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B and T lymphocytes activate the humoral and cellular arms of the adaptive immune system. The adaptive strategy works because
receptors of adaptive immune cells can mount an immune response based on their affinity for antigens. Thus, affinity discrimination
is central to adaptive immunity and has important biomedical ramifications. Due to its intricate connection to the affinity
maturation process, affinity discrimination has a special significance in B-cell-mediated immune response. The role of affinity-
matured high-affinity antibodies is increasingly recognized in vaccine development. In this paper, we discuss the recent progress
made in mathematical and computational studies to explore the cellular and molecular mechanisms of B-cell affinity discrimination.
Formation of B-cell receptor (BCR) oligomers and BCR-lipid rafts, upon antigenic stimulation, emerge to be key factors in B-cell
affinity discrimination (at the level of single cells). It also provides a new way of thinking about kinetic proofreading and serial
triggering, concepts that have been widely utilized to understand affinity discrimination in adaptive immune cells. Potential future
applications of mathematical and computational modeling of affinity discrimination are discussed in the context of autoimmune

disorders and vaccine design.

1. Introduction

The adaptive immune system confers an extraordinary pro-
tection to higher organisms from invading foreign pathogens.
The adaptive feature of the immune system relies on clonal
expansion of B and T lymphocytes (upon antigenic stimula-
tion) equipped with high-affinity antigen-specific receptors
and generation of memory cells with similar high-affinity
receptors (consistent with the clonal selection theory [1]),
while a large pool of lower affinity receptors are main-
tained for efficient sampling of unforeseen antigenic epitopes.
Clearly, such a strategy works because receptors of adaptive
immune cells can mount an immune response based on rec-
ognition of antigenic affinity (affinity discrimination). In B
cells, the additional flexibility of generating higher affinity
receptors through the genetic process of somatic hypermu-
tation aids selective expansion of high-affinity clones (also
known as afhinity maturation), making it a powerful strategy
to combat foreign pathogens. Thus, in B cells, affinity dis-
crimination and affinity maturation are intricately linked. In

addition to its fundamental importance in the mechanism of
immune cell activation, the role of affinity-matured antibod-
ies is now increasingly explored in vaccine development [2-
6].

Antigenic affinity discrimination, by adaptive immune
cells, is key to understanding infectious and autoimmune
diseases and developing effective preventive measures. How-
ever, the mechanisms of affinity discrimination are not clearly
elucidated and attracting much recent attention [7-16]. Math-
ematical and computational modeling has long been utilized
to provide mechanistic insight into complex mechanisms of
the immune system and emerged as a powerful tool to solve
immunological problems [17, 18]. In this paper, we review the
recent mathematical and computational efforts to elucidate
the mechanisms of antigen affinity discrimination (by lym-
phocytes of the adaptive immune system). Experimental data
on affinity discrimination and affinity maturation has infused
considerable excitement in the field [7-10, 12-14, 19-21].
Recent advent of experimental technologies, such as powerful
imaging methods and single-cell approaches, will presumably



generate new data at a spatiotemporal resolution that has not
been achieved before. On the theoretical side, highly com-
plex mathematical and computational models of biological
systems will become increasingly possible to develop and
solve (utilizing novel approaches and increasingly available
computing power).

2. The Problem of Affinity Discrimination

Affinity discrimination has a central role in immune acti-
vation and adaptation. In the simplest manner, the immune
system has evolved to achieve the following tasks:

(1) discern nonself-antigens from self-antigens and
mount an immune response only against those for-
eign pathogens;

(2) adapt to the changing pathogenic environment and
keep immunological memory; this type of immunity
allows generation of variable amount of response to
the same nonself-antigen (e.g., repeated exposure of
the same antigen is interpreted as increased degree of
“nonselfness”).

Cells of both innate and adaptive immunity work in concert
to mount a successful immune response against harmful
foreign pathogens. Immune receptors tend to bind to foreign
proteins (or peptides) with sufficiently high affinity leading
to robust intracellular signaling and activation, while the
affinity for self-antigens typically falls below the threshold of
activation (leading to self-/nonself-discrimination). Affinity
measures the strength with which a cell surface receptor binds
a ligand molecule at a single site.

Adaptive immune cells (starting in vertebrates), interest-
ingly, can discriminate antigen affinity by generating variable
amount of immune response depending on the affinity for
foreign antigen ligands. This kind of affinity discrimination
allows the immune system to respond in an adaptive man-
ner: (i) by adjusting the immune response to a changing
pathogenic load (such as through affinity maturation) and
(ii) by generating and maintaining high-affinity clones of
receptors (such as in memory cells). Such a complex task is
achieved because cells of the adaptive immune system, such
as B and T lymphocytes, are specific to a foreign antigen, and
usually only a few copies (1-10) of such specific lymphocytes
are present. At the same time, a huge repertoire of antigen-
specific lymphocytes is present for efficient coverage of the
antigenic epitope space.

Mathematical and computational modeling as used in
elucidating various aspects of affinity discrimination is the
focus of this paper. Affinity discrimination by both B and
T lymphocytes is discussed. We primarily focus on affinity
discrimination in B lymphocytes because of its critical role in
the affinity maturation process as well as in vaccine design. In
addition, recent experimental and theoretical efforts seem to
elucidate the mechanism of B-cell affinity discrimination at a
detailed molecular level.

2.1. Affinity Discrimination and Functional Outcomes of
Immune Cell Activation. Affinity discrimination is intricately
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FIGURE I: Schematic showing that B-cell affinity discrimination is
linked to fundamental outcomes of B-cell activation.

linked to the functional outcomes (such as survival/prolifera-
tion, apoptosis, and tolerance) and/or phenotypes of immune
cell activation (Figure 1) [22-24].

In B cells, affinity discrimination is also important in late
stage lineage commitment such as between plasma cell and
memory cell generation [23, 24]. These types of problems in
immunology, where affinity for antigens determines the func-
tional outcomes of immune cell activation, can be considered
as an important class of affinity discrimination problem. Two
examples are provided as follows.

(1) Maturation of lymphocytes (from a large pool of
immature cells) is one of those problems that can
be considered as an affinity discrimination problem.
Here, antigen affinity is the key determinant of func-
tional outcomes of immune cell activation. In nega-
tive selection, strong binding to self-antigens (above a
threshold affinity value) results in apoptotic cell death
for both B and T lymphocytes. Very weak binding to
self-antigens is known to deprive immature immune
cells of the essential survival signal and also results
in activation of cell death pathways. This affinity-
dependent selection and maturation process confers
protection from autoimmunity.

(2) Cytotoxic response of the CD8 T cells is known to
be regulated by antigen binding affinity where only
the agonist ligands (that bind TCRs with sufficiently
high affinity) generate strongest response. Weak ago-
nists (having lower affinity TCRs or very high TCR-
pMHC bond half-life) are able to generate only partial
response. One partial agonist was shown to activate
only the Fas (CD95) receptors but not the perforin-
/granzyme-mediated cytotoxicity [25]. Clearly, the
affinity-dependent response of cytotoxic T cells is a
key to cellular immunity against infections and tumor
and should have important ramifications in cancer
immunotherapy.

2.2. Affinity Discrimination and Affinity Maturation. B lym-
phocytes have an ability to adapt to the changing pathogenic
load by continuously generating diversity in the variable
region of the receptor (somatic hypermutation leading to
variations in antigen binding affinity) and selecting the high-
affinity clones, a feature known as affinity maturation. It is
a strategy by which B lymphocytes optimize the immune
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response given a pathogenic load. In B cells, affinity dis-
crimination implies increasing level of signaling response as
the affinity for antigen is increased; thus, such a monotonic
response imparts advantage to high-affinity receptors clonally
selected by affinity maturation. B cells equipped with such
high-affinity receptors are able to mount stronger signaling
response (such as cytokine production). Effector functions
are also enhanced due to secretion of higher affinity antibod-
ies that are more efficient in eliminating antigens. In addition,
effector functions can be enhanced by other factors, such as
by higher degree of IgM polymerization (of secreted antibod-
ies) with increased affinity of antigens as observed recently
[14, 21, 26]. Earlier studies indicated factors such as (i)
competition for antigens, (ii) variability in T-cell interaction,
and (iii) differential activation of apoptosis (cell death) that
could lead to selection of high-affinity receptors during the
process of affinity maturation [27]. More recent observations,
however, emphasize the role of antigen affinity discrimination
at the level of single-cell activation [12,13,15,16]. It is expected
that insights gained from such studies will be increasingly
used in understanding infectious diseases and autoimmune
disorders as well as in design of vaccines.

3. Understanding Affinity Discrimination:
Kinetic Proofreading and Serial Triggering

How do adaptive immune cells, such as B lymphocytes,
respond to varying affinity of antigens defining the biological
problem of affinity discrimination? Adaptive immune cells
are equipped with immune receptors that can recognize
antigens and sense the antigen affinity using a membrane
proximal signaling network. Phosphorylation of the signaling
chains (ITAMs) of those immune receptors can be taken to
be a measure of early signaling that is propagated down-
stream (intracellular signaling) by the coordinated action of
signaling kinases and phosphatases finally leading to gene
transcription and cellular response. How does the affinity
affect the membrane proximal and further downstream sig-
naling activation? The very first event of immune recogni-
tion, namely, receptor-antigen binding, should increase with
increasing affinity. Such a result makes sense but can also be
demonstrated by the following set of kinetic rate equations
[28] for receptor- (R-) ligand (L) binding R + L = C:

ac _
dt

dR dL
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The number of complex formed C(t) (also its final steady-
state value) should increase with increasing affinity K, =
kgn/kog. One can also include diffusion into the above rate
equations by incorporating DV2C-type terms and changing
the equations to PDEs. The number of receptor-ligand bonds
formed still increases with increasing affinity. However, it is
not obvious that signaling through the receptor-ligand bonds
will also increase with increasing affinity. Low affinity anti-
gens have the ability to quickly dissociate from an immune
cell receptor, which may lead to serial activation of a large
number of such receptors in a small amount of time (an
effect known as “serial triggering”) resulting in decrease in

signaling with increasing affinity. Such a result can also be
demonstrated by carrying out Monte Carlo simulations of
receptor-ligand bond formation and signaling [29, 30]. The
following reaction moves need to be included in the simula-
tion: (i) binding/unbinding of receptor-ligand bonds and (ii)
conversion of receptors to a signaling able conformation by a
signaling kinase. One needs to assume that signaling kinases
can induce a conformational change (to a signaling active
form) in the immune receptor only when they are bound
to antigens. Experimental studies of immune cell receptors,
however, do not indicate monotonically decreasing signaling
behavior as the affinity for antigen is increased. In T cells,
some studies indicate a nonmonotonic signaling behavior
with increasing affinity [10, 11]. In B cells, interestingly,
the signaling can only increase (monotonic) with increased
affinity [7, 8, 12, 13], a behavior also known as graded
response. Clearly, the molecular mechanism of affinity dis-
crimination in adaptive immune cells needs to be addressed.
The problem of affinity discrimination should be relevant
for any immune cells possessing MIRR (multichain immune
recognition receptor) family of receptors, especially in B and
T lymphocytes. Initial studies in T cells utilized the concepts
of kinetic proofreading [31] and serial triggering [32, 33] to
explain the observed nonmonotonic behavior in signaling
response [10, 11].

The idea of kinetic proofreading was applied to under-
stand the extraordinary specificity of T-cell receptors (TCRs)
in antigen recognition [31]. It was thought that TCR mol-
ecules had to undergo, upon antigen binding, a series of
conformational changes before they can participate in down-
stream signaling activation. If antigen detached (from the
TCR) before completion of all the necessary conformational
changes, the TCR would revert to its basal inactive form. Such
a mechanism would favor high-affinity receptors to reach the
signaling capable conformation as they are typically bound
to antigens for a longer period of time. In addition, a kinetic
proofreading-based mechanism would generate a sharp
threshold for affinity only above which it will be possible
to complete the required series of conformation changes
(leading to specific recognition). In the original proposal of
kinetic proofreading, a simple ODE-based model was used
to elucidate the above mechanisms in a quantitative manner
[31].

The ability of single antigens to serially activate many
immune cell receptors, as mentioned earlier, decreases with
increasing affinity. This effect, known as serial triggering, pro-
vides signaling advantage to low-affinity binding. Therefore,
the effect of serial triggering, on affinity discrimination, is
opposite to that of kinetic proofreading. Serial engagement
and serial triggering (of many receptors by a single antigen)
are a natural outcome of binding/unbinding of receptor-
ligand pairs and diffusive transport of individual molecules.
Serial triggering was initially demonstrated in the context of
T-cell activation by showing that a low number of antigens
could lead to internalization of many more TCRs [32].
Though it was not a direct observation of serial activation
of many TCRs by a single antigen and one can argue that
some TCRs got internalized by other mechanisms [34].
However, it seems reasonable to assume that a single antigen



can serially bind and activate many TCRs. Later theoret-
ical studies estimated serial engagement of TCRs using a
mathematical model of diffusion and binding [35]. In this
context, exploration of the effect of coagonist activity of low-
affinity self-peptides (in presence of agonist peptides) might
be insightful [36-38].

Initial studies in T cells demonstrated that a competition
between kinetic proofreading and serial triggering could lead
to an optimal affinity value (K, = k,,/k.q) for which
the activation is maximal ([10] and references therein, [11]).
The dissociation rate k. emerged as a key parameter, as
maximal signaling (in strong agonists) was thought to arise
from an optimal half-life of TCR-pMHC binding (that is
sufficient for kinetic proofreading yet allows substantial serial
triggering). A PDE-based mathematical model was proposed
to capture the competing effect of kinetic proofreading and
serial triggering [11]. Serial triggering emerges naturally in
such a model of diffusion and binding/unbinding reactions
(between TCRs and antigens). Kinetic proofreading in the
model originated from the requirement that TCRs need
to undergo a series of conformational changes before they
reach a signaling active conformation. A TCR dimeriza-
tion model was also considered in this study; however,
it was not essential to achieve the nonmonotonic affinity
discrimination. It was also assumed that TCRs remained in
a signaling active state (capable of internalization) even after
they detached from antigen but if already completed the
required sequence of conformational changes. The ability of
signaling active TCRs to retain the ability to get degraded
was shown to be necessary for the nonmonotonic affinity
dependence observed in TCR downregulation. Some of the
later experimental studies questioned the observation of
nonmonotonic affinity discrimination in T cells; instead, an
affinity-dependent increase in signaling was proposed [39,
40]. To address these two disparate types of affinity dis-
crimination in T cells, a mathematical/computational model
based on kinetic proofreading with rebinding events was
proposed [41, 42]. Whether reduced diffusion of receptors (or
antigens), such as that would occur in a lipid raft (or a TCR
microcluster), can affect the rebinding events needs to be
explored.

In an attempt to explore the affinity discrimination in
B cells (which is different from affinity discrimination in T
cells even at a qualitative level), a Monte Carlo model of
B-cell membrane proximal signaling was developed [15]. In
this model, kinetic proofreading was captured in an effective
manner by demanding that B-cell receptors need to stay
bound to antigens for a given period of time before they are
signaling capable. This threshold time, which can be treated
as a simulation parameter, was varied in controlled in silico
experiments. In order to achieve the monotonically increas-
ing (graded) signaling with increasing affinity, as observed
in B-cell affinity discrimination experiments, a significant
kinetic proofreading time (~10 seconds) was needed so that it
could overcome the competing loss in serial triggering across
all physiological affinity values [15]. A key limitation of this
model is that it cannot account how signaling kinase Lyn (Src
family kinase) access B-cell receptors before it phosphorylates
the signaling chains of BCRs.
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Whether kinetic proofreading is introduced through an
effective threshold time (as in [15]), or by demanding a series
of conformational changes that immune receptors need to
complete (as in [11]), these models do not associate kinetic
proofreading with any physical events at the molecular level.
With the advent of modern experimental techniques, how-
ever, molecular level details of immune recognition and sig-
naling activation are increasingly explored. The concepts
such as kinetic proofreading and serial triggering need to
address these more recent experimental findings. In addi-
tion, any theoretical model of affinity discrimination (in
immune cells) should be able to analyze recent data generated
by experimental labs. We will later see that both kinetic
proofreading and serial triggering can emerge naturally in a
more molecular level model of affinity discrimination (such
as in a lipid raft model). Interestingly, kinetic proofreading
requirement becomes affinity dependent in such models,
providing completely new insight into the problem of affinity
discrimination. Before we describe such molecular level
elucidations in mathematical and computational models, we
need to discuss experimental studies on affinity discrimina-
tion including some of the more recent findings.

4. Experimental Studies of
Affinity Discrimination

In the first set of experiments, a variation in the BCR affinity
for antigen resulted in differential downstream signaling
response, such as expression of cytokines, cell surface activa-
tion markers, antibody (Ab) generation, and commitment to
distinct differentiation pathways [7, 8,19, 20, 22-24]. In these
experiments, downstream signaling events showed more
pronounced activation with increased affinity of antigens. In
addition, it has recently been shown that increased strength
of BCR-antigen interaction enhances the degree of IgM
polymerization through posttranslational modifications [14,
21, 26]. Thus, production of B cells with high-affinity recep-
tors, through somatic hypermutation and clonal selection,
provides a unique advantage to B cells to mount increasingly
stronger immune response and differentially regulate B-cell
fate. However, one may ask how does this affinity-dependent
B-cell response (and functional outcomes) originate from
antigen recognition-induced earliest membrane proximal
signaling events?

Biochemical and genetic studies, carried out in the past,
have characterized the downstream signaling pathways that
connect the phosphorylated BCR Igx and Igf chains to B-
cell activation [43-47]. However, the initial molecular events
(subsequent to BCR-antigen binding) that lead to membrane
proximal signaling activation are not well understood [48-
51]. A striking feature of more recent experimental studies
on immune cell activation is that those studies started to
elucidate the spatial events, such as molecular clustering,
during the earliest phases of immune cell activation.

Recent in vitro experiments showed that initial engage-
ment of antigens leads to formation of BCR microclusters
resulting in a spreading and contraction response (of B-
cell membranes) in an affinity-dependent manner (enhanced
response with increasing affinity) [12]. The signaling basis



ISRN Biomathematics

of such affinity-dependent spreading of B cells, however,
remained poorly understood. Batista and coworkers have
emphasized the role of the cytoskeleton in the initial forma-
tion of BCR microclusters and subsequent regulation of B-cell
activation [50, 52-54]. Cytoskeletal elements are intricately
linked to the plasma membrane and modulate diffusion of
lipids and proteins in the cell membrane. Whether actin
cytoskeleton induces an initial BCR microclustering or it sim-
ply undergoes rearrangement to assist the already forming
BCR clusters remains to be clarified.

Recent experiments by Pierce and colleagues have pro-
vided considerable insight into the earliest events of B-cell
antigen recognition and signaling [13, 49, 55-58]. For exam-
ple, antigen ligation-induced stable FRET observed between
BCR ectodomains (Fab fragments) indicates that BCRs are
held in close proximity within a molecular cluster. The FRET
between BCR cytoplasmic domains, in contrast, increased
upon antigen ligation but eventually decreased resulting in
a nonmonotonic behavior. It was hypothesized that antigen-
clustered BCRs undergo a conformational change (“closed”
to “open” conformation) in their cytoplasmic domains that
coincides with the initiation of phosphorylation of BCR
signaling chains by Src family kinases [55]. Very recent exper-
iments in the Pierce lab have shown that the conformational
changes in the BCR cytoplasmic domains, as well as the
growth of BCR microclusters, are affinity dependent [13].

As mentioned in the previous section, the theory of
kinetic proofreading was invoked to explain specificity in T-
cell activation. In this model, for antigens with high dissoci-
ation constant kg, premature dissociation of the TCR from
the pMHC molecules would result in lack of T-cell activation
[31]. Thus, mature T cells that are trained to bind self-
ligands with very low affinity (~100 yum Ky, or less) cannot
get activated. The ligands that bind TCRs below the threshold
of activation (resulting in partial/suppressed activation) can
be called antagonists. In contrast, agonist ligands are able
to bind to TCRs for sufficiently long time to complete the
kinetic proofreading requirement leading to productive T-
cell signaling. It was shown that efficient T-cell activation
takes place for an optimal dwell-time range of TCR-pMHC
interaction, whereas mutations (in TCR or MHC molecules)
that either decrease or increase the binding half-life (away
from the optimal value) result in impaired T-cell activation
[10]. Loss of serial triggering beyond an optimal half-life of
TCR-pMHC interaction was implicated in such a nonmono-
tonic affinity discrimination. For high antigen concentration,
however, their data indicates that the threshold half-life could
shift towards a higher value of affinity. A recent study of T-
cell activation that utilized varying affinity for antigens (using
altered peptide ligands and engineered TCRs) also indicates
the role of antigen concentration in T-cell affinity discrimi-
nation. For high antigenic concentration, high-affinity TCR-
pMHC binding (~10 nm K, with large TCR-pMHC half-
life) seems to compete with lower affinity agonist binding
[59]. The loss in serial triggering, with increasing affinity,
presumably becomes less significant when a large number of
antigens are present. It is possible that, in vivo, B cells present
increased amount of antigen in some cases of high-affinity
TCR-pMHC binding. Therefore, even if the intrinsic affinity

discrimination is found to be nonmonotonic in T cells, it
may emerge to be a strategy to compensate for increased
presentation of ligands (in vivo) with increased antigenic
affinity. The nonmonotonic affinity discrimination has been
questioned in some recent studies of affinity discrimination
in T cells [39, 40]. In this context, it will also be interesting to
explore the nature of affinity discrimination for the earliest
events of T-cell activation (such as the formation of TCR
microclusters; previous studies mostly focus on downstream
activation events such as IL-2 secretion). Recent studies in
B cells provided evidence of increased BCR oligomerization
and microcluster formation with increased affinity [13].

Even though recent imaging experiments added to the
previous biochemical and genetic data and have begun
illuminating the earliest events of T- and B-cell activation, a
clear and precise molecular level understanding of the initial
events of lymphocyte activation and affinity discrimination
is still lacking. Choosing the correct model of activation,
from a set of plausible models that are proposed based on
experimental data, remains challenging. In this context,
several additional biological questions need to be addressed.
For example, the reason why B cells can distinguish between
specific and nonspecific ligands (or self and nonself) differing
by only a tenfold difference in antigen affinity, whereas the
same tenfold difference in antigen affinity in the high affinity
range results in only slight or no increase in B-cell sig-
naling, needs to be addressed. Recent advent of high-res-
olution imaging techniques provides unique opportunities
for developing insightful theoretical models. Mathematical
and computational models, such as the Monte-Carlo-based
approaches, are well suited to (i) analyze a vast amount of
experimental data and provide mechanistic insight into exist-
ing experimental observations, (ii) predict new phenomena
that can be verified in further experiments, and (iii) choose
the correct model of activation.

5. Lipid Raft Formation as a Mechanism for
Affinity Discrimination in Immune Cells

Formation of stable receptor-lipid rafts, upon antigen bind-
ing, might hold the key to early time affinity discrimination
in immune cells possessing multichain immune recognition
receptors (MIRRs). Clearly, receptor-lipid raft formation pro-
vides a mechanism for association between immune recep-
tors equipped with signaling chains (ITAMs) and signaling
kinases such as Lyn/Lck (assuming those kinases are pref-
erentially located in sphingolipid membrane domains). In
addition, initial signaling through rafts might orchestrate
the subsequent formation of immunological synapses, as
observed in B and T lymphocytes. Signaling through rafts
and immunological synapses, integrated over time, should
determine the eventual cellular response and functional out-
come of activation. Research carried out in my lab in the last
few years elucidated the mechanisms of early-time affinity
discrimination in B lymphocytes [15, 16, 60-65]. In our most
recent effort, we developed and studied a fairly detailed
Monte Carlo model of receptor-lipid raft formation in B cells.
Initial results indicate affinity-dependent formation of BCR-
lipid rafts; signaling through BCR-lipid rafts was also found to



be affinity dependent. Insights gained from our studies might
be applicable to other types of immune cells exhibiting affinity
discrimination, such as in T lymphocytes.

Before we discuss Monte Carlo simulations of BCR-lipid
raft formation, previous studies of immunological rafts are
briefly reviewed. Lipid rafts have been implicated as a plat-
form for signaling in a variety of immunological problems,
and its formation has been studied [66-70]. In addition, it
has been implicated as a portal for viral entry into host cells
and in viral manipulation of the host signaling pathways [71].
In B cells, early studies indicated rafts as the site for signaling
and antigen internalization [72].

Experimental Studies of Immunological Lipid Rafts. In some of
the earlier studies on B-cell lipid rafts, based on biochemical
measurements, BCRs were shown to be localized in the
sphingolipid rich regions of membrane upon antigen cross-
linking [72-75]. In addition to BCR molecules, critical signal-
ing molecules such as PLCy2 were shown to be recruited to
the detergent insoluble membrane microdomains, confirm-
ing the role of lipid rafts as a signaling platform [73]. Early
studies in T cells indicated antigen stimulation-dependent
recruitment of TCR{ and other crucial membrane proximal
signaling molecules to lipid rafts [76]. In a similar manner,
FceRI was shown to associate with lipid rafts in activated
mast cells and basophils [77, 78]. Doubly acetylated Src family
kinases (such as Lyn and Lck) are known to constitutively
present in plasma membrane inner leaflet rafts in resting
immune cells. Collectively, these early studies seem to indi-
cate that the immune receptors (BCR, TCR, and FceRI) and
some of the key membrane proximal signaling molecules are
recruited to lipid rafts upon stimulation, and lipid rafts act as
a signaling platform [67, 72, 74, 75, 79].

Dynamics of BCR-lipid raft formation was demonstrated
by FRET between BCR Ig-alpha and Lyn FL/Lyn 16 (lipid raft
probe) [56, 57, 80]. In addition, FRET between BCR cyto-
plasmic domains changed from a nonmonotonic behavior to
a simple increase when either lipid rafts were disrupted by
cyclodextrin or the ITAM tyrosine residues were replaced by
phenylalanine [55], indicating the role of lipid rafts and BCR-
Lyn association. DeFranco and colleagues studied lipid rafts
in B cells utilizing imaging and proteomic techniques [81, 82].
Proteomic measurements provided quantitative information
regarding lipid raft localization of key signaling molecules
(including BCRs) before and after antigen binding.

Study of lipid rafts in T cells has been a topic of intense
interest and debate. In resting T cells (without antigenic stim-
ulation), TCRs are located outside lipid rafts and may form
oligomers [83, 84]. Coreceptors CD4 and CDS8 are, however,
known to be localized in resting cell rafts [85]. Antigenic
ligation leads to formation of microclusters of TCRs and
other signaling molecules. Previous biochemical measure-
ments indicated that TCR signalosome is assembled in lipid
rafts upon antigenic stimulation [79]. Recent superresolution
studies indicate that such microclusters are formed through
association of preformed TCR clusters and lipid rafts [86].
Lipid rafts have also been implicated in formation of the
immunological synapse (at the cell-cell contact between a T
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cell and an antigen presenting cell). Recent studies in T-cell
rafts are reviewed in [83, 86].

We summarize some of the experimental techniques
used in studies of lipid rafts: detergent insoluble membrane
fraction [72, 73], fluorescence microscopy [81], fluorescence
resonance energy transfer (FRET) [56, 80, 87-89], fluo-
rescence recovery after photobleaching (FRAP) [90], single-
particle tracking (SPT) [91, 92], two-photon microscopy
[93], and super resolution techniques [94] (some references
are specific for studies in immune cells). In addition, atomic
force microscopy (AFM), Raman spectroscopy, birefringence
microscopy, and nuclear magnetic-resonance- (NMR-) based
methods can be utilized to study lipid rafts in immune cells.

Theoretical Studies of Immunological Lipid Rafts. There have
been some mathematical/computational attempts to model
raft formation in immune cells. Size of lipid rafts, both in
resting cells and in stimulated cells (such as due to ligand
binding), is a problem of considerable interest. Based on
recent experimental studies, it seems likely that resting cell
rafts are highly dynamic and raft sizes are small (~10 nm)
[95, 96]; however, the size of resting cell rafts remains
controversial, and a range of values for resting state raft sizes
has been reported [83, 96]. It also seems reasonable that
resting state raft size could vary in a cell-type-specific manner.
A Poisson-Boltzmann-based theoretical approach was used
to explain ~100 nm raft size on resting living cell membranes
[97]. In addition to intrinsic tendency of raft components to
segregate, a long-range dipolar interaction among membrane
constituents was postulated. It is likely that intrinsic attractive
interactions among similar lipids (that can drive segregation),
line tension, and short-range attractive interaction among
membrane constituents will be sufficient to explain small
dynamic rafts (in resting cells).

An agent-based Monte Carlo simulation was utilized to
study the earliest events of B-cell surface dynamics upon
antigen cross-linking (by soluble multivalent antigens) [98].
Both BCR-ligand interaction and BCR-raft interaction were
modeled. A hybrid simulation scheme was developed where
receptor (BCR) entry to/exit from rafts was modeled using
a set of ODEs; reaction rates (for entering/leaving rafts)
were, however, assumed to be probabilistic. In addition,
lipid raft diffusion and merging were simulated. Receptor
diffusion was studied utilizing mean square displacement
(MSD), which was shown to be affected by internal viscosity
of the rafts (slower diffusion of molecules inside rafts) as
well as by presence of raft obstacles (for molecules outside
rafts). Short-term diffusion was found to be anomalous while
regular diffusion was observed on a longer time scale. In
this study, receptors were shown to aggregate inside rafts
due to increased viscosity (slower receptor diffusion) and
led to enhanced BCR-antigen complex formation in the raft
domains. A key limitation in the model is that the probability
for BCRs entering/leaving rafts did not depend on the state
of antigen binding and preformed BCR rafts existed prior to
BCR-antigen binding. Later study by the same group utilized
an improved in silico model of early time (~1min) B-cell
activation [99]. In this new model, BCR aggregation was
assumed to be a key to dynamic partitioning of BCRs into
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lipid rafts regions. As BCR cross-linking by soluble mul-
tivalent antigens leads to BCR aggregation, ligand binding
effectively induces increased recruitment of BCRs into lipid
raft regions; BCR ligation state, however, did not directly
affect raft partitioning of BCRs. Such a selective partitioning
of aggregated BCRs in lipid rafts resulted in an affinity-
dependent increase in the following membrane proximal
signaling events: (i) percentage of cross-linked BCRs and
(if) ITAM/Lyn tyrosine phosphorylation (as the avidity of
antigen is increased). Affinity-dependent membrane events,
as observed in this study, are consistent with other Monte
Carlo studies of BCR clustering by soluble antigens [62, 63].
A virtual FRET measure was utilized to analyze simulation
data and compare it with existing experimental results. For
example, early-time dynamics of BCR-BCR FRET efficiency
obtained from simulations correlated well with experimental
FRET between BCR Fab fragments (upon stimulation with
NP-BSA ligands [55]). It is possible to study affinity variation
in their FRET measure (such as between BCR-BCR) and
verify the results in further experiments (affinity dependence
in FRET between Fab fragments has not been studied in
experiments to date). Negative selection by self-ligands was
addressed using the same in silico model but assuming low
number of B-cell receptors as known for the pre-B-cell
population (in bone marrow). Low receptor density (in their
simulation) resulted in slightly decreased ligand binding but
adequate signaling that was, however, not sufficient to explain
negative selection. Altered partitioning of BCRs in immature
B-cell rafts (compared with that in normal B cells) is known
[75,100] and needs to be incorporated in a model of negative
selection.

5.1. Monte Carlo Study of Receptor-Lipid Raft Formation in B
Lymphocytes. Monte Carlo simulation has been increasingly
used in recent years to solve biological problems [29, 30].
It essentially solves an underlying set of master equations
that govern the behavior of a biological system in proba-
bility space. Simulations are carried out based on a set of
predefined probabilistic rate constants (parameters of master
equations) [101]. Monte Carlo simulation can handle the
following key aspects of a biological process: (i) stochastic
variability (such as under low concentrations of antigen), (ii)
spatial heterogeneity, and (iii) biological complexity (such
as complex rules of signaling regulation). In the context
of modeling biological systems, it is frequently used as an
agent-based stochastic modeling approach, such as in our
modeling of BCR-lipid rafts. It is now established that B
cells frequently recognize membrane bound antigens on the
surface of antigen presenting cells [50]. In order to simulate
BCR-lipid raft formation, for membrane bound antigens, we
developed a hybrid Monte Carlo simulation method that
combines the following approaches: (1) a probabilistic rate
constant-based (implicit free energy) kinetic MC method for
simulating receptor-ligand (antigen) interactions and (2) an
explicit free-energy-based MC algorithm that handles BCR-
BCR and lipid-mediated interactions [30, 102]. Each run of
our MC simulation corresponds to a single B cell.

At the beginning of the simulation, all the molecular
species are distributed uniformly and randomly on their

respective 2-dimensional lattice grids. B-cell receptors need
to be modeled as a two-layer structure, the bivalent Fab
domains move in the top layer where it can bind monovalent
antigens, and the transmembrane part diffuses in the bottom
layer with lipids. Src family kinase Lyn is simulated in a
manner that it can interact with lipids (Figure 2A in [30]).
Lipids are placed on a smaller size lattice grid than that used
for membrane proteins, but they are sampled more frequently
than protein molecules to allow faster diffusion. It is possible
to vary the initial lipid compositions and lipid-protein asso-
ciations (in our simulations) to capture the effect of altered
state of rafts observed during various developmental stages
of lymphocytes [100] and in lymphocytes obtained from
patients of autoimmune disorders [103,104]. Known diffusion
constants for proteins and lipids (on the plasma membrane)
are used to determine the physical time scale corresponding
to one MC step. This time scale is then utilized to determine
the values of simulation parameters from experimentally
measured kinetic rate constants (e.g., probabilistic reaction
constants P, and P g4 are obtained from the association and
dissociation rate constants k,, and kg defined in (1)) [29, 30].
It is technically challenging to simulate two disparate size
objects (lipids and BCRs) placed on different size grids on the
same 2-dimensional lattice.

The following free-energy-based parameters govern the
diffusion of protein and lipid molecules: BB (between two
BCRs), BL (between a BCR and a lipid), LL (between two raft
forming lipids), and KL (between a Lyn and a lipid). A lattice
gas-type Hamiltonian (energy function) was used to estimate
the free energy in each configuration [101]. In resting cells,
BB might arise due to interaction between the two identical
sides of transmembrane alpha helical part of two receptors
[105, 106]. The value of BB is assumed to be small (<K3T') to
prevent large-scale BCR clustering in resting cells. It is known
from FRET studies that only a small proportion of BCRs
(~20%) exists in an oligomeric state in resting B cells [49, 55].
The value of BL is also assumed to be small in resting cells, as
BCRs are not known to reside in sphingolipid rich domains.
Upon antigen binding, however, both BB and BL are assumed
to be significantly larger from their resting cell values. For
membrane-antigen bound BCRs, the origin of large BB pre-
sumably lies in opening of the cy4 domain of BCRs [58]. For
soluble multivalent antigens, cross-linking of bivalent BCRs
can be a mechanism for generating an effective large BB [62,
63]. As for increased BL upon antigen binding, in addition
to energetics and entropy (such as van der Waals interaction
or hydrophobic mismatch), membrane curvature and rigidity
can also be important. This will be discussed further when
we describe inclusion of a time-dependent equation (PDE)
for membrane shape fluctuations in our hybrid Monte Carlo
model. Variations in BB and BL values, which depend on
the state of antigen binding, create a coupling between the
implicit free-energy and explicit free-energy components of
the hybrid Monte Carlo approach. In resting cells, Src family
kinase Lyn is already localized in sphingolipid rich regions
(lower leaflet of the plasma membrane) due to its dual acyl
chains, the effect of which could be captured by the parameter
KL. Lipid-lipid interactions (LL) originate from energetics
and entropy; interactions of hydrophobic origin might be



key to generating preferential attractive interaction among
raft forming sphingolipids. In our Monte Carlo model, only
one type of lipid molecules (raft forming sphingolipids) is
considered using a mathematical mapping. The parameter LL
is an effective parameter that captures the combined effect
of LL, + LL,,, where LL, (LL,,) are attractive interactions
between two raft forming (nonraft forming) lipids. Addi-
tional experimental studies, as well as molecular simulations
(MD and Monte Carlo), are needed to obtain more precise
values of some of the energy-based parameters and to
elucidate the mechanisms of underlying physical interactions.

5.2. Simulations Results: Affinity-Dependent Formation of
BCR-Lipid Rafts. After all the molecules are randomly placed
on their respective lattice grids (at t = 0), we allow lipid-
mediated interactions to generate resting cell rafts. LL values,
such as that for sphingomyelin, are approximately known
from previous biophysical studies [107, 108]. Similar or
slightly higher (to capture the effect of cholesterol) LL values
in our simulations did not generate large-scale sphingolipid-
enriched membrane domains (at T = 37°C). Mobile protein
obstacles, such as BCRs, favor entropic forces that prohibit
large-scale organization of similar lipids. We observed forma-
tion of small (<50 nm) transient rafts consistent with what is
known for resting B cells. Antigen binding leads to enhanced
BB and BL, generation of BCR-sphingolipid rafts, and thus
colocalization of BCRs with signaling kinase Lyn. BCR-Lyn
association is a key signaling step as any types of activatory
signal can propagate downstream only when BCR signaling
chains (ITAMs) are phosphorylated by Lyn. We could carry
out controlled Monte Carlo experiments (in silico) of affinity
discrimination, by varying the parameter of BCR-antigen
affinity (K ) and keeping all other parameters unaltered.

Formation of BCR-BCR oligomeric clusters was the
earliest event subsequent to antigen binding [16]. Clustering
of BCRs gradually transforms into BCR-lipid (raft forming
sphingolipid) domains. Formation of BCR-lipid rafts was
faster as the affinity for antigens increased. Average size of
the formed microdomains was also bigger for higher affinity
binding (Figure 2B in [30]). Transient uncoupling of actin
cytoskeleton, such as due to observed dephosphorylation of
ERM proteins [82], would allow formation of large receptor-
lipid rafts. The number of BCRs clustered in sphingolipid rich
domains, as measured by total BCR-BCR adjacent pairs and
BCR-lipid adjacent pairs in our simulations, monotonically
increased with increasing affinity (across physiological range
of five orders of magnitude) and thus provides a mechanism
for affinity discrimination [30, 102]. Thus, the time-to-raft
formation and the size of receptor-lipid rafts emerge to
be two key parameters that regulate affinity discrimination.
For very high BB (receptor-receptor interaction energies),
the size of lipid rafts is expected to decrease (beyond an
optimal value for the interaction energy) [62]. Whether such
adecrease in raft size is observed in B/T lymphocytes and how
that would impact the affinity discrimination remains to be
explored. The ratio BB to BL is also likely to be an important
parameter for regulating the dynamics of raft formation and
may vary depending on the cell type (such as between Band T
cells).
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The underlying physics of raft formation is similar to
the phase separation processes in two liquid systems. BCRs
and raft forming lipids can be treated as one type of liquid
molecules that phase separates from other lipids and proteins.
Here, antigen binding drives the system out of its steady state
(small unstable rafts), similar to a low temperature quench
that drives a homogeneously mixed two-liquid system out
of equilibrium. As long as we do not consider any active
processes, the problem of BCR-lipid raft formation is essen-
tially an out-of-equilibrium dynamics towards an effective
equilibrium state. BCRs are assumed to have significantly
increased mutual attractive interactions (BB) upon antigen
binding (due to opening of the c4 domain), leading to higher
value of BB (on average) for higher affinity as antigens stay
bound longer for such higher affinity binding. Such effective
affinity dependence in BB (and presumably in BL) introduces
affinity into the problem of raft formation. In a two-liquid sys-
tem, temperature determines the degree of phase separation
upon a low-temperature quench. Here, affinity determines
how far out of equilibrium the system is driven by antigen
binding. As expected, the resulting phase diagram is also
affinity dependent elucidating the physical basis of early-time
affinity discrimination in B cells. Below a threshold affinity
(such as for self-ligands), the phase separation in raft domains
would not occur, even if the antigen concentration was taken
to be very high.

5.3. Kinetic Proofreading and Serial Triggering in a Lipid
Raft Model. We already discussed kinetic proofreading and
serial triggering, concepts that have been invoked to elucidate
the mechanisms of affinity discrimination in immune cells.
Such concepts need to be reanalyzed in the light of in silico
studies of BCR-lipid raft formation and molecular level events
observed in recent experiments (during early-time activa-
tion in immune cells). Clustering of receptors (and slower
diffusion) in lipid rafts can affect the way single antigens
serially trigger immune cell receptors. In some of the ear-
lier mathematical and computational studies, kinetic proof-
reading had to be incorporated ad hoc to explain affinity
discrimination [11, 31, 109] (even though biochemical events
such as ITAM tyrosine phosphorylation were mentioned as
potential kinetic proofreading steps). In a model of BCR-lipid
raft formation, however, kinetic proofreading can emerge
naturally from the course of molecular events without any a
prioriassumptions. In our simulations of resting B cells, BCRs
are predominantly outside rafts while Lyn mostly resides in
sphingolipid rich regions. Thus, BCR and Lyn are segregated
into distinct spatial regions in resting B cells prohibiting
spontaneous activation. Antigen binding, however, leads to
generation of BCR-sphingolipid rafts and colocalization of
BCRs with signaling kinase Lyn. The delay in BCR-Lyn
association, upon antigen binding, can provide a key step
in kinetic proofreading mechanism. The following antigen
stimulation-induced membrane proximal events can serve
as kinetic proofreading steps: (1) dimer/oligomer formation
of BCRs, (2) BCR-lipid raft formation and BCR-Lyn colo-
calization in stable rafts, (3) phosphorylation of BCR ITAM
tyrosine residues by Lyn (presumably leading to “closed” to
“open” transition in BCR cytoplasmic domains [55]), and (4)
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recruitment of Syk to BCR cytoplasmic domains. In a similar
manner, in resting T cells (without antigen stimulation),
TCRs are located outside lipid rafts. Doubly acetylated Src
family kinase Lck (equivalent of Lyn in B cells) is known to
be constitutively present in the inner leaflet rafts in resting
T cells. Coreceptors CD4 and CDS8 are also known to be
localized in resting cell rafts [85]. Thus, selective partitioning
and recruitment of signaling molecules, in different spatial
regions of the B/T cell membrane, can emerge as a basis
for kinetic proofreading. Surprisingly, in B cells, the require-
ment of kinetic proofreading time decreases with increas-
ing affinity thus favoring increasingly higher affinity for
antigens.

The precise dependence of kinetic proofreading on anti-
genic affinity, however, is expected to vary depending on the
details of the system (such as cell type) under consideration.
It will be interesting to explore how differences in molecular
level events can differentially coordinate receptor-lipid raft
formation in different immune cells (such as B and T lympho-
cytes) leading to distinct patterns of affinity discrimination.
Some of the energy-based parameters (such as BB and BL),
for example, can vary depending on the immune cell type
under consideration. In T cells, recent studies indicate the
presence of significant amount of TCR clustering in resting
naive T cells [83] (though contradictory results exist [110,
111]). If such TCR clusters (protein islands/nanoclusters) exist
in resting T cells that would affect the kinetic proofreading
step of TCR-Lck colocalization. It will also be interesting to
explore if the BCR clustering differs from the TCR clustering
(in resting cells) and whether such differences contribute to
differences in affinity discrimination behavior between B and
T cells. Other possible mechanisms such as more severe loss
of serial triggering in T cells (with increasing affinity), than
that in B cells, could also contribute to nonmonotonic dis-
crimination observed in T cells. Clearly, the pMHC-mediated
antigen binding mechanism in T cells differs from BCRs
binding to whole antigens. Even at the level of the molecular
organization, the TCR CD3 complex differs significantly from
the BCR Iga-Ig 3, which may lead to differences in the forma-
tion mechanism of dimeric/oligomeric clusters. In addition,
coreceptor signaling, Src family kinase recruitment, coago-
nism of self-peptides (endogenous peptides), and receptor
downregulation can be important in TCR serial triggering
and affinity discrimination; all these factors, however, should
impact the early-time T-cell affinity discrimination through
the formation of TCR-lipid rafts. Early-time feedback regula-
tions (such as through ERK and SHP-1) can also be important
in generating affinity discrimination [112].

It is interesting to note that self- (endogenous) peptides
were shown to act as coagonists in T cells (in the presence
of agonist foreign ligands), and the effect was enhanced for
stronger agonists [36-38]. It was also observed that the den-
sity of self peptide-MHC ligands can be a key regulator of
TCR signaling [38]. Therefore, the mode of ligand presenta-
tion, such as clustering of pMHC or antigen on the antigen
presenting cells, can impact receptor-induced signaling and
affinity discrimination. Study of different modes of ligand
presentation can also be significant in the context of vaccine
design as novel nanotechnology-based approaches [113] will

provide various options for controlled presentation of anti-
gens.

5.4. Coupling Membrane Mechanics with Receptor-Ligand
Binding and Lipid-Mediated Interactions: Implications for
Receptor-Lipid Raft Formation. The change in the local inter-
membrane membrane separation distance z is assumed to
evolve (towards the free-energy minimum) according to a
time-dependent Landau-Ginzburg formulation [114-118]:
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The local membrane shape is described by z(x, y). For two
cells in contact, z denotes the intermembrane separation
distance. The first integral in the equation contains the energy
associated with stretching of receptor-ligand bonds, which is
a function of the local concentration C;(x, y) of N species
of receptor-ligand bonds (such as BCR-antigen complexes),
where «; and z,;) are the bond stiffness (#N/m) and equilib-
rium bond length of species 7, respectively. The last two terms
relate to the energy associated with membrane tension (y)
and bending rigidity (), respectively. Previously we could
incorporate the effect of membrane shape fluctuations into
our kinetic Monte Carlo model for receptor-ligand binding
[64]. Uniform values for the membrane parameters (y, f3)
were assumed over the entire membrane. However, one may
assign two distinct sets of membrane parameters, (y;, ;) and
(y5> B,)> corresponding to sphingolipid and phospholipid
rich regions, respectively. It will be interesting to explore if
receptor-ligand binding and BCR-BCR oligomerization (due
to cu4 opening) can lead to preferential localization of BCRs
into stiffer sphingolipid rich regions (presumably having
higher y and f3). In this manner, the BL parameter mentioned
earlier in this paper (Section 5.1) can partially emerge from
a coupling between membrane mechanics and receptor-
ligand binding. There might be other interesting effects
that would result from linking membrane mechanics with
receptor-ligand binding and lipid-mediated interactions.
Transient uncoupling of actin cytoskeleton from BCR-lipid
raft domains [82] can lead to increased membrane flexibility
(decreased bending rigidity). In addition, opening of the cu4
domain might acquire some sort of spatial dependence if the
pulling force (that causes cy4 opening) on BCRs depends on
the intermembrane separation.

5.5. Functional Role of Rafts: Affinity Discrimination in
Immune Cells. Functional significance of lipid rafts, such as
those exist on the resting cell plasma membrane or activation
induced, remains a key question in the field of raft research.
It is becoming increasingly clear that rafts can allow signaling
molecules to assemble in a signaling platform (signalosome)
for initiation and modulation of specific cellular signaling. In
some other situations, disruption of rafts might actually lead
to enhanced signaling. For example, some studies indicate
that growth receptor EGFRs can form dimers more easily
once those are outside rafts [119]. Formation of EGFR dimers,
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upon EGF binding, is known to be a key step in the initiation
of autophosphorylation and signaling. In B cells, some
earlier studies found that disruption of rafts by cholesterol
depleting agents (methyl-S cyclodextrin) can enhance sig-
naling through BCR signaling chains. Whether such choles-
terol depletion-mediated enhancement of signaling is robust
across physiological range of affinity values and under vari-
ation in BCR/antigen density remains to be seen. What is
then the biological function of B-cell immune rafts? Clearly,
it provides a mechanism for protecting resting B cells from
spontaneous activation by segregating BCRs and Lyn in
distinct membrane locations. It is also evident that rafts can
be considered as signaling regulators that can selectively
recruit/remove signaling (as well as inhibitor) molecules, in
a dynamic manner. For low concentration of antigens, or
for low-affinity binding, spatial clustering in raft domains
may boost an otherwise weak signaling (by satisfying kinetic
proofreading requirement and increasing serial triggering).
For antigen-induced strong signaling, on the other hand, rafts
might function to downregulate the signaling. Therefore, it is
expected that lipid rafts in B cells function to adjust the mem-
brane proximal signaling response to the antigen load and
affinity. It is also possible that rafts orchestrate the signaling
in a dynamic manner: an initial weak signaling is enhanced
but downmodulated once a threshold is reached (a similar
mechanism has been proposed for signaling through the
T-cell immunological synapse [120]). For small number of
antigens/BCRs, or for low antigen affinity, spatial clustering
in rafts can also be a mechanism for reducing cell-to-cell
stochastic variability.

Our initial findings, interestingly, indicate that BCR-Lyn
association is regulated by affinity-dependent formation of
large stable receptor-lipid rafts (upon antigen ligation) pro-
viding a mechanism for kinetic proofreading and affinity
discrimination. Clustering of BCRs in raft domains should
also regulate serial triggering by antigens, especially when
the antigen affinity is low and rapid dissociation of receptor-
antigen bonds is possible (such as during the early phase
of an infection). Thus, the functional role of BCR-lipid rafts
emerges to be more intricate than simply providing a plat-
form for signaling. It is now increasingly recognized that the
lipid and/or cholesterol composition in a cell can be altered
to regulate signaling outcome. In some types of B cells (such
as autoimmune or memory B cells), altered lipid composition
and lipid-protein association may lead to faster and stronger
response to antigenic stimulation. It seems reasonable to
expect that receptor-lipid rafts would function in a similar
manner to achieve affinity discrimination in other immune
cells equipped with MIRRs (multichain-immunorecognition
receptors), such as in T cells. There might be other examples
in cell biology where important cellular function is intricately
linked to the formation mechanism of rafts imparting highly
specialized functional role to lipid rafts. Given the key
importance of receptor-lipid rafts in immune cell activation,
especially in the affinity discrimination process, study of
immune rafts is likely to be an area of intense future research.
Advent of novel experimental technologies, such as the super-
resolution method, should bring new excitements to this
emerging area of study.
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6. Mathematical and Computational
Modeling of Raft Formation in Adaptive
Immune Cells: A Tool to Analyze Recent
Experimental Results

Monte-Carlo-based in silico study of BCR-lipid raft formation
can be utilized to analyze recent data gathered by experi-
mental studies of B-cell activation. For B lymphocytes, data
is available from imaging experiments, FRET studies, and
proteomic studies [56, 80, 82]. It is possible to integrate this
diverse set of experiments through mathematical and compu-
tational studies. One can define a set of different quantitative
measures for analyzing simulation results. Each of those
quantitative measures then can be utilized to analyze a
specific type of experimental data. For example, a measure
for BCR-Lyn association can be useful in analyzing dynamical
FRET between Lyn FL/Lyn16 (lipid raft probe) and BCR cyto-
plasmic domains [80]. Estimation of the BCR fraction local-
ized in sphingolipid domains before and after antigen liga-
tion, from BCR-lipid raft simulations, can be compared with
data obtained from proteomic measurements in [82] (or sim-
ilar measurements). Another study of lipid rafts in B lympho-
cytes, based on biochemical measurements, indicated that
disruption of rafts (by methyl-beta-cyclodextrin) can actually
lead to increased signaling. In the Monte Carlo model,
one can potentially study the effect of raft disruption by
changing some of the parameter values (such as by decreas-
ing the lipid-lipid interaction parameter LL described in
Section 5.1). In the experimental studies of receptor-lipid raft
formation in B cells, the effect of antigen affinity variation is
not explored to date. However, such affinity variation studies
could be key to elucidating the functional role of lipid rafts
in B lymphocytes. A recent study explored the mechanism
of early-time B cell affinity discrimination at a fundamental
molecular level [13], though it did not probe the formation
of BCR-lipid rafts. Two key observations that emerged from
this study: (i) formation of BCR microclusters (upon antigen
binding) is affinity-dependent; (ii) FRET efficiency between
BCR cytoplasmic domains shows a nonmonotonic (tem-
poral) behavior in an affinity-dependent manner. Further
probing of BCR microclusters might reveal colocalization
of raft forming sphingolipids in those microclusters. The
nonmonotonic behavior in FRET was thought to indicate a
conformational change (from “closed” to “open” form) in the
BCR cytoplasmic domains that coincided with recruitment
of signaling kinase Syk to the BCRs. The decay curve for
the FRET between BCR cytoplasmic domains (after the
FRET peak is reached), when normalized by the peak FRET,
seems to indicate a simple exponential behavior; such an
exponential decay can thus be analyzed by a first-order decay
kinetics: dE/dt = -kE, where E denotes the normalized
FRET efficiency. Interestingly, the decay constant seems to
depend on the antigen affinity indicating that k is presumably
determined by the degree of BCR-Lyn association. Monte
Carlo simulations can be carried out to provide insight into
such FRET data; initial results indicate that (Section 5.2)
BCR-BCR clustering and BCR-Lyn association (through
formation of BCR-lipid rafts) are both affinity dependent.
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7. Role of Rafts in Long-Time Affinity
Discrimination: Affinity-Dependent
Formation and Function of
Immunological Synapses

Biochemical engineering of membrane organization and het-
erogeneity (based on underlying physics of lipid and protein
interactions) in adaptive immune cells and the biological
function of affinity discrimination are intricately linked.
Clustering of receptors and signaling molecules in lipid rafts
and immune synapses are two prime examples of such
membrane organization and heterogeneity. Lipid rafts and
immunological synapses should coordinate serial triggering
and kinetic proofreading in a cell-type-specific manner and
induce affinity discrimination.

After its initial discovery in T cells [121, 122], exploration
of formation mechanism and functional role of immunolog-
ical synapses has attracted a lot of attention. In T cells, it has
been observed that two types of receptor-ligand pairs (TCR-
pMHC and LFAI-ICAM]I) cluster at the cell-cell contact
(between a T cell and an APC) but are also known to segregate
in the form of an immunological synapse. It was later found
that the synaptic pattern in T cells was driven by receptor-
ligand pair length differences [114-116, 118]. Cytoskeletal-
driven active transport (of receptors), though not essential,
was also thought to be important in rapid (<5 minutes) gener-
ation of T cell synapses [115, 117]. In B cells, similar canonical
synapse pattern (between BCR-antigen and LFA1-ICAMI)
was discovered [123, 124] but the formation mechanism was
unclear. Monte-Carlo-based studies elucidated that directed
transport of B-cell receptors (or receptor-ligand bonds) is
a potential formation mechanism for B-cell synapses [60,
61, 64], as there is no indication that there exists significant
difference in equilibrium bond lengths between BCR-antigen
and LFAI-ICAMI (at least for IgM BCRs) that are forming
the synaptic pattern. Thus, it is reasonable to expect that a
combination of (i) difference in equilibrium bond lengths
(and/or other bond properties) of two types of receptor-
ligand pairs and (ii) cytoskeletal-driven active transport
mechanisms coordinates immunological synapse formation
in B and T cells. Relative significance of those two factors, in
synapse formation, should depend on the cell type (also the
receptor type) under consideration.

Even though some of our initial studies indicated the sig-
nificance of antigen affinity in B-cell synapse formation, the
role of affinity in synapse formation remains little explored
to date. For example, cytoskeletal-driven directed transport
of BCRs could potentially be affinity-dependent leading to
affinity dependent generation of immunological synapses.
It is clear from experimental studies that formation of
receptor-lipid rafts precedes the formation of immunological
synapses (in lymphocytes). If signaling through receptor-
lipid rafts is affinity dependent, as emerges from our recent
simulations of raft formation in B cells, it could generate
affinity-dependent directed transport. Besides regulating the
directed transport of receptors, early-time receptor-lipid rafts
might be impacting the formation of immunological synapse
in various other interesting ways. Immunological synapse
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might itself be enriched in sphingolipid and cholesterol.
In T cells, participation of rafts in immunological synapse
formation remains controversial based on initial studies [79].
Further studies are needed to link receptor-lipid rafts and
immunological synapses. This seems to be an exciting future
area of research that can benefit both raft research as well as
the field of immunological synapses.

Whether or not rafts are integral part of an immunologi-
cal synapse, long-time signaling and affinity discrimination
should depend on function of immunological synapses, as
those synaptic structures are known to be stable over an hour
(or even longer). In T cells, based on an combined experi-
mental and theoretical study, it was proposed that immune
synapse boosts initial signaling but also leads to severe loss in
signaling (due to increased TCR degradation) at long times;
impairment in T-cell synapse formation in that study leads
to maintenance of strong signaling over long time [120].
While the finding of signaling attenuation by immunological
synapse seems to be a major function of the synapse, it
seems more reasonable that early-time strong signaling is
achieved through lipid rafts. Whether T-cell synapse can
boost an initial signaling needs to be elaborated by further
studies, but might be important for low number of antigens
and/or for low-affinity binding [125]. Clustering of receptors
(in the immune synapse) can definitely affect the way single
antigens serially trigger immune receptors. In this context,
the mechanism of receptor (BCR/TCR) downregulation and
the role of self-antigens also need to be considered. In B cells,
for example, internalization of BCR-antigen complex should
not free up single antigens for increased serial triggering
(compare n,/n, with (n, —1)/(n, — 1), n,: number of antigens
and n,: number of receptors). Supporting the hypothesis
of affinity discrimination through immunological synapses,
it was shown that B-cell synapse collects antigens (in the
synapse) in an affinity-dependent manner [12]. This finding
has important ramifications for affinity discrimination in T
cells (in vivo) and will be discussed further in the next section.

8. Affinity Discrimination In Vivo

Only a few specific lymphocytes (B and T cells), out of
billions of such cells, are known to get activated and mount
a successful immune response against a particular type of
pathogen. How the adaptive immune system carry out such
a task remains a problem of considerable interest. It is now
established that both B and T lymphocytes first encounter
antigen on antigen presenting cells (such as dendritic cells)
for initial priming; afterwards B lymphocytes present antigen
to T cells during which both of those cells receive a second
activatory signal (for thymus-dependent antigens). Our ini-
tial studies on B-cell synapse formation, as well as experimen-
tal studies, indicate that B cells collect antigen in the synapse
in an affinity-dependent manner. Thus, B-cell internalization
of antigens and subsequent presentation to T cells presumably
increase with increasing affinity. Hence, any study of affinity
discrimination in T cells should account for increasing level
of antigens presented by B cells equipped with higher affinity
receptors. Affinity-dependent presentation of antigens by
B cells might also have interesting consequences on the
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affinity maturation process, which is partly mediated by
repeated interaction between B and T lymphocytes. Whether
increasing levels of antigens presented to T lymphocytes, by
affinity matured B cells, can compensate for decreased T
cell signaling for high-affinity (beyond an optimal thresh-
old) antigens remains an interesting question for further
exploration. Some earlier studies indicate existence of T-cell
affinity maturation by selective expansion of high-affinity T-
cell receptors [126-129] (from the existing pool of TCRs as
there is no evidence of TCR somatic mutation).

8.1. Affinity Discrimination and Affinity Maturation. B cells
have the ability to optimize the immune response against
changing pathogenic load by utilizing the process of affinity
maturation during which B-cell receptors with increasingly
higher affinity for antigens are clonally selected. Such an opti-
mization process can be a key to adaptability of the immune
system. In general, biological systems (such as biological
networks) are engineered for an optimal response, and the
nature of optimization should depend on the function of the
biological system under consideration. Previous theoretical
studies explored optimal strategies in immunology [130-
132], including the optimal control mechanism for somatic
hypermutation and affinity maturation [133, 134]. It will be
interesting to study the problem of affinity maturation as
a process that tries to minimize antigen load (maximize
antigen-antibody reaction for antigen elimination) utilizing
arandom process of generating BCR diversity. It seems likely
that a possible solution to this problem will require some type
of feedback mechanism that can regulate the mutation rate
(as the pathogenic load varies). It has been proposed that
antigen-antibody complex formation can interact with the
complement system and thereby provides an important sig-
nal for inducing somatic mutations in germinal center B
cells. The antigen-antibody-complement complex delivers
this positive regulatory signal by cross-linking the anti-
gen receptor with coreceptor (CD21/CD19/CD81) molecules.
Such an antigen-antibody-complement complex-mediated
signaling should be highly affinity dependent and presumably
coordinated through receptor-lipid rafts. FRET-based mea-
surements have indicated that colligation between the BCR
and the coreceptor (CD19/CD21) prolongs BCR association
with lipid rafts [56]. How in vivo feedback mechanisms utilize
the somatic mutation rate to optimize the response against
a given pathogenic load remains a challenging problem to
tackle. With the recent advances in imaging techniques that
are able to visualize both cellular and molecular level mech-
anisms of B-cell activation (such as raft clustering) as well as
complex details of in vivo interactions, the field is poised for
such fundamental elucidations.

Aflinity maturation remained a problem of considerable
interest to immunologists. Linking affinity maturation to
single-cell affinity discrimination in B cells, however, is more
recent. The relation between affinity discrimination and affin-
ity maturation is intricate. It is clear that monotonic affinity
discrimination observed in B cells will provide advantage
to higher affinity BCRs (generated by the affinity matura-
tion process) in generating increasingly stronger immune
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response, elucidating the biological function of affinity matu-
ration. Interestingly, higher activation level of B lymphocytes
(with increasing affinity) can itself be a mechanism that
leads to affinity maturation. B-cell affinity discrimination can
impact the selection of high-affinity receptors during affinity
maturation in the following manner.

(1) B cells can receive stronger second signal of activation
from T cells by presenting increasing amount of
antigen (acquired by higher affinity BCRs). Increas-
ing T-cell-mediated signaling has been implicated
in the affinity maturation process [27]. T cells also
presumably receive a stronger activation signal due
to the larger amount of antigens presented. Such a
process can generate a mutual feedback effect due
to repeated interaction between B and T cells in the
germinal center. T lymphocytes, though do not posses
an inherent ability to generate high-affinity receptors
(through somatic mutation), might be able to gener-
ate increasingly stronger response by B-cell-mediated
effects.

(2) Advent of multiphoton imaging techniques has pro-
vided us with new information on the in vivo traffick-
ing of lymphocytes (such as in lymph nodes) [135-
139]. This new data has attracted a lot of recent atten-
tion from immunologists [27, 140]; computational
modeling studies that are synergistic with imaging
experiments provided valuable insight into in vivo
immune activation [141-144]. There have been some
initial studies that addressed the process of B-cell
affinity maturation in light of the recent in vivo
imaging data [136, 141]. It is expected that it will be
a topic of high interest in the field due to its fun-
damental significance in adaptive immunity as well
as for its ramifications in vaccine design. In this
context, it will be interesting to explore if trafficking
of B cells (such as random walk migration) can be
affinity dependent and whether that affects the affinity
maturation process.

(3) Apoptotic cell death has been shown to play a signifi-
cant role in the affinity maturation process [27]. B cells
with low-aflinity receptors are shown to be negatively
selected in the germinal center but can be rescued
by overexpression of Bcl-2-like antiapoptotic proteins
[145]. Independently, there have been recent novel
findings in the system level regulatory mechanisms of
apoptosis signaling [146-150]. Mathematical analysis
and Monte-Carlo-based in silico studies proved to be
useful in elucidating cell-to-cell stochastic variability
in apoptosis signaling [146, 151]. Such systems level
information in apoptosis regulation can provide new
ways to think about the role of apoptosis in affinity
maturation. In addition, these findings in apoptosis
signaling can impact the study of important immuno-
logical processes such as the negative selection of
immature lymphocytes.

A key challenge in the field will be to develop mathematical
and computational models of in vivo affinity maturation that
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can incorporate the following components: (i) competition
for antigens, (ii) B- and T-cell interaction, (iii) trafficking
of immune cells, (iv) apoptotic cell death, and (v) spatial
heterogeneity and architecture of tissues.

9. Affinity Discrimination and Lipid
Rafts in Health and Diseases: Autoimmune
Disorders and Vaccine Design

Affinity discrimination and formation of receptor-lipid rafts
in immune cells emerge to be highly connected problems.
Any immunological processes (including their dysregula-
tions), which are linked to affinity discrimination, are poten-
tially affected by the formation of receptor-lipid rafts. Auto-
immune disorders and vaccine design are two prominent
examples where affinity discrimination and affinity matura-
tion are keys to immunological activation.

Autoimmune disorders can be thought to arise from
dysregulated aflinity discrimination resulting in activation by
lower affinity self-antigens. In SLE (systemic lupus erythe-
matosus), for example, hyperactive immune response leads
to loss in tolerance against self-antigens characterized by
autoantibody production and inflammatory cells (including
T cells) infiltration in target organ. In addition to its clear rel-
evance in human health, study of autoimmune disorders can
provide important insight into the question of self/nonself
discrimination in immunology. This problem of self/nonself
discrimination can be approached in two different manners:
(1) explore the mechanisms by which nonself-ligands activate
the immune system but self-ligands maintain tolerance; (2)
how tolerance is broken in autoimmune disorders. In both
of these cases, lipid rafts might be key orchestrators of
immune cell activation. Recent studies indicated the crucial
role of lipid rafts in SLE [103]. B cells from SLE patients
showed distinct raft localization of signaling molecules (Lyn
kinase and CD45 phosphatase) compared to those in healthy
controls. There was significant reduction in Lyn localization
in sphingolipid domains of B cells from SLE patients, whereas
CD45 (low molecular weight isoform) showed enhanced
recruitment to raft domains. Dynamical recruitment of Lyn
and CD45 in-and-out of sphingolipid rafts, upon antigenic
stimulation, showed altered kinetics. In SLE T cells, similar
altered raft localization of membrane proximal signaling
molecules, such as decreased raft colocalization for the kinase
Lck, has been observed [104, 152]. In addition, rafts were
found to be preclustered rafts in SLE T cells [104]. In B cells
obtained from SLE patients, intense but irregular staining of
lipid rafts (by cholera-toxin-B) was observed (compared to
more uniform and light staining observed in B cells of healthy
controls) [103]. As more advanced super-resolution imaging
techniques become available [94], we will be able to better
distinguish between small unstable rafts in normal immune
cells (T and B lymphocytes) and preclustered rafts in SLE
lymphocytes (resting state). With our enhanced knowledge of
autoimmune disorders at the cellular level, one would expect
that raft-targeted therapies will be increasingly common in
treatment of those diseases [153]. Mathematical and com-
putational modeling can be important in designing optimal
strategies to target lipid rafts in patients with autoimmune

13

disorders. Monte Carlo simulations, for example, can be
utilized to carry out parametric variation study (to simulate
disease-specific conditions) in a rapid manner. In addition
to its clear benefit in health studies, probing the altered state
of rafts in lymphocytes obtained from autoimmune patients
can provide unique opportunities to study the fundamental
problem of affinity discrimination. Not only such studies will
elucidate the mechanisms of activation against weak self-
ligands, but can also provide crucial information on immune
activation and affinity discrimination for the entire physio-
logical range of affinity values. One might ask, for example,
whether the monotonically increasing affinity discrimination
observed in B cells will still be maintained in SLE rafts (or
other types of altered rafts in autoimmune disorders).

Generation of high-affinity antibodies, through affinity
maturation, is a key to design of vaccines that rely on B-cell-
mediated antibody production and memory cell generation.
Recent focus on developing vaccines that would generate
broadly neutralizing antibodies against infectious agents
underscores the role of affinity maturation. In the case of
influenza virus, germline-encoded precursors of antibodies
that bind to invariant structures on influenza haemagglutinin
(HA) did not bind HA as soluble immunoglobulins (IgG),
but elicited tyrosine kinase signaling (against HA) when
expressed as cell surface IgM [3]. Clearly, affinity matured
soluble antibodies are needed for efficient elimination of
influenza HA. Thus, fundamental understanding of the initial
events of B-cell signaling and affinity discrimination, as
well as of the process of in vivo affinity maturation, can
be critical to rational design of vaccines. A recent study
to develop HIV-1 gpl20 vaccine also implicated the role of
affinity maturation in generating protective antibodies and
suggested that improved vaccination strategies are needed
to generate broadly neutralizing affinity matured antibodies
[2]. Recent advent of nanotechnology-based approaches in
vaccine design, such as presenting antigens on nanoparticles
[113], can potentially lead to novel strategies for utilizing
affinity discrimination and affinity maturation. Evidence
exists that different adjuvants affect the affinity maturation
process differently [154]. If mathematical and computational
models can be developed to perform in silico simulations
of in vivo immune activation under different immuno-
gen/adjuvant combinations, such a tool can be utilized to
optimize the efficacy of different vaccination strategies and
compare among potential options. In this context, targeting
the lipid rafts might open up another avenue in the field of
vaccine design.

10. Concluding Remarks

With the advent of modern experimental technologies and
recent increase in computing power, we are in a position
to explore complex biological systems. The large number
of degrees of freedom, involvement of multiple length and
time scales, complicated structure of the interaction network
among its components, and intricate rules of regulation all
contribute to the complexity of a biological system. Such
complexity, however, renders a biological system respond to
wide variety of stimuli and adapt to a changing environment.
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Frequently, such adaptive features emerge from complex
interaction among its components. In the adaptive immune
system, huge diversity of antigen-specific immune receptors
(~10'2), coupled with clonal expansion of high-affinity (anti-
gen specific) receptors and memory cell generation, generates
a collective fitness that dynamically evolves to impart adapt-
ability. However, this huge diversity of immune receptors (for
broad coverage of antigenic epitope space) leaves only a few
specific lymphocytes for a particular antigen. Therefore, it is
important to know how only a few specific lymphocytes (out
of billions of such cells) can respond and eliminate foreign
pathogens. Affinity discrimination and affinity maturation
are two linked properties that allow the immune system to
achieve this complex task; those features are also the key to
adaptation. Mathematical and computational modeling has
proved to be an essential tool in elucidating the mechanisms
of affinity discrimination and affinity maturation. Starting
from ODE-based models of kinetic proofreading to PDE-
based exploration of competition between kinetic proof-
reading and serial triggering in affinity discrimination and
to detailed Monte Carlo simulation (agent-based stochastic
model that has its basis in probabilistic master equations) of
immune cell activation, mathematical/computational model-
ing has considerably evolved over the years. It has become
increasingly synergistic to experimental studies and also a
necessary tool to analyze experimental data. In addition
to its profound role in elucidation of fundamental biol-
ogy of immune cell activation, mathematical and computa-
tional modeling might be increasingly utilized in designing
immunotherapeutic strategies such as in vaccine develop-
ment.
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