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How T cells can be activated in a controlled and precise fashion against foreign antigens has
been a longstanding question in immunology. Here, we consider T cell quorum activation in the
lymph node as a miscibility phase transition where conventional T cells and regulatory T cells
separate into spatially distinct regions. We review theories that have been used to describe both the
static equilibrium and the relaxation dynamics of the miscibility phase transition and make several
experimental predictions based on this model.

I. INTRODUCTION

As a part of the adaptive immune system, T cells recog-
nize peptides bound to the major histocompatibility com-
plex (pMHC) on neighbouring cell surfaces and mounts
a response involving direct cytotoxic activity, activation
of additional classes of immune cells, or creation of im-
munogenic environments through cytokine secretion [1].
Naive T cells are primed in the secondary lymphoid or-
gans (SLOs), where they are present in high density and
sample pMHCs on antigen presenting cells (APCs). It
has been proposed that activation of not one, but a quo-
rum of multiple T cells, is required to mount a productive
response [2]. It has also been observed that the density
of T cells can lead to differential outcomes in their dif-
ferentiation and proliferation [3, 4], substantiating the
quorum sensing model. This context suggests that local
density of T cells can be important for immune function.

On the other hand, simultaneously present in the SLOs
are immunosuppressive regulatory T cells (Treg), which
circulate and engage transiently with APCs at steady
state with a relatively uniform spatial distribution in the
T cell zone [5]. At the same time, they have been shown
to localize to spuriously activated conventional T cells
(Tconv) and inhibit their further activation and prolifer-
ation [6, 7]. In this sense, Tconv activation requires the
formation of a localized high density region that, to some
extent, excludes Treg cells. This phenomenon is reminis-
cent of a phase separation between immiscible materials
such as oil and water. In the biological context, formation
of dense phases of protein or RNA within the cytoplasm
has also been viewed in this light, where it is commonly
studied as a liquid-liquid phase separation [8]. Here, we
review models of miscibility phase transitions and exam-
ine the implications of this interpretation for Tconv/Treg

interactions and the dynamics of T cell immunity.
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II. EQUILIBRIUM MODELS

We first consider equilibrium models for miscibility
phase transitions. Although the immune response, and
biological processes in general, are out-of-equilibrium,
full activation and effector function occurs over the time
scale of tens of hours, while spatial reorganization within
the SLO can be observed within hours [7]. It it thus rea-
sonable to hope that equilibrium models can still yield
valuable insight.

A. Landau-Ginzburg Theory

The classic Landau-Ginzburg free energy can be writ-
ten as [9]

fLG =
r

2
ψ2 + uψ4 +

K

2
(∇ψ)2 (1)

For models of a binary mixture, the order parameter ψ(x)
can be taken to be the difference between the concentra-
tion fields of the two species [10], that is

ψ(x) = cA(x)− cB(x) (2)

Spontaneous symmetry breaking occurs for r < 0 and,
in the saddle point approximation, yields stable states of

ψ(x) =

√
− r

4u
(3)

The parameter r is related to the strength of interac-
tion between neighbouring cells. The miscibility transi-
tion predicted by this model is of the Ising universality
class.

B. Regular Solution Model

From a lattice model of a conserved binary mixture
with equal composition, the free energy density can be
written as [9, 11]

f(ϕ) = ϕ ln(ϕ)+ (1−ϕ) ln(1−ϕ)+χϕ(1−ϕ)+ K

2
(∇ϕ)2

(4)
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FIG. 1. Eq. 7, minimum couplings χ∗ to achieve the activa-
tion threshold ϕ∗ under the regular solution model.

where ϕ is the concentration field of a species, and the
interaction parameter is defined by

χ =
z

2kBT
(2ϵAB − ϵAA − ϵBB) (5)

with z the coordination number of the lattice and ϵij the
strength of interaction between species i and j.
Under the saddle point approximation, for χ < 2, there

is no spontaneous demixing and the free energy minimum
is found for an homongenous equal mixture at ϕ = 1

2 . For
χ > 2, the minimum is given by

ln
( ϕ

1− ϕ
)
+ χ(1− 2ϕ) = 0 (6)

In our model of activation, we can expect a threshold
of ϕ∗ for activation of the conventional cells. We can
rearrange Eq. 6 to obtain a χ∗ for the minimum coupling
to achieve that threshold as (Fig. 1)

χ∗ =
ln( 1

ϕ∗ − 1)

1− 2ϕ∗
(7)

Since the well-studied interactions in the system are
those of Tconv/Tconv and Tconv/Treg, we focus on these
terms and neglect the Treg/Treg interactions. Achieving
ϕ∗ requires

ϵrc >
ϵcc
2

+
χ∗kBT

z
(8)

Keeping in mind that ϵ > 0 are repulsive interactions,
this suggests that formation of Tconv-dense regions re-
quires that attractive interactions among Tconvs must be
stronger than those between Tconvs and Tregs.
There are several interesting predictions that can be

made based on Eq. 8. First, decreasing z, or allow-
ing fewer contacts between T cells, can require greater

interaction strengths for activation. This can be real-
ized by introducing inert cells in the system, in which
case stronger signaling in the T cell might be required
for mounting an immune response. We also expect
that decreasing the activation threshold ϕ∗, which can
potentially be achieved by weakening inhibitory func-
tions of Tregs, should allow for activation with weaker
Tconv/Tconv interactions.
Near the critical point, Eq. 4 can be expanded into

the Landau-Ginzburg form as

f(ϕ) =
χ

4
− ln 2+(χ−2)(ϕ− 1

2
)2+

4

3
(ϕ− 1

2
)4+

K

2
(∇ϕ)2

(9)
There is thus a correspondance between the two models
with ψ = ϕ − 1

2 , r = 2(χ − 2) and u = 4
3 . We also note

that the LG form is most useful in analyzing behaviour
near the critical point.

C. Phase stability under density fluctuations

If we consider some small fluctuation ε from the uni-
form field ψ̄, the change in free energy to lowest order in
ε is given as

δf(ϵ) = ε2(
r

2
+ 6uψ̄2) (10)

Thus for ψ̄ <
√
− r

12u , fluctuations in the concentration
field decrease the free energy and are spontaneous. This
allows the system to demix without nucleation, and is
commonly referred to as the spinodal decomposition [11].
The biological significance of this regime in the context

of T cell activation might be limited, however. Initial sig-
naling to the T cell receptor occurs through interaction
with pMHC complexes on APCs, which are most com-
monly dendritic cells in the SLOs. This localization effect
thus already serves as a nucleating event, bypassing this
step even when demixing is not spontaneous.

III. DYNAMICAL MODELS

We next analyze dynamical relaxation models of mis-
cibility phase transitions and discuss their significance in
the context of T cell immunity.

A. Time-dependent Landau-Ginzburg Model

The relaxation dynamics of a field can be modelled as a
particle diffusing in a potential defined by the free energy
landscape, that is [12, 13]

∂ψ

∂t
= −Γ0

δf

δψ
+ η(x, t) (11)
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where η is a Gaussian random noise term defined by

⟨η(x, t)⟩ = 0 (12)

⟨η(x, t)η(x′, t′)⟩ = 2Γ0δ(x− x′)δ(t− t′) (13)

The functional derivative providing a guiding force to the
energy minimum

− δf
δψ

= −rψ − 4uψ3 −K∇2ψ (14)

In the Gaussian limit (u=0), these relations can be writ-
ten in Fourier space as

∂ψ̃

∂t
= −Γ0(r +Kq2)ψ̃ + η̃(q, t) (15)

⟨η̃(q, t)η̃(q′, t′)⟩ = 2Γ0(2π)
dδd(q+ q′)δ(t− t′) (16)

This suggests a relaxation timescale given by

τ(q) =
1

Γ0(r +Kq2)
(17)

For modes with small q, the relaxation time diverges as
the system approaches the critical point r = 0, suggesting
that the system dynamics slow down significantly near
criticality.

This model is commonly referred to with the classifi-
cation by Hohenberg and Halperin as model A [12].

B. Conserved Order Parameter

For a mixture with no exchange of material with the
bath, the order parameter is conserved, that is

d

dt

∫
d3xψ(x, t) = 0 (18)

The conservation condition can be enforced by

−λ0∇2 ← Γ0 (19)

and the relaxation timescale in the Gaussian limit is given
by

τ(q) =
1

λ0q2(r +Kq2)
(20)

which gives similar divergence of correlation time as Eq.
17, except with a different exponential dependence in q.
This model is named model B [12].

C. Fluid Model

Model H explicitly models the advective flow with a ve-
locity field v(x, t), in which case the dynamical equations
become [12]

∂ψ

∂t
+ v · ∇ψ = −λ0∇2 δf

δψ
+ η(x, t) (21)

The velocity field for an incompressible fluid is given by
[9, 14]

ρ
(∂v
∂t

+ (v · ∇)v
)
= ν∇2v −∇p− ψ∇ δf

δψ
(22)

where ρ is the density, ν is the viscosity, and p is the
pressure.
The associated relaxation timescale in the regime

where v dynamics are much faster than ψ dynamics is
[15]

τ(q) ∝

{
ξ
q2 kξ < 1
1
q3 kξ > 1

(23)

which is again divergent near criticality.

D. Implications for T cell immunity

The lengthening of relaxation time scales near phase
transition critical points is referred to as a critical
slowing-down and has found applications to a range of
systems near criticality [16, 17]. In the context of T cell
activation, these changes may be reflected in increased
transit or dwell time of cells in the SLO, which can be
observed by two-photon microscopy [5]. Slowing-down
may also be observed in longer delays in intracellular
processes of signaling and gene expression. Time-course
studies both in vitro and in vivo may provide evidence
for these changes.
However, as noted above, T cell quorum activation may

be more appropriately understood as surpassing a thresh-
old density in the Tconv-dense phase rather than simply
any degree of symmetry breaking. Therefore, while a
slowing-down of T cell dynamics is expected at some level
of interaction strength based on the miscibility phase
transition interpretation, this critical point does not nec-
essarily define the threshold for full-scale activation. In
fact, activation of T cell immunity involves a highly dy-
namic program of proliferation and differentiation, which
may not be compatible with a slowed-down system.

IV. CONCLUSION

Above, we have reviewed several static and dynamical
models that describe the density field associated with a
miscibility phase transition. While this this an extremely
simplistic view of the biological system in the context of
the multitude of secreted signals, receptor-ligand interac-
tions, signaling timescales, and proliferation and differ-
entiation outcomes, we have made a few experimentally
verifiable predictions that can lead to a better under-
standing of T cell activation in SLOs. More careful mod-
elling and analysis of the system may yield even more
fruitful biological insights.
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T. Lämmermann, T. N. Schumacher, J. B. Beltman, and
J. C. Rohr, enQuorum regulation via nested antagonistic
feedback circuits mediated by the receptors CD28 and
CTLA-4 confers robustness to T cell population dynam-
ics, Immunity 52, 313 (2020).

[5] M. P. Matheu, S. Othy, M. L. Greenberg, T. X.
Dong, M. Schuijs, K. Deswarte, H. Hammad, B. N.
Lambrecht, I. Parker, and M. D. Cahalan, Imaging
regulatory t cell dynamics and CTLA4-mediated sup-
pression of t cell priming, Nature Communications 6,
10.1038/ncomms7219 (2015).

[6] Z. Liu, M. Y. Gerner, N. Van Panhuys, A. G. Levine,
A. Y. Rudensky, and R. N. Germain, enImmune home-
ostasis enforced by co-localized effector and regulatory T
cells, Nature 528, 225 (2015).

[7] H. S. Wong, K. Park, A. Gola, A. P. Baptista, C. H.
Miller, D. Deep, M. Lou, L. F. Boyd, A. Y. Rudensky,
P. A. Savage, G. Altan-Bonnet, J. S. Tsang, and R. N.
Germain, enA local regulatory T cell feedback circuit
maintains immune homeostasis by pruning self-activated
T cells, Cell 184, 3981 (2021).

[8] A. A. Hyman, C. A. Weber, and F. Jülicher, Liquid-liquid
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