain, after stimulation with chemical dimerizers in Jurkat
cells has been confirmed to show tyrosine phosphorylation of the TCR T chain chimera, recruit-
ment of phosphorylated Zap70 and generation of NFAT.””! However, in vivo studies demonstrated
that signaling did not lead to increased expression of activation markers, T-cell proliferation, or
apoptosis.”” The authors concluded that signaling through C alone is not sufficient to generate
downstream events leading to full T-cell activation or thymocyte selection; instead, additional CD3
components must be required to induce a functional response in primary thymocytes and peripheral
T-cells.”* Within the model, formation of both CD3ye/8¢ and T signaling oligomers is needed
to provide competent activation signal(s) resulting in full cell activation (signals A and B, Fig. 3}.
Formation of only T signaling oligomers leads to partial T-cell activation (signal A, Fig. 3).
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Table 1. Comparative features of different models of TCR triggering

Requirements/Restraints Imposed (+) or not (-) by a Model

Relative Duration of
interreceptor Ligand-TCR
Ligand Orientation in  Contact/Lifetime of Ligand

Model Multivalency TCR oligomers  TCR Oligomers Affinity/Avidity
Kinetic proofreading - - + +
Serial triggering - - + +
Serial encounter - - + +
Conformational - - + +
Permissive geometry + + - -
Clustering + - - +
Segregation - + +
SCHOOL + + +

The model also explains the apparent discrepancy in CD3 TM peptide activity between in vitro
and in vivo T-cell inhibition.?® It has been shown that the CD38 and CD3y TM peptides do not
impact T-cell function in vitro (the CD3& TM peptide has not been used in the reported in vitro
experiments because of solubility issues) but that all three CD?3 (g, § and ¥) TM peptides decrease
signs of inflammation in an adjuvant-induced arthritis rat model in vivo and inhibit the immune
response.”® Within the SCHOOL model, the CD3d and CD3y TM peptides disconnect the
corresponding signaling subunits (CD38 and CD3y, respectively) from the remaining receptor
complex. Thus, these subunits do not participate in further processes upon antigen stimulation.
On the other hand, the previously reported in vitro activation studies with T-cells lacking CD 3y
and/or CD39 cytoplasmic domains indicate that antigen-stimulated induction of cytokine secre-
tion and T-cell proliferation are intact,”>%’> thus explaining the absence of inhibitory effect of the
CD3dand CD3y TM peptidesin the in vitro activation assays used.?> However, in vive deficiency
either of CD38 or CD3y results in severe immunodeficiency disorders. #%"¢%7 This could explain
the inhibitory effect observed in the in vivo studies for all three CD3 TM peptides.®® Thus, these
experimental data confirm that our ability to selectively “disconnect” specific signaling subunits
using the MIRR TM peptides in line with the SCHOOL model can provide a powerful tool to
study MIRR functions and immune cell signaling.**

Interestingly, studies of T-lymphocytes expressing a TCR with a mutant TCR 3 TM domain
have shown that upon antigen stimulation, these cells are similar to wild-type cells in terms of
IL-2 secretion, IL-2 receptor expression and early activation and signaling events such as CD69
expression, Ca?* fluxand CD3¢ and § phosphorylation, but are specifically defective in undergoing
activation-induced cell death.*” Considering that in the TCR-CD3-L, complex, the TCR  TM
domain is critical for interaction with the CD3ye signaling heterodimer,”” one can suggest the
impaired association of the CD3ye with the TCR f chain in a mutant TCR. Upon antigen stimula-
tion, this impaired (weakened) association prevents formation of CD3ye signaling oligomers and
thus excludes CD3y (but not CD3g, because in the CD3¢d heterodimer of the TCR-CD3-L,
complex, there is another CD3e chain capable of signaling independently of CD3e in the CD3ye)
from further participation in signaling. Thus, within the model, only those signaling events that
involve CD3y (i.c., apoptotic response but not carly activation and signaling events?+75250281)
should be affected by a mutation of the TCR 3 TM domain. This is in a good agreement with
the data reported.?”” Also, in this context, functional effect of this mutation should be and is very
similar to the one observed by Collicr et al for CD3y TM peptide,”* therefore providing more
evidence for importance and utility of the proposed modeland the MIRR TM peptides in studies
on immune signaling.
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The remarkable feature of the SCHOOL model is that it has a high predictive quality (Table
2 and Chapter 20) by generalizing molecular mechanisms of action and therefore potential thera-
peutic targets for all MIRRs.>#

SCHOOL Model of FceRI Receptor Signaling: Description and Utility

Structurally, all Fc reccptors can be divided into two major categories: single- (i.c., FeyRITA
and FeyRITA) and multichain (i.e., FceRI, FeaRI, FcyRI and FeyRIIIA) receptors. Multichain
Fc receptors, in turn, can be divided into two subcategories: receptors that contain one (FcaRl,
FcyRI, FeyRIIIA) or two (FeeRI) signaling subunits. To date, no general model has been suggested
to explain at the molecular level how Fe receptor-mediated signaling commences.

Asa general model of MIRR signaling, the SCHOOL model describes the molecular mecha-
nisms underlying the receptor triggering for all multichain Fe receptors.>*** The model also sug-
gests that the FcgRI receptor that contains two different signaling subunits, f§ and y (or FeRy), has
more capabilities to induce distinct signaling pathways and, therefore, lead to different functional
outcomes as compared to the Fc receptors that contain only one signaling subunit (FcRy) (Fig. 1).
Below I consider the SCHOOL model of FeeR1I signaling in detail.

'The FeeRI receptor consists of a ligand-binding & subunit and two kinds of signaling subunits,
a B chain and disulfide-linked homodimeric y chains (Figs. 1 and 4). It plays a pivotal role in the
initiation of allergic reactions when antigen crosslinks IgE antibodies bound to FceRI on tissue
mast cells or blood basophils (Chapter 3).4028228

In resting cells, like with TCR, intrareceptor TM interactions between FceRI o, f and y chains
define the overall rigid geometry and topology of the FceR1.%33*¥ Within the proposed model,
upon stimulation with multivalent ligand, two or more FceRlIs are brought into close proximity
and adopt a correct relative orientation, initiating the interreceptor trans-homointeractions be-
tween signaling subunits and weaking the intrareceptor TM interactions (stages I and I, Fig. 4).
Then, depending on the duration of the FcgRI-ligand interaction (affinity/avidity of the ligand),
the receptors can either go back to a resting state or forward to an active state, in which § and/ory
signaling oligomers are formed (stages Il and IV, Fig. 4), thus promoting I TAM Tyr phosphoryla-
tion and generation of activation signal. Assuming that two different FceRI signaling subunits, y
and f3, provide distinct signaling,* #2025 the model suggests*”* that depending on the nature
of ligand, the FceRIs can be clustered to dimer/oligomer in different relative orientations that,
in turn, promotc homotypic interactions between different signaling subunies (Fig. 4). This leads
to formation of distinct, Y and/or f, signaling oligomers, phosphorylation of the corresponding
ITAM tyrosines and generation of different activation signals (signals A and B, Fig. 4), resulting
in diverse functional outcomes. The formed 8 and/ory oligomers can sequentially interact with 3
and/or ¥y subunits of nonengaged FceRlIs, thus amplifying and propagating the activation signal.

Interestingly, several mathematical models have been recently developed for the early signaling
events mediated by FceR1.#*%5 Through model simulations, it has been shown how changing the
ligand concentration and consequently the concentration of receptor aggregates, can change the
nature of a cellular response as well as its amplitude. These models are largely based on the recently
suggested sequence of carly events in FceRI signaling.'*'** Combining the basic organizing prin-
ciples of the SCHOOL model with the existing mathematical models might significantly improve
our understanding the spatiotemporal organization of FceRI-mediated signal transduction as well
as our ability to predict bow this system will behave under a variety of experimental conditions.

Sclected examples illustrating the ability of the SCHOOL model to provide a mechanistic
explanation for FcgRI-related immunological phenomena are shown in Table 3. These and other
findings mentioned above strongly support the validity and utility of the proposed activation
model for the FceRI.

SCHOOL Model of BCR Signaling: Description and Utility

The BCR is a multimeric complex composed of mig noncovalently associated with a disulfide-
linked Igot/IgP heterodimer that is responsible for signal transduction. In the resting state, like with
other MIRRs, intrareceptor TM interactions between mlg and Igot/IgB subunits define the overall
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SCHOOL model of FccRI receptor signaling
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Figure 4. SCHOOL model of the high affinity |gE receptor (FceRl) activation. Immunoreceptor
tyrosine-based activation motifs (ITAMs) are shown as gray rectangles. FceRl a, p and y com-
ponents are represented as whole polypeptides and as a simplified axial view. All interchain
interactions in intermediate complexes are shown by dotted arrows reflecting their transition
state. Circular arrow indicates ligand-induced receptor reorientation. Interaction with multi-
valent ligand (not shown) clusters the receptors and pushes them to reorientate (1} and bring
B and y signaling subunits into a correct relative orientation and in sufficient proximity in the
formed receptor oligomer (for illustrative purposes, receptor dimer is shown), thus starting the
trans-homointeractions between y homodimers (Il). Then, two alternative pathways can take
a place depending on the nature of activating stimuli. Continued on next page.
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Figure 4, continued from previous page. First is going through a stage |V resulting in forma-
tion of y, dimer (dimer of dimers) and phosphorylation of the y ITAM tyrosines, thus triggering
downstream signaling events. Then, the signaling y oligomers formed subsequently dissociate
from the a/f complex, resulting in internalization of the remaining engaged complexes (VII).
This pathway leads to generation of the activation signal A. Alternatively, the intermediate
complex formed at the stage Il can undergo further rearrangements, starting trans-homoin-
teractions between B chains (lll) and resulting in formation of an oligomeric intermediate.
Stages I, Il and [l can be reversible or irreversible depending on interreceptor proximity and
relative orientation of the receptors in FceRl dimers/oligomers as well as on time duration of
the receptor-ligand contact and lifetime of the receptor in FceRI dimers/oligomers that gen-
erally correlate with the nature of the stimulus and its specificity and affinity/avidity. Next,
in the signaling oligomers formed (1ll), the B [TAM tyrosines undergo phosphorylation by
protein tyrosine kinases (PTKs) that leads to generation of the activation signal, dissociation
of signaling oligomers and internalization of the engaged a chains (VIII, XI). This pathway
provides two different activation signals from the y and B signaling oligomers (signals A and B),
respectively and results in full cell activation. In addition, the signaling oligomers formed can
sequentially interact with the signaling subunits of nonengaged FceRls resulting in formation
of higher-order signaling oligomers, thus amplifying and propagating the activation signal (not
shown). Also, this leads to the release and subsequent internalization of the nonengaged «
and/or af chains (not shown). Abbreviations: PTK, protein tyrosine kinase. Phosphate groups
are shown as filled gray circles.

rigid geometry and topology of the BCR %327 In cells, this receptor transduces signals leading to
avariety of biologic responses minimally including antigen receptor editing, apoptotic death, devel-
opmental progression, cell activation, proliferation and survival. Despite several BCR triggering and
cell activation models that have been suggested,*!!61722%3% ng model fully explains the molecular
mechanisms underlying spatiotemporal organization of BCR-triggered TM signal transduction.

Within the SCHOOL model, two or more BCRs are brought into close proximity and adopt
a correct relative orientation upon receptor engagement with multivalent ligand (Fig. SA). At
this point, the trans-homointeractions between Iga and IgP molecules are initiated, weaking the
TM interactions within the BCR (Fig. 5A, stages I and II). Then, depending on the duration of
ligand-BCR interaction and therefore on the affinity/avidity of ligand, the receptors can go either
back to resting state or forward to active state, in which signaling Igot/IgP oligomers are formed,
thus promoting ITAM Tyr phosphorylation and generation of activation signal (Fig. SA, stage III).
Considering that Igot and Igf} chains can play different physiological roles,**#! the model suggests
that depending on the nature of stimuli, different Iga/Igf signaling oligomers can form, thus re-
sulting in phosphorylation of Igat and/or Ig ITAM tyrosines and induction of distinct signaling
pathways. Further, once formed, these oligomers can sequentially interact with Igot/Igf subunits
of nonengaged BCRs, thus propagating and amplifying the activation signal and favoring the
formation and stabilization of supramolecular complexes that can promote sustained signaling. In
this context, it can also be suggested that the more BCRs are initially engaged and/or the higher
is the affinity/avidity of antigen, the faster is signaling cluster formation.

In contrast to Igf and other ITAM-containing proteins, the dynamic equilibrium between
monomeric and oligomeric species of Igat is slow and this protein forms stable homooligomers
(mostly, dimers and tetramers) even at very low protein concentrations.” Formation of the stable
Igoi/Igf clusters/oligomers may be particularly important for sustained signaling during the synapse
formation between B-cell and antigen-displaying target cell and subsequent antigen acquisition.>™
Also, as shown recently,* plasma membrane association of Igo./Igfy complexes results in generation

of biologically relevant basal signaling while the ability of the BCR to interact with both con-
ventional as well as nonconventional extracellular ligands is eliminated.

Asillustrated in Table 4 by several selected examples, the proposed model is capable of providing
a mechanistic explanation for BCR-related immunological phenomena. Thus, a vast majority of
the experimental findings reported so far strongly support the validity and utility of this activation
model for the BCR.
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SCHOOL Model of GPV1 Signaling: Description and Utility

Studies of patients deficient in GPVIidentified this platelet membrane protein as a physiologi-
cal collagen receptor. This receptor is noncovalently associated with FcRy, the ITAM-containing
homodimeric signaling module. The GPVI-FcRy receptor complex induces platelet activation when
it binds to collagen or other agonists and GPVI-deficient platelets lack specifically collagen-induced
aggregation and the ability to form thrombi on a collagen surface under flow conditions.!***
The selective inhibition of GPVI and/or its signaling is thought by most experts in the field to
inhibit thrombosis without affecting hemostatic plug formation. Thus, future therapeutic strategies
targeting platelet-mediated disease will depend on our detailed understanding of the molecular
mechanisms underlying GPVI triggering and subsequent TM signal transduction. In addition,
knowing these mechanisms would give us a new handle in dissecting the basic structural and
functional aspects of thrombus formation.

In 2006, GPVI has been reported to form a back-to-back dimer in the GPVI crystal.% Based
on these findings, a model for GPVI signaling has been suggested, in which GPVI clustering
triggers a signaling cascade via the FcRy chain coreceptor.%* Despite its apparent similarity to the
SCHOOL model,® it does not explain the existence of oligomeric GPVI-FcRy complexes at the
surface of unstimulated platelets” and does not suggest specific protein-protein interactions in-
volved in the molecular mechanisms underlying the GPVI-triggered signaling. These findings®”*
raise an important and intriguing question: why does the observed basal receptor dimerization not
lead to recepror triggering and subsequent platelet activation whereas agonist-induced receptor
crosslinking/clustering does?

Despite extensive studies of the GPVI-FcRy receptor complex and its mechanism of ac-
tion,'*783053% the only model that can answer this question and even more important, mechanisti-
cally explain how GPVI-mediated TM signaling begins, is the SCHOOL model>*#%7 Within
this model, GPVI-mediated platelet activation is a result of the interplay between GPVI-FcRy
'I'M interactions, the association of two TM Asp residues in the FcRy homodimer with the TM
Arg residue of GPVL™ that maintain receptor integrity in platelets under basal conditions and
homointeractions between FcRy subunits that lead to formation of signaling oligomers and initia-
tion of a signaling response (Fig. 5B). Binding of the multivalent ligand (collagen) to two or more
GPVI-FcRy receptor complexes pushes the receptors to cluster, rotate and adopt an appropriate ori-
entation relative to each other (Fig. 5B, stages I and IT), at which point the trans-homointeractions
between FcRy molecules are initiated. Upon formation of FcRy signaling oligomers, the Src-family
kinases Fyn or Lyn phosphorylate the tyrosine residues in the FcRy ITAM that leads to generation
of the activation signal (Fig. 5B, stage I1I) and subsequent dissociation of FcRy signaling oligomers
and downmodulation of the remaining engaged GP V1 subunits (Fig. 5B, stage [V). Later, the dis-
sociated oligomeric FcRY chains can interact with FcRy subunits of the nonengaged GPVI-FcRy
complexes, resulting in formation of higher-order signaling oligomers and their subsequent phos-
phorylation, thus providing lateral signal propagation and amplification (not shown).

Thus, for the preformed oligomeric receptor complexes existing in unstimulated platelets as
found by Berlanga et al”* the proposed model suggests that under basal conditions, the overall
geometry of the receptor dimer keeps FcRy chains apart, whereas stimulation by collagen results
in breakage of GPVI-GP VI extracellular interactions and reorientation of signaling FcRy homodi-
mers, thus bringing them into close proximity and appropriate relative orientation permissive of
initiating the FcRy homointeractions and receptor triggering.

Intriguingly, suggesting how binding to collagen triggers the GPVI-mediated signal cascade at
the molecular level, the SCHOOL model reveals GPVI-FcRy TM interactions as a novel thera-
peutic target for the prevention and treatment of platelet-mediated thrombotic events (Chapter
20).249307.3% Preliminary experimental results provided support for this novel concept of platelet
inhibition and resulted in the development of novel class of promising platelet inhibitors. 728

Thus, the experimental evidence accumulated to date on the GPVI-mediated TM signal trans-
duction and platelet activation strongly support the validity and utility of the proposed activation
model for this receptor.
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SCHOOL model of B cell receptor and platelet GPVI receptor signaling
A. B cell receptor signaling
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Figure 5. SCHOOL model of the B-cell receptor (BCR, panel A) and platelet collagen recep-
tor glycoprotein VI (GPVI, panel B) activation. Immunoreceptor tyrosine-based activation
motifs (ITAMSs) are shown as gray rectangles. Receptor components are represented as whole
polypeptides and as a simplified axial view. All interchain interactions in intermediate com-
plexes are shown by dotted arrows reflecting their transition state. Continued on next page.
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Figure 5, continued from previous page. Circular arrows indicate ligand-induced receptor
reorientation. Interaction with multivalent ligand (not shown) clusters the receptors and pushes
them to reorientate (1) and bring signaling subunits into a correct relative orientation and in
sufficient proximity in the receptor oligomer (for illustrative purposes, receptor dimers are
shown), thus starting the trans-homointeractions between Iga/lgB heterodimers (panel A, 11)
or FcRy homodimers (panel B, Il). On a stage |ll, formation of signaling oligomers results in
phosphorylation of the ITAM tyrosines, thus triggering downstream signaling events. Then, the
signaling oligomers formed subsequently dissociate from the mig or GPVI (panels A and B,
respectively), resulting in generation of the activation signal and internalization of the remain-
ing engaged receptor chains (IV). Stages | and Ii can be reversible or irreversible depending
on interreceptor proximity and relative orientation of the receptors in ligand-specific dimers/
oligomers as well as on time duration of the receptor-ligand contact and lifetime of the recep-
tor in these dimers/oligomers that generally correlate with the nature of the stimulus and its
specificity and affinity/avidity. In contrast to homodimeric FcRy signaling subunitin GPVI-FcRy
receptor complex, the BCR signaling module contains two different signaling chains, Iga and
IgB, providing possibility of the signal and cell response diversity depending on the particular
set of the Iga and/or IgB ITAM tyrosines that become phosphorylated. Further, the signaling
oligomers formed can sequentially interact with the signaling subunits of nonengaged receptors
resulting in formation of higher-order signaling oligomers, thus amplifying and propagating the
activation signal (not shown). Also, this leads to the release and subsequent internalization/
downmodulation of the nonengaged mig or GPVI chains (not shown). Abbreviations: PTK,
protein tyrosine kinase. Phosphate groups are shown as filled gray circles.

SCHOOL Model of Other MIRR Signaling

As illustrated in Figure 1, a structural assembly of many MIRRs, such as FcoRI, FcyRI,
FeyRIIIA, ILT/LIR receptors, DCAR, NK and TREM receptors, etc., is very similar to that of
the GPVI receptor; all these receptors have a ligand-recognition subunit and one homodimeric
signaling subunit. Thus, the basic principles of GPV1 triggering and TM signaling suggested by the
SCHOOL model can be easily applied to these and other, structurally related, MIRRs. Selected
examples illustrating the capability of the SCHOOL model to provide a mechanistic explanation
for immunological phenomena mediated by these receptors are shown in Table 5.

Conclusions

Despite growing interest in targeting MIRR signaling as a potential treatment strategy for
different immune-mediated diseases (see also Chapters 20 and 22}, the molecular mechanisms
underlying MIRR triggering and subsequent TM signal transduction are unknown, impeding our
fundamental understanding of MIRR-mediated immunological phenomena and thus preventing
the development of novel pharmacological approaches.

Considering MIRR triggering as a result of ligand-induced interplay between well-defined
protein-protein interactions, the proposed SCHOOL modelis the first general model that provides
a st of basic principles of MIRR signaling and mechanistically explains how MIRR-mediated
signaling commences and what the main driving forces and restraints of MIRR triggering/signaling
are. Furthermore, this model is the first model that can describe, explain and predict numerous
MIRR-mediated immunological phenomena. Thus, this model represents a powerful tool that
can be used in dissecting the basic structural and functional aspects of the immune response and
using this knowledge in both fundamental and clinical fields. In addition, revealing the main driv-
ing forces and fundamental stages of MIRR triggering and TM signal transduction, the model
identifies effective ways of modulating the immune response.

Importantly, by generalizing mechanistic features of MIRR signaling, the SCHOOL model
shows how the similar structural architecture of the MIRRs dictates similar mechanisms of MIRR
triggering and subsequent TM signal transduction and furthermore, reveals similar therapeutic
targets in seemingly unrelated diseases (see also Chapter 20). This permits the transfer of ac-
cumulated knowledge and pharmacological approaches between seemingly disparate immune
disorders and builds the molecular basis for existing and future therapeutic strategies. Impressively,
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Table 5. Molecular mechanisms suggested or predicted by the SCHOOL model
to underlie selected MIRR-mediated immunological phenomena and
observations

Phenomenon

Observation

Mechanism

FcaRI-mediated
signaling and
cellular
responses

NKR-mediated
signaling and
cellular response

Immune escape
in hCMV
pathogenesis

TREM-mediated
signaling

Vertical relocation of the TM
positive charge responsible
for FcaRI-FcRy association
does not effect on calcium
flux, MAPK phosphorylation
and IL-2 release, whereas its
lateral transfer completely
abrogates these functions.?
Short CPs derived from

the TM sequence of NKRs
inhibit NK cell cytolytic
activity.?®

hCMYV tegument protein
pp65 interacts directly with
NKp30, leading to dissocia-
tion of the linked € signaling
subunit and, consequently,
to reduced killing.'

Structurally similar recep-
tors, TREM-1 and TREM-2
(Fig. 1) that contain the same
signaling subunit, DAP-12,
show activating and inhibi-
tory functions.'®125

Vertical relocation of the noncovalent elec-
trostatic bond does not affect interreceptor
relative orientation within the FcaRI dimers/
oligomers formed upon multivalent ligand
stimulation, whereas lateral transfer does,
thus preventing formation of FcRy signal-
ing oligomers and initiation of signaling
cascade.

NKR CPs disrupt the TM interactions
between NKR ligand-binding subunits and
associated homodimeric signaling subunits,
such as -, y—y or DAP-12 (Chapter 20).2
Binding to pp65 protein affects the
NKp30-E, TM interactions resulting in
dissociation of the T signaling subunit from
the remaining complex and thus preventing
the formation of T signaling oligomers upon
ligand stimulation and, consequently, inhib-
iting NK cell cytolytic activity (Chapter 20).2
Depending on the affinity/avidity of the
ligand, ligand stimulation can result in: 1)
receptor clustering, formation of oligomeric
signaling subunits and generation of the
activation signal (TREM-1, activating func-
tion), or 2) dissociation of signaling subunit
from the engaged receptor and unmasking
a specific “inhibitory” epitope(s) in the cy-
toplasmic tail of ligand recognition subunit
(TREM-2, inhibitory function).

Abbreviations: Ag, antigen; CPs, core peptides; hCMV, human cytomegalovirus; DAP-12, DNAX activa-
tion protein 12; mAb, monoclonal antibody; MAPK, mitogen-activated protein kinase; NKRs, natural
killer cell receptors; TM, transmembrane; TREM, triggering receptors expressed on myeloid cells

applications of this model have already illustrated how do the similar molecular mechanisms of
MIRR signaling revealed by the model work in seemingly unrelated fields, such as the treatment of
T-cell-mediated skin diseases, HIV entry into target cells and the development of a novel concept

of platele inhibition (see also Chapters 20 and 22).

In conclusion, I sincerely hope that the model and issues presented in this Chapter will stimulate
debate and new research to further test and apply the proposed model, thus opening new horizons
in our knowledge about the immune system and generating new perspectives for the effective
prevention and/or treatment of numerous immune disorders.
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