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T cell microvilli simulations show operation near
packing limit and impact on antigen recognition
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ABSTRACT T cells are immune cells that continuously scan for foreign-derived antigens on the surfaces of nearly all cells,
termed antigen-presenting cells (APCs). They do this by dynamically extending numerous protrusions called microvilli (MVs)
that contain T cell receptors toward the APC surface in order to scan for antigens. The number, size, and dynamics of these
MVs, and the complex multiscale topography that results, play a yet unknown role in antigen recognition. We develop an
anatomically informed model that confines antigen recognition to small areas representing MVs that can dynamically form
and dissolve and use the model to study how MV dynamics impact antigen sensitivity and discrimination. We find that MV sur-
veillance reduces antigen sensitivity compared with a completely flat interface, unless MV are stabilized in an antigen-dependent
manner, and observe that MVs have only a modest impact on antigen discrimination. The model highlights that MV contacts
optimize the competing demands of fast scanning speeds of the APC surface with antigen sensitivity. Our model predicts an
interface packing fraction that corresponds closely to those observed experimentally, indicating that T cells operate their
MVs near the limits imposed by anatomical and geometric constraints. Finally, we find that observed MV contact lifetimes
can be largely influenced by conditions in the T cell/APC interface, with these lifetimes often being longer than the simulation
or experimental observation period. This work highlights the role of MVs in antigen recognition.

SIGNIFICANCE T cells search for foreign-derived antigens on the surface of antigen-presenting cells (APC) by
dynamically extending tubular protrusions called microvilli (MVs), which form membrane close contacts. Although known
for decades, their role in antigen recognition remains unclear. Guided by recent experiments, we built an anatomically
informed stochastic model of MV scanning and compared it with a topologically flat interface. We find that MV scanning
modestly impacts antigen discrimination, yet it enables T cells to balance the competing effects of maintaining sensitivity
while conducting rapid APC surveillance. The model can reconcile discrepancies in observed MV lifetimes and
demonstrates that observed area coverage fractions correspond to geometric packing limits. Our work suggests that MV's
promote positive signaling outcomes despite anatomical constraints to close contact formation.

INTRODUCTION for decades, yet the function of these structures is largely
unknown.

MVs are generally described to be =50—-400 nm wide
with micrometer-long structures (1). They first became
apparent when imaging T cells by electron microscopy
(2-4). Due to their small size, conventional light micro-
scopy cannot resolve them. However, recent developments
have allowed imaging of MVs on cells (5,6), greatly
increasing our understanding of their dynamics in homeo-
stasis or during antigen recognition. While they only cover
about 40% of the interface at a given time, through their dy-

T cells are immune cells that continuously search for the
molecular signatures (antigens) of pathogens and, upon an-
tigen recognition, can initiate adaptive immune response.
T cells recognize antigen through binding of their T cell re-
ceptor (TCR) to antigens presented by antigen-presenting
cells (APCs). In addition, T cells search for antigen on
APCs via small tubular membrane protrusions, termed
microvilli (MVs). The existence of MVs has been known
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can increase upon antigen recognition, with reported life-
times ranging from 9 s to 18 min (5,6). Super-resolution mi-
croscopy has revealed that MV tips are enriched in TCR and
adhesion molecules (4,10), consistent with their role in
forming the small close contacts required for TCR/antigen
binding (11). One hypothesis is that MVs are a necessity
of the biophysical constraints of the T cell/APC interface
(1). Both the surfaces of APCs and T cells are covered
with glycoproteins, such as the abundant CD45 on T cells,
generating a thick glycocalyx that causes steric and electro-
static repulsion (12—-14). As both TCRs and antigen are
much shorter in comparison, the penetration of this matrix
is required for the formation of close membrane contacts
and binding to occur (6,14).

The potential role of MVs in antigen recognition is
unclear. The process of antigen recognition is marked by
rapid recognition speeds with single-molecule sensitivity
to agonist ligands. For example, CD4" T cells can exhibit
Ca’" signaling, a precursor of T cell activation, when stim-
ulated with a single molecule of foreign antigen (15). Simi-
larly, CD8™" T cells have been shown to recognize as few as
three molecules of a foreign antigen (16). This single-digit
molecule sensitivity is particularly remarkable given how
short lived TCR/antigen interactions are. TCRs bind foreign
antigen with typical bond lifetimes in the range of 1-10 s
(17). Moreover, this level of sensitivity is achieved with a
high speed, since T cells have been shown to exhibit Ca**
signaling in as little as 7 s upon antigen binding (18). Intu-
itively, MVs would be expected to decrease the sensitivity
when compared with a flat interface, as they only contact
40% of the surface at a given time.

Lastly, T cells are able to amplify small differences in an-
tigen affinity into large differences in their responses (19).
Furthermore, T cells can ignore APCs that express a high
abundance of self-derived antigen while retaining sensi-
tivity to only a few foreign antigen, even in cases where
they may be chemically similar (20). We have previously
speculated that small contacts, such as the ones formed
by MVs, could improve the antigen discrimination (21).
In this theory, creating small domains improves signal/
noise, effectively implementing kinetic proofreading on a
topological level. Furthermore, antigen discrimination
was shown to be improved by a biophysical phenomenon
that can increase the lifetime of foreign antigens (catch
bond), while decreasing the lifetime of self-antigens (slip
bond) (22-25). In this model, MVs may act as the source
of the bond stress (1).

In the present work, we develop a new computational
model that combines stochastic topography induced by
MYV surveillance of the APC surface together with TCR/
antigen interactions. We investigate the effect of MVs
on sensitivity, speed, and antigen discrimination when
compared with a hypothetical flat interface. We find that
the sensitivity and speed are decreased with MVs, while
the discrimination is largely unchanged. However, when

Microvilli dynamics

introducing signaling-dependent MV stabilization, sensi-
tivity and speed are markedly improved. Lastly, we show
that MV scanning operates near the packing limit of MVs
in the contact interface and that discrepancies in the exper-
imentally measured MV lifetimes are likely a result of
censored data collection. Together, these results support
the hypothesis that MVs have evolved out of biophysical
constraints rather than to improve antigen recognition or
discrimination.

MATERIALS AND METHODS

Our model of T cell activation is compartmentalized be-
tween a spatial search component describing APC surface
exploration and a kinetic proofreading (KP) component
describing TCR/antigen interactions. See Fig. 1 for a
detailed schematic.

MV dynamics and packing limits of the
immunological synapse (IS)

Close contacts between circular MV tips (radius ryy) and
the circular T cell/APC interface (radius rig) are subject to
addition (rate k,) and removal (rate kq). Steric clashes be-
tween MVs are prevented by placement of new contacts
only into open spaces of the IS.

To ascertain the availability of free space for new contacts
to be placed, we use a separate simulation to predetermine
the packing limit of the IS for a given MV tip radius ryy.
This is accomplished by repeated random placement at-
tempts (7) in the T cell/APC interface. After placement at-
tempts exceed a threshold (T > Twax), the final number of
MYV contacts (Nyax) is recorded, with the results being aver-
aged over 100 realizations. In Fig. 4 B, the results of packing
simulations for different MV radii (ryv) are shown. The ver-
tical axis (1/T) approximates the probability of placing an
additional MV contact into an open space in the T cell/
APC interface as the number of contacts (Nypy) increases.

TCR/antigen interaction

We assume that MV tips are densely packed in TCRs so that
whenever an MV contact houses one or more antigens, inter-
actions occur through a KP mechanism (26). KP posits that
a productive immune signal can arise from TCR/antigen in-
teractions only after a sequence of intermediate binding
steps have occurred. Each intermediate step is irreversible,
such that upon TCR/antigen dissociation (rate ko), the
TCR reverts to its original unphosphorylated state before a
new antigen binds. KP predicts that T cell activation is
linked to the lifetime (1/kof) of the TCR/antigen complex
(26). An outcome of this mechanism is that a time delay
is induced between an initial binding event and eventual
signaling, such that only long-lived TCR/antigen complexes
progress into a signaling state. With multiple steps, KP can
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FIGURE 1 Model overview. (Left) Illustrations
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discriminate with high accuracy between antigens of
different TCR/antigen dissociation rates (kogt).

Our model consists of Ny, intermediary states
{Bi, ..., By, } with transition rate k. The rate at which signal
accumulates from individual activated TCRs, as well as the
threshold of total signal required for T cell activation, is cho-
sen so that antigen discrimination is possible within experi-
mentally observed dissociation times. As reported by lezzi
et al. and Huppa et al., TCR/antigen complexes can experi-
ence lifetimes as short as 0.1 to 10 s (27-29). The accumu-
lated signal X(¢) to the T cell is modeled by dynamics

B Skl = X0.0>0X(0) = 0. ()
where k, is the signaling rate and S(¢) is the number of
TCR/antigen pairs in a signaling state at time ¢ (in the sto-
chastic model, this is a discrete valued function). We assume
signal accumulation occurs globally, meaning that regard-
less of the spatial location of activated TCR/antigen pairs
in the IS, they contribute equally to the total accumulated
signal. Similar behavior has been observed in experiments
utilizing photoactivation of micro-scale regions of the IS,
where it was found that localized signals propagate away
from stimulated regions, indicating that signals from up-
stream events act cooperatively to elicit a generalized cal-
cium response (18). To obtain a digital response, we
define the threshold X, = 0.9 and a T cell to be activated
when X >X,, with associated activation time f,oq =
min,» o{X(#) = Xau}. The dynamics of this function
resemble experimental observations of signal accumulation
in T cells (30,31). The probability of activation for a single
T cell/APC interaction follows a Bernoulli distribution
whose mean we determine from an average over Ny, =
100 simulations (statistical model error is discussed in sec-
tion 3 of the supporting material).
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description of the simulated dynamics of the T cell/
APC interface. Close contacts by MV (small disks
radius ryy) are formed at rate k, and are removed
with rate k4, given that the contact has not been sta-
bilized. TCRs and antigens interact within the close
contact zones according to the displayed kinetic
proofreading mechanism. MV contacts that contain

By Byy,-1 S an activated TCR within the contact boundary sta-
bilize with rate k. Stabilized MV contacts cannot
. kg =0 be removed, i.e., k4 = 0. Instead, these contacts

can only be destabilized with rate k,, given that
there are no activated TCRs within the MV contact
boundary. To see this figure in color, go online.

MV scanning and stabilization

We extend the KP model to incorporate MV dynamics, with
the assumption that TCR/antigen interactions only occur
when the MV provides a close contact. MV contacts are rep-
resented by nonoverlapping circular regions of fixed radii,
rmv, and are placed randomly in the IS with rate k,. When
a contact is added to the interface, its position is fixed until
the MV is removed. If the MV contact encompasses one or
more antigens, then TCR/antigen interactions can occur
(Fig. 1). Each MV contact is capable of having multiple
simultaneously activated TCRs, up to the number of anti-
gens covered. If the MV contact does not cover any antigen,
then the contact can only be removed.

In the presence of foreign antigen, extended lifetimes of
MYV contacts have been observed (5,32). We reproduce
this behavior by extending the dynamics to include a stabi-
lized MYV state (rate k) in which contacts must first become
destabilized (rate k) before being subject to removal. In the
MYV scanning model without stabilization (k, = 0), con-
tacts may be removed regardless of the state of any resident
TCRs. When ks >0, MV lifetimes can be significantly
extended when a TCR becomes activated.

Flat interface model

Our idealized flat topology model is a stochastic imple-
mentation of KP (26). There are no structures such as
MYV, and all antigens within the IS are accessible to
TCRs. This nonspatial model assumes that the T cell sur-
face is densely packed with TCRs and implies that when
the contact is formed, every antigen present in the contact
area is close enough to bind to one or more TCRs. Utilizing
this assumption, we consider only the discrete population
of antigen in binding interactions rather than concentra-
tions of both species (Fig. 1). This idealized model serves



as an upper bound of antigen accessibility to TCRs and is
utilized due to its likeness to the deterministic mass action
model.

Discrimination power

To assess discrimination across model and parameter re-
gimes, we utilize a discrimination power (y) to quantify
the amplification of T cell response from variations in disso-
ciation rates (ko). The factor v is determined as the slope of
a linear fit of Pys (antigen population necessary to elicit a
15% chance of T cell activation) with ko (19). Larger
values of y imply better discrimination (Fig. 2 A and B).

Parameter selection

Experimental observations are used whenever possible to
identify parameter ranges for both the scanning compart-
ment and the signaling compartment of the model. A sum-
mary is given in Table 1.

Following recent experimental work (19), the number of
KP steps was set to Ny, = 3 (unless stated otherwise) and
the KP transition rate set to k, = 1.0 s~'. An assumption
in our model is that antigen discrimination is primarily influ-
enced by the dissociation rate k¢ and that its value is varied
according to those reported in the literature (27-29). The
rate ko, is assumed to be the product of the bimolecular
on rate and the two-dimensional radial density of TCRs
(kon = 100 s~ ") and is taken to be relatively fast compared
with other model parameters. The TCR concentration is
assumed to be relatively high, i.e., the flat interface and
MYV tips are densely packed with TCRs. If the model
relies on multiple rebinding steps (TCR + antigen — B;)
before a TCR can become activated, then on rates can
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greatly influence antigen sensitivity, as observed experimen-
tally (33-35). In such a case, antigen with fast on rates led to
T cell activation, while those with slower binding rates did
not. Other evidence for fast TCR/antigen binding was
seen in Cai et al. (5), who observed that TCR recognition
occurred at the same time as surface deformations (MVs)
contacted the APC. Other studies have suggested that
describing TCR/antigen binding with an on rate may be
inappropriate (36), with their results indicating that binding
may occur after a minimal encounter duration (¢,, < 1 ms).
In the signal accumulation equation (1), the parameter
values k,,; = 0.2 s ! and Xact = 0.9 were chosen such
that T cell activation is unlikely to occur with a single visit
to a signaling state by a weak agonist while also ensuring
that discrimination occurs within the varied interval of k.

‘We choose the average lifetime of stabilized MV contacts
to exceed the 11.1 s observed by Cai et al. (5) due to
their finding that 25% of stabilized contacts were stable
for the entire observation period #,,. We surmise that stabi-
lization is a rapid process induced when a TCR enters an
activated state and reflect this in the parameter selection
ks = 100 s™'. This effectively stabilizes MV after a short
period of TCR/antigen binding. In Fig. 2, we vary
ks€ [0,100] and find that there is limiting behavior as
ks =>> k4. The most significant effects of contact stabilization
are seen when kg approaches this limit (Fig. 2 G). Hence, we
utilize a maximum stabilization rate of 100s~! =
ks>ky = 1/7 s~ 1. For MV destabilization, we choose
k, = 0.03 s~ to replicate experimental observations of
long MV lifetimes in the presence of agonists (5).

The instantaneous fraction of T cell surface area covered
by MVs was reported to be f=40% + 5% (5). This area
fraction range was observed in both the IS and isolated re-
gions of the T cell, with and without agnostic antigen. For
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FIGURE 2 MYV scanning and discrimination power over antigen populations N, = 10° — 10*. (A) Proportion of activated T cells across antigen numbers.
The quantity Pis is the antigen number required to produce at least a 15% chance of activation. (B) Determination of the discrimination power y. (C-H)
Comparisons of the measured discrimination powers among several models. Results shown are of models with either Ny, = 3 or Ny, = 10 kinetic proof-
reading steps. Times shown at the bottom of each graph indicate the simulated duration of the T cell/APC contact. (C and D) Discrimination powers for 3- (C)
and 10-step (D) kinetic proofreading steps, simulated for 1 min of T cell/APC contact time. (E and F) Discrimination powers for 3- (E) and 10-step (F) kinetic
proofreading steps, simulated for 5 min of T cell/APC contact time. (G and H) Discrimination powers between MV models for different T cell/APC interface
times with 3- (G) and 10-step (H) kinetic proofreading. To see this figure in color, go online.
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TABLE 1 A summary of parameters used and values
Parameter Meaning (Unit) Flat interface MV scanning MV stabilization Source
ka MYV placement s N/A 2 2 (5)

3 3
ka MV removal s™h N/A 1 1 (5)

7 7
ks MYV stabilization s™h N/A 0 (0, 100] 5)
ky MV destabilization s™hH N/A N/A 0.03 )
kon TCR/pMHC binding s™h 100 100 100 (34,36)
kott TCR/pMHC disassociation s™hH [1071,10'9] [1071,10'9) [0.01, 10] (27-29)
Kkact TCR/pMHC signaling s 0.2 0.2 0.2 (30,31)
ke proofreading rate s™hH 1.0 1.0 1.0 (19)
Nyp # of proofreading steps - 3 3 3 (19)
Na # of antigens in T cell/APC interface - [10°,10%) [10°,10%] [10°, 104
Nmv # of engaged MVs - - N/A N/A Eq. 2
Ninax maximum # of MVs in the IS - N/A N/A N/A
™MV MV tip radius (nm) - 267.5 267.5 (3,4,6)
s T cell/APC interface radius (um) 5.0 5.0 5.0 5)
tsim simulation period (s) (0,300] (0,300] (0,300] (5,6)

a given fraction f and individual MV radius ryy, the average
number of MV contacts (Npy) in the T cell/APC interface
are related by

Nwry = [ ris: 2

For example, when ryv =267.5 nm (3,4,6), the average
number of MV contacts in the T cell/APC interface is
Nmy =140. The rates of MV contact placement k, and
MYV contact removal kq are related at equilibrium by

ka(Nmax - NMV) = deMV- (3)

The term N, represents the packing limit or maximum
number of nonoverlapping circular contacts with fixed
radius ryy that can simultaneously occupy the IS.

Implementation details

The numerical solution of our model comprises a large scale
stochastic algorithm based on the next-reaction Gillespie
method (37). The code is written in Python and parallelized
to allow for exploration of large parameter spaces and can
be found at https://github.com/jmorgal5/mv_code. To vali-
date the code, we derived an explicit formula for the equilib-
rium configuration and verified convergence to these states
over a wide range of parameters (see section 4 of the sup-
porting material).

RESULTS AND DISCUSSION

MV scanning modestly affects antigen
discrimination

We measured discrimination power (y) over three models
(flat topology, MV scanning with both strong stabilization
and no stabilization) and across parameter regimes (N, =
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3 and 10 proofreading steps and simulated T cell/APC con-
tact times zi;,, = 1, 5, and 10 min). Across these scenarios,
we found that vy did not vary over biologically significant
ranges, suggesting that MV scanning neither significantly
hampers nor greatly improves antigen discrimination
(Fig. 2). This is despite MV scanning only facilitating
instantaneous contact between 40% of the opposing
surfaces, therefore generally reducing the probability of
T cell activation at a given TCR/antigen dissociation rate
when compared with a flat topology.

The most significant modulation in discrimination power
was observed in the case of short lived T cell/APC contacts
(tim = 1 min) with strong MV stabilization (ks = 100 s~ ")
(Fig. 2 G and H). Clearly, stabilization can partially negate
some constraints imposed by MV scanning by extending
MYV lifetimes, thus allowing sufficient time for productive
TCR/antigen interactions to occur. To explore the relevance
of short contact times and to better understand model pre-
dictions of antigen discrimination, we derived potency
curves (Pj5) from a mean-field approximation of the
stochastic model. We found that in small populations of an-
tigen, or for short T cell/APC contact times (fn, ), stochastic
effects can play an outsize role such that stabilization of MV
contacts results in significant improvement to sensitivity
(see section 5 of supporting material).

MV stabilization optimizes scanning speed and
agonist sensitivity

In addition to exploring the discrimination powers of MV
and flat interface models, we further sought to investigate
the role of MV contact stabilization on T cell activation
time and antigen sensitivity. In the structure of our model,
larger values of k4 correspond to faster surveillance of the
APC surface (see materials and methods) which results in
a more rapid cumulative survey of the interface (Fig. 3 E).
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However, rapid scanning by MV further constrains antigen
recognition by increasing the probability that a contact is
removed before a TCR can become activated. To explore
this trade off, we simulate the T cell/APC interface with a
single antigen and display, in Fig. 3 A-D, the average
T cell activation times and the percentage of activated
T cells in a population over a varying kq and kog. In the
absence of MV contact stabilization, we observe that
T cell activation times are approximately homogeneous in
regions where T cell activation is likely (Fig. 3 A). In such
regions, the probability of T cell activation is also similar
(Fig. 3 B). For example, changing kq from kg = 1073 to
kg = 107! yields little variation in T cell activation times
and probabilities, given a strong agonist (ko = 1072).
Without MV stabilization, increasing k4 increases MV scan-
ning speeds but also decreases the probability of T cell acti-
vation. The same is not always true for models with MV
contact stabilization. For a model with contact stabilization,
there are cases where increasing k4 increases both MV scan-
ning speed and the probability of T cell activation (Fig. 3 C
and D). This is due to MV stabilization reducing the proba-
bility of contact removal following TCR activation, i.e.,
reducing the probability of having to search for an agonist
again, once an agonist is found. Additionally, the fastest
T cell activation times and the highest probability of activa-
tion occur in this region of higher scanning speeds. This re-
gion of optimal k4 is nearly completely absent in models
without contact stabilization.

In Fig. 3 A-D, the instantaneous area fraction is main-
tained at 40% for all k4, which is accomplished by setting
ky = (14 /3)kq (see materials and methods). Such a fraction
has been observed experimentally when imaging MVs (5).
In Fig. 3 E, we show how this relationship is maintained
in individual simulations. The instantaneous scanning frac-
tion remains approximately within the bounds of 40% =

5%, while the cumulative scanning speed can increase or
decrease drastically given an increase or decrease in kq,
respectively. The extreme case kg —0 s~ !, which implies
k,—0s! by our definition of k,, reflects a variant of the
flat interface model where 40% of the T cell surface is
covered in TCR clusters (leftmost regions of Fig. 3 A-D).
We further explore the intricacies of T cell activation in
our model by observing the cumulative T cell activation in
a population over a period of time, fi,. We simulate four
separate models corresponding to a flat interface, MV scan-
ning, MV scanning and contact stabilization, and an addi-
tional model in which k3 = 0 s ! and k, is constant. The
additional model here is representative of a flat interface
in which only certain regions are densely packed with
TCRs, i.e., a model with TCR clusters. In Fig. 3 F-G, we
show the results of such simulations for models with
Nip, = 3 KP steps simulated for #, = 300 s and a single
agonist in the interface with a TCR/antigen dissociation
rate of koge = 1072 57! (Fig. 3 F), kogr = 107" 7' (Fig. 3
G), and ko = 10° s~ (Fig. 3 H). As would be expected,
the flat interface model (dark blue), where the entire surface
is assumed to be densely packed with TCRs, achieves the
highest percentage of activation in the shortest amount of
time. This is due to the absence of a search process for ag-
onists, as well as every agonist being accessible to TCRs in
the T cell/APC interface. Additionally, we observe that the
flat interface model with localized TCR clusters (light blue)
is just a scaled cumulative activation profile of the densely
packed flat interface model. Hence, we can expect that
any flat interface model with differing distributions of
TCR clusters will be a scaled variant of the densely packed
flat interface model, in which the magnitude of the scaling is
approximately the fraction of surface area covered by said
clusters. However, it is important to note that this is a model
dependent phenomenon and does not take into account the
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role of antigen diffusion. In the MV scanning models, we
observe faster T cell activation in a population when MV
contacts can be stabilized (gold) versus MV scanning
without contact stabilization (red). This is unsurprising
given the results shown in Fig. 3 A-D, as we found that
T cells with stabilized MV contacts, opposed to those
without, activated the fastest when there was only a single
agonist in the interface. Since faster scanning speeds serve
little to no purpose in large antigen populations, this optimal
scanning speed is present in only smaller populations of
antigen.

Model explains observed discrepancies in MV
contact lifetimes

Observed MV lifetimes (fyy) in experiments have varied
significantly. For example, Cai et al. observed MV lifetimes
of tmv =7.7 s in the absence of agonists and fyyyv = 8.9 s in
the presence of agonists (5). In contrast, another group
studying membrane protrusions on T cells observed much
longer MV lifetimes, on the range fry =60 s when agonists
were not present and fyy = 18 min when agonists were pre-
sent (6). To understand the plausibility of such a discrep-
ancy, we use our model with MV stabilization to explore
lifetimes over a range of varying dissociation rates and an-
tigen populations. We find that MV lifetimes can easily sur-
pass our simulation time (Fig. 6 in supporting material)
when large numbers of agonists with low TCR/antigen off
rates are used (Fig. 4 A). This is expected, given that the
probability of finding a TCR/antigen complex in a state
where the stabilized MV is capable of being destabilized
is fip/(fp +1s) and is the steady state probability that the
TCR is not in an activated state. Here, #, is the average
time it takes a TCR/antigen pair to bind and undergo all
Nip, KP modifications (see section 1 in the supporting mate-
rial), including all dissociation events, before becoming
activated, and s = 1/kogr is the average time a TCR stays
activated once it reaches the final, signaling-competent
stage. As kofr decreases, f, decreases and fs increases for
a given antigen capable of binding TCRs. Hence, the prob-
ability of finding the antigen not bound to an activated TCR
decreases. When there are N, antigens covered by an indi-
vidual stabilized MV contact, this probability becomes
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(tp/ (tip + ts))** and tends toward zero as N, grows large.
The small probability of finding all antigens not bound to
an activated TCR also indicates that the MV contacts spend
very little time in a state capable of being destabilized.
Conversely, if there are very few antigens, or the antigens
are weak agonists, MV stabilization may be a rare event.
In these conditions, the average MV lifetime would be
approximately fyyy = 1/kq, which is 7 s in our parameter-
ization. This suggests that MV lifetimes are not constant and
are determined by the conditions in the T cell/APC
interface.

Observations of MV dynamics indicate operation
near theoretical packing limits

We explored the dynamics of other MV radii (50, 155, and
268 nm) in our model, which span the range of widths re-
ported from light and electron microscopy measurements
(3,4,6). When we ran MV packing simulations (see section
6 in the supporting material), where MVs cannot be
removed and locations for additional MVs are randomly
chosen, but overlap between MV is forbidden, we found
that the maximum packing fraction converged to approxi-
mately 50% coverage (Fig. 4 B). While the exact packing
fraction may depend on the MV radius, the practical pack-
ing fraction (i.e., what can be achieved by random place-
ment and without replacing MVs) did not vary strongly.
This indicates that the 40% = 5% instantaneous area
coverage observed when imaging T cells interacting with
APCs (5) may be a result of a practical packing limit of
MYVs. Furthermore, we show that our stochastic model of
MYV scanning can achieve similar cumulative scanning frac-
tions to that of observations by Cai et al. (5), as well as
maintain the instantaneous area fraction at approximately
40% =+ 5% (Fig. 4 C). We note that varying the MV radius
had little effect on the cumulative scanning fractions, with
only a slight increase in scanning speed resulting from a
smaller MV radii. In addition, previous studies reported a
decreased scanning speed of MVs when foreign antigens
were present on an APC surface (5,6). Consistent with
this, our MV stabilization model can reproduce this observa-
tion, where foreign antigen slow cumulative scanning and
increasing numbers of agonists slows scanning speed further
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FIGURE 4 Stochastic simulations of MV placement and dynamics in model with stabilization. (A) Contour plot of average MV lifetimes (#yv) over an-
tigen population (NV,) and TCR/antigen disassociation rates (ko). (B) Likelihood of successful MV tip placement into open space of the T cell/APC interface
against MV coverage fraction. (C) Instantaneous (solid line) and cumulative (dashed line) scanning area fractions in the absence of agonist antigen for several
MV tip radii. (D) Similar to (C), but curves represent different numbers (V,) of agonist antigen present. To see this figure in color, go online.
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(Fig. 4 D). When there are very large populations of strong
agonists in the T cell/APC interface, the instantaneous scan-
ning fraction approaches the maximum packing fraction,
and the cumulative scanning of MV halts. This is the result
of MV contacts being fixed in place by stabilization for the
entirety of a simulation.

CONCLUSION

MVs on T cells have been described for decades, yet their
function remains enigmatic. We developed a new stochastic
model of T cell/APC engagement that reveals that MV scan-
ning and the stabilization of MV contacts work jointly to
maximize the probability and speed of T cell activation by
optimizing both sensitivity to agonists and MV scanning
speeds of the opposing APC surface. In particular, MV scan-
ning with stabilization can significantly improve the sensi-
tivity of T cells to small populations of agonists.

We sought to identify how antigen discrimination might
be modulated given recent observations that only 40% of
the T cell/APC interface is in physical contact. Over a
wide range of modeling scenarios and parameter regimes,
we found that antigen discrimination was neither dimin-
ished nor significantly improved by the action of MVs. It
is therefore possible that MV-based scanning mode has
not evolved to improve discrimination but rather due to
the biophysical constrains preventing formation of large
flat interfaces. Specifically, the glycocalyces of T cells and
APCs are expected to prevent large contact zones due to ste-
ric, electrostatic, and entropic effects (1). Hydrodynamic ef-
fects have been suggested as limits on the speed of contact
formation—an effect that becomes more significant with
increasing contact size (38). Overall, the duration and
strength of immune signaling likely depends on a combina-
tion of geometrical, biophysical, and biochemical factors at
the T cell/APC interface (39).

Our model yields a wide range of MV lifetimes (5,6) and
suggests that MV lifetimes may be highly dynamic in na-
ture. The average MV lifetime can be highly dependent on
the conditions in the T cell/APC interface. It is not unusual
to have MV lifetimes that can far exceed the T cell/APC
interface time when there are medium to large populations
of agonists present. When MV lifetimes exceed the T cell/
APC interface time, or recording period, the average of
these MV lifetimes also becomes dependent on the length
of time over which the data are collected. Finally, we point
out that the 40% = 5% instantaneous area coverage by MVs
may be close to a packing limit of MV contacts in the T cell/
APC interface. Our results show that as more contacts
become stabilized by TCR interactions with agonists, MV
scanning slows significantly, and the instantaneous area
coverage will approach this limit. Further research may
reveal if they have primarily evolved to improve discrimina-
tion or due to the biophysical constrains preventing a flat
interface.

Microvilli dynamics

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2022.09.030.
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