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SUMMARY

T cell responses upon infection display a remarkably
reproducible pattern of expansion, contraction, and
memory formation. If the robustness of this pattern
builds entirely on signals derived from other cell
types or if activated T cells themselves contribute
to the orchestration of these population dy-
namics—akin to bacterial quorum regulation—is
unclear. Here, we examined this question using
time-lapse microscopy, genetic perturbation, bio-
informatic predictions, and mathematical modeling.
We found that ICAM-1-mediated cell clustering
enabled CD8+ T cells to collectively regulate the bal-
ance between proliferation and apoptosis. Mecha-
nistically, T cell expressed CD80 and CD86 inter-
acted with the receptors CD28 and CTLA-4 on
neighboring T cells; these interactions fed two
nested antagonistic feedback circuits that regulated
interleukin 2 production in a manner dependent on
T cell density as confirmed by in vivo modulation of
this network. Thus, CD8+ T cell-population-intrinsic
mechanisms regulate cellular behavior, thereby pro-
moting robustness of population dynamics.

INTRODUCTION

Upon different infections, pathogen-specific conventional T cells

expand, contract, and form memory cells. The changes in pop-

ulation size underlying this pattern are determined by cell division

and death rates at different points in time (Heinzel et al., 2017; Li

et al., 2017). Division outweighs death during T cell expansion,
but this ratio turns at the onset of contraction and equilibrates

during the memory phase. In a simple tug-of-war scenario be-

tween division and death, population kinetics would be unstable

with a high likelihood of population extinction or persistent

growth. Remarkably, for any infection the dynamic pattern of

T cell responses, including memory formation, is quite reproduc-

ible across biological replicates. How is robustness conferred to

T cell dynamics in light of their regulation by cell division

and death?

Using different single-cell tracking methods, we and others

have demonstrated a striking diversity in clonal expansion of in-

dividual naive CD8+ T cells (Buchholz et al., 2013; Gerlach et al.,

2013). As a consequence of this diversity, robustness of T cell re-

sponses is only observed at the population level through sum-

mation of heterogenous single-cell behaviors. However, if indi-

vidual T cells act independently of each other or if their

behaviors are coordinated is not clear. Our understanding of

the regulation of T cell responses is largely focused on mecha-

nisms that are extrinsic to the population of conventional

T cells. For example, signals provided by dendritic cells (DCs)

and regulatory T (Treg) cells are able to stimulate and restrain,

respectively, conventional T cells. However, such population-

extrinsic control of T cell responses is prone to variability,

because tailoring the strength of extrinsic regulatory signals to

the size of the population regulated is challenging. In contrast,

if members of a population mutually control each other, the

strength of regulatory signals scales with the population size.

Hence, if conventional T cells themselves coordinated behavior

at a population level, this would promote robustness. Impor-

tantly, population-intrinsic and -extrinsic regulation are not

mutually exclusive. This means that a layer of regulation intrinsic

to conventional T cells could integrate extrinsic signals provided

by DCs and Treg cells. For T cells, population-intrinsic control

mechanisms are ill defined, although it is known that they can

emanate signals that affect the behavior of neighboring T cells
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(Gérard et al., 2013; Sabatos et al., 2008; Voisinne et al., 2015).

Still, it is largely unclear if broadcasting such signals is a default

program of T cell activation or if T cells modulate such commu-

nication to mutually regulate their behavior.

A prototype for population-intrinsic behavioral control is

bacterial quorum regulation (Waters and Bassler, 2005). It

builds on the ability of population members to mutually sense

each other and adjust their behavior accordingly. This enables

collective decision making based on cellular abundance, den-

sity, and activation state, allowing the population to act as a

multicellular entity. Notably, quorum regulation relies on neither

hierarchical nor mutual regulation of different cell types but

instead on self-organization within a population. Quorum

regulation programs population dynamics despite heterogene-

ity of individual cells and actually integrates this variability as

an essential component of population control, as identical

behavior of all cells would lead to population extinction at the

moment the death rate outweighed the division rate (You

et al., 2004).

Quorum regulation frequently integrates mechanisms

conferring robustness to dynamic systems, such as niche for-

mation, intercellular communication (You et al., 2004), and

feedback (Chen et al., 2013). Niches provide sheltered spaces

where cells experience similar conditions. In addition, niches

facilitate intercellular communication and thereby enable

orchestration of multicellular behaviors. Accordingly, linking

intercellular communication to cell survival can confer popula-

tion stability (You et al., 2004). In quorum-regulated systems,

the strength of signals exchanged typically depends on cellular

abundance and density and is subject to feedback control.

Whereas signal responses are amplified by positive and

dampened by negative feedback circuits, interlacing of posi-

tive and negative feedback stabilizes dynamic systems.

Several studies have found that cellular abundance or density

play a role in shaping T cell behavior (Bosch et al., 2017;

Bretscher, 1999; Polonsky et al., 2018), but whether or not

T cell responses fulfill all the hallmarks of quorum-regulated

systems and if so, what mechanisms underlie such regulation,

is still unclear.

Here, we investigated whether activated CD8+ T cells

employ quorum regulation to modulate their population dy-

namics. In vivo, CD8+ T lymphocytes interact with multiple

cell types. This makes it difficult to identify and characterize

CD8+ T cell population intrinsic control mechanisms. There-

fore, we first employed reductionist in vitro systems allowing

precise control over the cell types involved and subsequently

demonstrated the in vivo relevance of these mechanisms.

We found that clustering of activated T cells provided a niche

for mutual behavioral coordination in a cell-count- and -den-

sity-dependent manner. CD8+ T cells used CD80 and CD86

to drive two antagonistic feedback circuits via the shared re-

ceptors CD28 and CTLA-4 to self-regulate expansion dy-

namics. Costimulation via T cell-expressed CD80 and CD86

drove a CD28- and interleukin (IL)-2-mediated positive feed-

back circuit, promoting survival. CD80 and CD86 also induced

CTLA-4 expression in an IL-2-mediated and cell-density-

dependent manner, thereby creating a nested inhibitory feed-

back loop that limited T cell expansion. Mathematical

modeling demonstrated that these feedback circuits quantita-
314 Immunity 52, 313–327, February 18, 2020
tively explain T cell population dynamics. Together, our data

establish T cell clusters as communication hubs for quorum

regulation of activated T cells and delineate the signals under-

lying this process.

RESULTS

Activated T Cells Self-Promote Cluster Formation,
which Facilitates Mutual Interaction
Upon antigen encounter, T cells rapidly aggregate into cell

clusters around DCs (Figure 1A) (Hommel and Kyewski, 2003;

Khanna et al., 2007). Beyond the interaction with DCs, these

niches could provide a spatiotemporal framework for T cell

quorum regulation. In such a case, T cells might actively

contribute to cluster formation rather than it being just a by-

product of the interaction with DCs. The adhesion between

T cells and DCs is mediated by the binding of T cell-expressed

LFA-1 to DC-expressed ICAM-1 (Gérard et al., 2013; Zumwalde

et al., 2013). Interestingly, upon priming by DCs, T cells

also increased the expression of ICAM-1 (Figure 1B), which

suggests that they also adhere to each other. To test this

in a DC-free system, we exploited the fact that T cells can pre-

sent antigens, e.g., those that they have acquired from DCs

(Huang et al., 1999; Hudrisier et al., 2001). When we incubated

purified P14 T cell receptor (TCR) transgenic CD8+ T cells with

the gp33 epitope recognized by this TCR, they still clustered

and proliferated vigorously, indicating that T cells effectively

presented antigen to each other (Figure 1C). We observed

that upon activation, also purified T cells dynamically increased

and later decreased both ICAM-1 and LFA-1 expression (Fig-

ures 1D and 1E) and that this mirrored the kinetics of cluster

formation (Figure 1F; Video S1). As expected, blocking the

ICAM-1:LFA-1 interaction abrogated T cell clustering (Fig-

ure 1F). These results demonstrate that antigen recognition

rapidly puts T cells into a state in which they actively contact

each other.

Activated T Cells Coexpress Multiple Receptor-
Ligand Pairs
Clustering increases the efficiency of intercellular communica-

tion via soluble mediators and membrane-bound ligands. This

raises the question how T cells exchange information.

Conceptually, communication among T cells requires them

to both send and receive specific signals and, thus, to coex-

press receptors and corresponding ligands. To identify

potentially relevant interactions, we developed a bioinformatic

algorithm employing a library of approximately 1,500 receptor-

ligand pairs to interrogate published transcriptome data

of naive and activated CD8+ T lymphocytes for coregulated

receptor-ligand pairs. This enabled us to identify receptor-

ligand pairs (1) that were expressed by T cells, (2) whose

expression increased upon T cell activation, and (3) that

were coregulated in multiple infection models. The approach

identified multiple candidate interactions that have been

implicated in communication among T cells, like IL-2:IL2R,

interferon (IFN)g:IFNgR and several chemokines, thereby vali-

dating our bioinformatic approach (Table S1) (Gérard et al.,

2013; Hugues et al., 2007; Klebanoff et al., 2016; Sabatos

et al., 2008).
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Figure 1. Activation-Induced T Cell Clustering, Expansion, and Expression of CD80

(A and B) Coculture of mTmG-P14 CD8+ T cells with DCs loaded with the gp33 epitope recognized by the P14 TCR. Image of cell cluster formation (A) and flow

cytometric quantification of ICAM-1 expression on P14 T cells (B). FMO, fluorescence minus one control stain.

(C–F) Analysis of mTmG-P14 CD8+ T cells upon stimulation with gp33 only. Image of cell cluster formation (C, left), expansion of CFSE-labeled P14 T cells (C,

right), T cell expression kinetics of ICAM-1 (D) and LFA-1 (E), and cluster area kinetics with and without LFA-1 blockade (F).

(G) CD80 and CD86 expression on naive and gp33-stimulated CD8+ P14 T cells.

(H) Kinetics of CD80 and CD86 expression on adoptively transferred P14 T cells in blood upon LCMV infection.

(I and J) ExpressionofCD86 (I) andCD80 (J) onday 3after activationwith titrateddoses of gp33 (left) or a fixeddoseof 10�7Mgp33and titrateddoses of anti-CD28-

antibody (right). To enable comparisons across multiple experiments, values were normalized to ‘‘10�7 M gp33 only’’ group per experiment. All data shown in this

figure are fromR3 independent experiments with 2–5 biological replicates each. Statistical tests: ANOVA (D, E, I, and J). Error bars depict mean ± SD. See also

Video S1 and Table S1.
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The algorithm also predicted CD80 and CD86 and their shared

receptors CD28 and CTLA-4 as candidate receptor-ligand pairs

for interactions among T cells. We chose to focus on these inter-

actions, because the binding of CD80 and CD86 to either CD28

or CTLA-4 mediates costimulatory versus inhibitory effects,

respectively, and could thus enable T cells to mutually stimulate

and inhibit each other. In addition to their well-known function on

DCs, CD80 and CD86 expression has been reported on T cells

(Azuma et al., 1993; Prabhu Das et al., 1995), but the role of

such expression has largely remained elusive. We thus investi-

gated if these molecules enable T cells to mutually regulate their

population dynamics. As the bioinformatic algorithm was based

on mRNA expression, we first examined the protein expression

of CD80 and CD86 on T cells. While up to 50% of naive CD8+

T cells expressed CD86, CD80 was only expressed upon T cell

activation both in vitro and in vivo (Figures 1G and 1H). Specif-

ically, antigen recognition and CD28 co-stimulation drove

CD80 expression in a dose-dependent manner, whereas they

had little effect on CD86 (Figures 1I and 1J).

Mutual Costimulation of Activated T cells Regulates IL-2
Production
We next investigated the function of CD80 and CD86 within

T cell clusters. The expansion of gp33-stimulated purified

CD8+ P14 T cells was abrogated when cluster formation was

inhibited by LFA-1 blockade, but not when this was combined

with CD28-stimulation (Figure 2A). Even when we did not block

cluster formation, blockade of CD28 signaling diminished T cell

expansion (Figure 2B). Likewise, Cd80�/�Cd86�/� T cells failed

to expand unless external CD28 stimulation through crosslink-

ing was provided (Figure 2C). This deficit could not be over-

come by increasing antigen concentrations (Figure S1A).

Together, the observations that activated T cells clustered, ex-

pressed CD80 and CD86, and required ligation of CD28 for

expansion in a setup where other CD80 or CD86 expressing

cells are purposely absent are consistent with the hypothesis

that LFA-1:ICAM-1-mediated cell clustering provides a scaffold

for mutual costimulation of T cells. To directly test this, we co-

cultured P14 and P14 Cd80�/�Cd86�/� T cells in the same well.

In this setup, Cd80�/�Cd86�/� T cells expanded comparably to

wild-type (WT) T cells (Figure 2D). Despite the use of purified

CD8+ T cells in coculture experiments, the possibility remained

that few residual WT professional antigen-presenting cells

(APCs) drove the expansion of P14 and P14 Cd80�/�Cd86�/�

T cells. To exclude this, we used a setup where only T cells

were able to express CD80 or CD86. We activated purified

CD8+ P14 Cd80�/�Cd86�/� T cells with gp33 and, after 24 h,

retrovirally transduced them with Cd80 or Cd86. As upon

gp33 addition, only T cells divided and retroviruses only inte-

grated into dividing cells (Figures S1B and S1C), this setup

confined CD80 and CD86 expression to T cells. Transduction

of Cd80�/�Cd86�/� T cells with Cd80 or Cd86 markedly

improved their expansion, while transduction with GFP only

or mutants of Cd80 and CD86 that do not bind CD28 (Cd80

Y201A; Wu et al., 1997; Cd86 Q35A; Peach et al., 1995) did

not (Figure 2E). These results demonstrate that T cells are

able to mutually support their expansion via ligation of CD28

on neighboring T cells, suggesting that they can complement

the costimulatory function of professional APCs.
316 Immunity 52, 313–327, February 18, 2020
To investigate whether WT T cells promote the expansion of

Cd80�/�Cd86�/� T cells directly or indirectly, we cocultured

them in transwells. This setup allowed both populations to ex-

change soluble mediators but prevented direct contact. We

observed that WT T cells did not need to directly contact

Cd80�/�Cd86�/� T cells to promote their expansion (Figure 2F).

Likewise, transfer of medium from activated WT T cells

improved the expansion of Cd80�/�Cd86�/� T cells (Fig-

ure S1D). Thus, interaction among WT T cells expressing

CD80 and CD86 drives the secretion of a soluble mediator

capable of enhancing Cd80�/�Cd86�/� T cell expansion.

Signaling downstream of the CD80 and CD86 ligand CD28 is

known to promote expression of IL-2, IFNg, and other cyto-

kines (Lindstein et al., 1989; Thompson et al., 1989). When

we blocked IL-2 in WT supernatant, this abrogated its ability

to promote Cd80�/�Cd86�/� T cell expansion, whereas block-

ing IFNg had little effect (Figure S1D). Likewise, provision of

IL-2, but not IFNg, restored the impaired expansion of

Cd80�/�Cd86�/� T cells (Figure 2G). Corroborating a role for

CD80 and CD86 in IL-2 production, we found that the superna-

tants of activated Cd80�/�Cd86�/� T cells contained less IL-2

than WT samples (Figure 2H) and that CD28 stimulation

increased IL-2 concentrations (Figure S1E). Cd80�/�Cd86�/�

T cells also expressed lower levels of the high-affinity IL-2Ra

(CD25) (Figure 2H). Yet the expansion was not primarily limited

by a reduced sensitivity for IL-2, as shown by the inability of

transgenic Cd25 expression to restore Cd80�/�Cd86�/� T cell

expansion (Figures 2I and 2J). These results demonstrate that

by expressing CD80 and CD86, T cells are able to mutually

support their expansion via CD28 and IL-2.

Interactions among Activated T Cells Regulate Cell
Survival
Population dynamics depend on division and survival rates.

T cell division is controlled by Myc, whose expression depends

on antigen and CD28- and IL-2-mediated signals (Heinzel et al.,

2017). This suggests that expression of CD80, CD86, and IL-2

enables T cells to tune the division rates of neighboring T cells.

In addition, we observed that CD28 and IL-2 increased the

expression of the anti-apoptotic proteins Bcl-xL and Bcl-2,

respectively, and inhibited cell death (Figures 3A and S1F).

This indicates that T cells also mutually regulate their survival.

To dissect the relative contributions of division and survival

we transduced Cd80�/�Cd86�/� T cells with Bcl-xL, Bcl-2 or

Myc. In these experiments both anti-apoptotic molecules

restored Cd80�/�Cd86�/� expansion, while Myc did not (Fig-

ure 3B). Hence, a major effect of CD28 and IL-2 is to limit

T cell apoptosis, which is consistent with a censorship function

of cell death on cell division. Concordantly, we found compara-

ble division patterns of P14 and P14 Cd80�/�Cd86�/�

T cells after 2 days but a strikingly reduced accumulation of

divided Cd80�/�Cd86�/� cells after 3 days, indicating that

Cd80�/�Cd86�/� cells did not survive (Figures 3C and 3D). In

line with this, increased death of Cd80�/�Cd86�/� T cells

occurred after day 2 (Figure 3E), which could not be prevented

by increased antigen concentrations (Figure 3F). Together,

these results demonstrate that the expression of CD80 and

CD86 enable T cells to mutually promote their survival via

CD28-driven IL-2 production.
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Figure 2. CD80 and CD86 Enable Mutual Costimulation of CD8+ T Cells via Increasing IL-2 Production

(A–D) Day 3CFSE-proliferation profiles of gp33-stimulated, purified P14 CD8+ T cells upon LFA-1 blockadewith or without agonistic anti-CD28 antibodies (A) and

with or without blocking anti-CD28 Fab fragments (B), P14 Cd80�/�Cd86�/� CD8+ T cells with or without crosslinking Anti-CD28 antibody (C), and co-cultured

P14 and P14 Cd80�/�Cd86�/� CD8+ T cells (D).

(E) Day 3 cell trace violet (CTV)-proliferation profiles (left) and quantification of divided cells (right) of purified, gp33-stimulated P14 Cd80�/�Cd86�/� CD8+ T cells

transduced with GFP, CD80, CD86, or mutants of CD80 or CD86, which are unable to bind CD28 and CTLA-4.

(F and G) Day 3 CFSE-proliferation profiles of gp33-stimulated, purified CD8+ P14 and P14 Cd80�/�Cd86�/� T cells cultured in a transwell system (F) or of P14

Cd80�/�Cd86�/� T cells with IL-2 or IFNg supplementation (G).

(H) Kinetics of IL-2 concentration in supernatants of gp33-stimulated P14 and P14 Cd80�/�Cd86�/� T cells.

(I) Day 2 proportions of gp33-stimulated P14 and P14 Cd80�/�Cd86�/� T cells expressing the IL-2Ra chain (CD25).

(J) Day 3 CTV-proliferation profiles (left) and quantification of dividing cells (right) of purified, gp33-stimulated P14Cd80�/�Cd86�/�CD8+ T cells transduced with

GFP, CD25, or IL-2.

Statistical tests: one-way ANOVA (E and J) and unpaired t test (H and I). All data shown in this figure are from R3 independent experiments with 2–3 biological

replicates each. Error bars depict mean ± SD. See also Figure S1.
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Figure 3. T Cell Interaction via CD80, CD86 and IL-2 Drives Cell Expansion by Inhibiting Apoptosis

(A) Day 2 expression of Bcl-xL and Bcl-2 in gp33 peptide-stimulated P14 T cells upon stimulation versus blockade of CD28 or IL-2.

(B) Day 3 CTV profiles (left) and quantification of divided cells (right) of gp33 peptide-stimulated P14Cd80�/�Cd86�/� T cells transduced withGFP, Bcl-2, Bcl-xL,

or Myc.

(C–E) Comparative expansion (C and D) and survival (E) kinetics of gp33 peptide-stimulated P14 and P14 Cd80�/�Cd86�/� T cells.

(F) Day 3 quantification of live cells of P14 and P14 Cd80�/�Cd86�/� T cells stimulated with titrated concentrations of gp33 peptide.

Statistical tests: one-way ANOVA (B) and unpaired t test (D–F). All data shown in this figure are fromR3 independent experiments with 2–3 biological replicates

each. Error bars depict mean ± SD. See also Figure S1.
Activated T Cells Scale IL-2 Production According to
Cell Density and Abundance
As signal intensity in quorum regulation generally depends on

cellular density and abundance, we next investigated whether

this also applies to IL-2. To modulate cell density, we activated

T cells either in flat-bottom plates, where they arranged in a scat-

tered distribution, or in u- or v-bottom plates, where gravity en-

forced close cellular proximity. When we seeded more than 5 3

104 CD8+ T cells, carboxyfluoresceinsuccinimidylester (CFSE)

patterns were similar across different plate types, indicating

that cells were activated comparably (Figure S2A). Nevertheless,

in u- and v-bottom plates, we detected significantly higher total

and per-cell IL-2 concentrations than in flat-bottom plates (Fig-
318 Immunity 52, 313–327, February 18, 2020
ures 4A and S2B), demonstrating that the amount of IL-2 scales

with T cell density. Furthermore, experiments where we seeded

titrated numbers of T cells in u- (or v-) bottom plates indicated

that at a given cell density IL-2 concentrations correlated linearly

with cellular abundance (Figure 4B). As cluster formation in-

creases cell density, these results show that T cell clustering itself

and the size of clusters determine the abundance of IL-2, which is

consistent with a role for IL-2 in T cell quorum regulation.

Nested Antagonistic Feedback Circuits Regulate T cell
Clustering and Survival
Based on the notion that clustering enables T cells to

mutually stimulate CD28-mediated IL-2 expression in a
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Figure 4. CD8+ T Cell Quorum Regulation Operates via Nested Positive and Negative Feedback Circuits
(A) Day 2 IL-2 concentrations of 105 gp33-activated P14 T cells seeded in flat- versus u- versus v-bottom plates.

(B) Correlation of IL-2 concentrations and cell counts recovered on day 2 after seeding titrated numbers of gp33-activated P14 T cells in u-bottom plates.

(C) Day 2 ICAM-1 expression on gp33-activated P14 T cells with or without anti-CD28 antibodies or IL-2.

(D) Cluster area kinetics of gp33-activated P14 T cells with or without anti-CD28 antibodies or IL-2.

(E and F) Representative plot and quantification of CTLA-4 expression by gp33-activated P14 and P14 Cd80�/�Cd86�/� T cells on day 2.

(G) Day 2 proportion of CTLA-4+ cells of 105 gp33-activated P14 T cells seeded in flat- versus u- versus v-bottom plates.

(H) Correlation of cell counts recovered and proportion of CTLA-4+ T cells on day 2 after seeding titrated numbers of gp33-activated P14 T cells in u-bottom plates.

(I–M) CFSE-profiles (I), IL-2 concentrations (J), cell counts recovered (K), ICAM-1 expression (L), and cluster area kinetics (M) of gp33-activated P14 T cells with or

without anti-CTLA-4 antibodies.

(N) Scheme of CD8+ T cell-intrinsic nested antagonistic feedback circuits regulated by CD80 and CD86.

Statistical tests: one-way ANOVA (A and G), Spearman log-rank test (B and H), ANOVA (C and L), unpaired t test (F), Wilcoxonmatched pair (J and K), and ANOVA

on area under curve (D andM). All data shown in this figure are from 3–8 independent experiments with 6 technical (D and M) or 2–3 biological replicates each (all

other plots). Error bars depict mean ± SD. See also Figures S2 and S3 and Videos S2, S3, and S4.
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(legend continued on next page)
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density-dependent manner, we investigated if in turn, CD28 and

IL-2 modulate T cell cluster kinetics. We found that both signals

increased ICAM-1 expression and inhibited cluster disaggrega-

tion (Figures 4C and 4D; Videos S2 and S3). Together with the

pro-survival effects of CD28 and IL-2, these effects promote

cluster growth, which again reinforces IL-2 andCD80 expression

(Figures 4A, 4B, and S2C), thereby forming a positive feedback

circuit driven by CD28 and IL-2. Unchecked activity of this circuit

could result in self-perpetuation of T cell expansion. However,

IL-2 concentrations peaked at day 2, and clusters dissolved

shortly thereafter, pointing toward antagonistic mechanisms re-

stricting IL-2 abundance and cluster growth. Notably, T cell

expansion was not limited by the carrying capacity of the wells,

as IL-2 addition yielded substantially higher cell counts (Fig-

ure S2D). A candidate molecule for such antagonistic mecha-

nisms is CTLA-4, which was also predicted by our bioinformatic

algorithm. CTLA-4 competes with CD28 for binding to CD80 and

CD86, inhibits IL-2 expression, and induces T cell apoptosis

(Gribben et al., 1995; Krummel and Allison, 1996; Scheipers

and Reiser, 1998;Walunas et al., 1996).We observed substantial

expression of CTLA-4 on activated CD8+ T cells in vitro and

in vivo (Figures 4E, S3A, and S3B), which was highest at contact

sites of T cells within clusters (Figures S3C and S3D). Activated

Cd80�/�Cd86�/� T cells expressed very little CTLA-4, suggest-

ing a stimulatory role for CD80 and/or CD86 on CTLA-4 expres-

sion (Figure 4F). Accordingly, both CD28 stimulation and IL-2

induced CTLA-4 expression (Figures S3E and S3F). CTLA-4

expression did not steadily increase with cell divisions or time,

indicating that it functions as neither a division counter nor a

timer (Figure S3G). Instead, CTLA-4 expression scaled with

cell density and cell counts, thus mirroring IL-2 dynamics (Fig-

ures 4G and 4H). Addition of anti-CTLA-4 antibodies did not alter

the cell division rate but increased IL-2 and ICAM-1 expression

and, consequently, promoted cellular expansion and clustering

(Figures 4I–4M; Video S4). Together, these experiments show

that within cell clusters, T cell-expressed CD80 and CD86 feed

two interlaced but antagonistic feedback circuits via CD28 and

CTLA-4 (Figure 4N), with cell density shaping the relative activ-

ities of both circuits.

Antagonistic Feedback Loops Quantitatively Explain
CD8+ T Cell Kinetics
To formally test if experimentally observed T cell dynamics

can be explained by these intertwined antagonistic feedback

loops, we constructed a dynamic mathematical model based

on the abundances of receptors and ligands involved. We

combined CFSE profiles with total cell-count quantification

to deduce the dynamics of divided and undivided T cells (Fig-

ure 5A, left).

First, we tested if differences in IL-2-mediated effects alone

sufficed to explain the different expansion kinetics observed
(F and G) Overlays of best-fitting simulations for two model variants with IL-2 ind

mental data for WT (F) and Cd80�/�Cd86�/� (G) cells.

(H) Five best fits of parameters found to be cell-density dependent.

(I) Fraction of CTLA-4+ cells and IL-2 concentrations at the transition from popu

regression.

Model parameterswere obtained by fitting eachmodel to experimental data of 105

in flat-, u-, or v-bottomwells (H and I) and are listed in Supplemental Information. Er
for WT and Cd80�/�Cd86�/� T cells (Figure 5A, right) by setting

up a model in which the net growth rate (i.e., the net of division

and death) solely depended on IL-2R signaling (Figure 5B). In

the model, we interpolated dynamic measurements of IL-2 and

CD25 expression as inputs that modify T cell expansion. As a

subset of T cells did not express the P14 TCR and thus was

not activated by gp33, we split the undivided cell population in

P14 TCR+ and P14 TCR� cells. Fitting this model to experimental

measurements indicated that it could reproduce the decline of

undivided cells but not the population dynamics of divided cells

(Figures 5C and 5D). We therefore included the stimulatory effect

of the interaction of CD80 and CD86with CD28 and the inhibitory

effect of CTLA-4 into the model. Specifically, we considered the

net growth rate of both populations to depend on IL-2R and

CD28 signaling, with the latter being promoted by CD80 and

CD86 and inhibited by CTLA-4. In the model, dividing cells

initially did not express CTLA-4 but could gain or lose such

expression over time. Since our data suggested that IL-2 drives

CTLA-4 expression (Figure S3F), we implemented model vari-

ants with IL-2-independent and IL-2-dependent regulation of

CTLA-4 dynamics (Figure 5E, black and orange lines versus

black, orange, and blue lines, respectively). Fitting each model

variant to WT and Cd80�/�Cd86�/� cell data showed that IL-2-

independent CTLA-4 regulation could reproduce total popula-

tion dynamics but failed to describe the amount of CTLA-4+

WT cells (Figure 5F), while themodel variant with IL-2-dependent

CTLA-4 expression closely matched the experimental data.

Thus, our modeling confirms that the intertwined antagonistic

feedback loops operating via CD28, IL-2R, and CTLA-4 are

needed to quantitatively explain CD8+ T cell population

dynamics.

We next tested whether the model was also compatible with

experiments initialized with titrated cell counts and different

well shapes. The model fitted data for titrated cell counts with

identical parameter values, indicating that it accurately captured

effects of population size (Figure S4). It was also able to repro-

duce population dynamics of titrated cell counts across different

well types (Figures S4 and S5). However, as cell density was not

an input variable in the model, this required adjusting several pa-

rameters (Figure 5H). Notably, these adjustments identified pa-

rameters that depend on cell density. Specifically, they predicted

that cell density affected the basal cell expansion rate and its in-

crease upon IL-2R signaling. Both support the notion that direct

contact enables T cells to promote their expansion (via mutual

stimulation of CD28). Consistent with our experimental data,

the model also predicted that CTLA-4 expression depends on

cell density.

As CTLA-4 counteracts CD28- and IL-2-driven T cell expan-

sion, it is unclear if the transition from population expansion to

contraction is linked to a single CTLA-4 expression threshold.

The model allowed us to refute this by revealing markedly
ependent (orange) and IL-2 dependent (blue) CTLA-4 expression and experi-

lation expansion to contraction of WT cells. Dotted line represents the linear

input cells in flat-bottomwells (C, D, and F) or 0.253, 0.53, or 13 105 input cells

ror bars depict SDof three technical replicates. See also Figures S3, S4, andS5.
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Figure 6. Mutual Regulation of CD8+ T Cells upon DC Priming In Vitro and In Vivo

(A–C) Coculture of 105 CD8+ P14 T cells with titrated amounts of gp33-loaded DCs. (A) Kinetics of T cell counts. (B) Peak T cell counts. (C) Day 2 CTLA-4

expression on T cells.

(D–G) Blood kinetics (D) and day 11 phenotype (E–G) of 500–800 adoptively transfered P14 or P14 Icam1�/� T cells upon LMCV infection. To allow for a

comparision across experiments, T cell expansion was normalized to input cell counts with mean expansion of control group cells set to 100% (= expan-

sion index).

(legend continued on next page)
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differing CTLA-4 expressions at this transition for different cell

counts and densities (Figure 5I). However, there was a direct cor-

relation between IL-2 and CTLA-4 at the transition, indicating

that the onset of population contraction is determined by both

regulators. As the expression of IL-2 and CTLA-4 is functionally

linked, these results provide amechanism conferring robustness

to population dynamics across different cell counts and

densities.

T Cell Quorum Regulation Shapes T Cell Behavior upon
Activation by DCs
So far, we have demonstrated the existence of T cell quorum

regulation in a reductionist system employing T cells as APCs.

Next, we investigated if this layer of regulation also modulated

T cell expansion upon activation by DCs. To vary the strength

of DC-mediated signals, we added titrated amounts of pep-

tide-loaded DCs to CD8+ T cells. Indeed, increased DC counts

accelerated T cell expansion (Figures 6A and S6A). In the

absence of T cell quorum regulation, the extent of T cell expan-

sion would be expected to scale with the number of DCs. How-

ever, the peaks of T cell numbers and cluster area were both

comparable despite variation in activation signals provided by

DCs (Figures 6B and S6B). While this suggested a DC-extrinsic

factor limiting T cell expansion, it was not due to cell counts

reaching the carrying capacity of the wells (Figure S6C). Rather,

T cells increased CTLA-4 expression with rising numbers of DCs

(Figure 6C), pointing toward a role for T cells in dampening their

own population dynamics. Together, these results indicate that

also upon priming by DCs, T cells can regulate their population

dynamics by integrating extrinsic signals into quorum regulation.

Next, we searched for evidence of mutual regulation of CD8+

T cells in vivo. As T cell clustering provided a scaffold for quorum

regulation, we asked whether modulating the capability of T cells

to cluster altered their behavior upon infection with lymphocytic

choriomeningitis virus (LCMV). Notably, while T cell expression

of ICAM-1 is crucial for their clustering in vivo, it is dispensable

for their activation by DCs (Gérard et al., 2013; Zumwalde

et al., 2013). We observed that upon infection, the expansion

of adoptively transferred P14 Icam1�/� T cells was curtailed to

about 50% of control P14 T cells (Figure 6D). Furthermore,

Icam1�/� P14 T cells expressed less KLRG-1 and more CD127

and CD62L (Figures 6E–6G). These observations corroborated

our in vitro results indicating that T cell clustering led to more

IL-2 exposure, because IL-2 has been shown to promote T cell

expansion and KLRG-1-expression, and to inhibit CD127 and

CD62L expression (Pipkin et al., 2010). Consistent with this inter-

pretation, Icam1-transgenic P14 T cells expanded more strongly

than control P14 T cells (Figure 6H).

For CD8+ T cell quorum regulation operating in vivo, trans-

ferred P14 cells are expected to also impact on the behavior of

endogenous, polyclonal CD8+ T cells. Accordingly, we found

that transfer of Icam1-transgenic P14 T cells also supported
(H) Blood kinetics of 23 104 adoptively transferred GFP- versus Icam1-GFP-trans

and (H) are due to different numbers of transferred cells.

(I–O) Day 7 expansion and phenotype of endogenous CD8+ T cells upon adoptiv

2 3 104 GFP- versus Il2-GFP-transgenic P14 T cells (L,M) or of 1 3 105 GFP- ve

Statistical tests: ANOVA (B andC), unpaired t test withWelch’s correction (D, E, an

of 2–3 independent experiments with 3 technical (A–C) or 3–5 (D–O) biological re
the expansion of endogenous CD8+ T cells and shifted their

differentiation toward a KLRG1+ CD127� phenotype (Figures

6I–6K). We then tested if we could corroborate this observation

using other elements of the identified feedback circuits. Indeed,

adoptive transfer of Il2 transgenic P14 T cells mimicked the ef-

fect of transferring Icam1 transgenic P14 T cells (Figures 6L

and 6M). Conversely, Ctla4 transgenic P14 T cells suppressed

the expansion of endogenous, polyclonal T cells and promoted

their expression of CD127 (Figures 6N and 6O). Together, our

observations establish that also in vivo CD8+ T cells do not act

entirely independent of each other but coordinate their behavior.

Specifically, they demonstrate that altering the clustering capa-

bilities of activated T cells in vivo modulates their population

behavior and substantiate roles for ICAM-1, IL-2, and CTLA-4

in this process.

DISCUSSION

Based on the central role of T lymphocytes in host protection

against pathogens andmalignancies, mechanisms shaping anti-

gen-specific T cell responses are studied extensively. Most

studies focus on the impact of specialized regulatory cell types

likemature DCs and Treg cells, which promote or curtail T cell re-

sponses, respectively. However, these studies do not reveal if in-

dividual CD8+ T cells act entirely independent of each other or if

their behavior is coordinated. We clarified this question by

showing that T cell responses were concerted and that such

regulation was not confined to specialized regulatory cell types

like DCs or Treg cells. Instead, we provided evidence for an addi-

tional layer of regulation by showing that CD8+ T cells them-

selves actively contributed to the regulation of their own popula-

tion dynamics. Specifically, our work sketches a scenario in

which activated T cells mutually promoted their expansion

when only few of them were present but also limit further prolif-

eration once sufficient numbers had been generated. This sce-

nario is highly reminiscent of quorum-regulated systems, in

which population members sense each other and adjust their

behavior accordingly (Waters and Bassler, 2005). Such behav-

ioral adaptation according to population density enables mutual

promotion or inhibition of cellular expansion and differentiation,

thereby conferring robustness to population responses. For

T cell responses, achieving sufficient but preventing excessive

expansion is important, because expanded T cell populations

are crucial for pathogen elimination yet may also cause devas-

tating immunopathology.

Quorum regulation requires communication among popula-

tion members, which is facilitated by close proximity of cells.

Activated T cells attract each other to their priming site

(Hugues et al., 2007) and congregate into cell clusters by up-

regulating ICAM-1 and LFA-1 (Gérard et al., 2013; Zumwalde

et al., 2013). We reasoned that these cell clusters constitute

niches enabling T cells to communicate via soluble and
genic P14 T cells. Note that the different kinetics of P14 and P14GFP cells in (D)

e transfer of 2 3 104 GFP- versus Icam1-GFP-transgenic P14 T cells (I–K), of

rsus Ctla4-GFP-transgenic P14 T cells (N and O).

d G–O), andMann-Whitney test (F). Data shown in this figure are representative

plicates each. Error bars depict mean ± SD. See also Figure S6.
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membrane-bound receptor-ligand pairs. Supporting this notion,

it is known that activated T cells can broadcast signals that

modulate their behavior (Gérard et al., 2013; Polonsky et al.,

2018; Sabatos et al., 2008; Zumwalde et al., 2013). However, it

was unclear if this reflects a simple default program of T cell acti-

vation or if T cells actively modulate such signals. Our work pro-

vided evidence that activated T cells adjusted their communica-

tion to their population density. Furthermore, we identified a

mechanism underlying this adjustment by revealing that T cell-

expressed CD80 and CD86 fed two nested, antagonistic feed-

back circuits controling T cell behavior. This is possible because

both CD80 and CD86 can bind to the receptors CD28 and

CTLA-4, which confer stimulatory and inhibitory effects, respec-

tively. Notably, while 60%of all cells expressing CD80 or CD86 in

the spleen are T cells (Eberlein et al., 2012), the role of thesemol-

ecules on T cells has largely been unresolved. Naive CD8+ T cells

express CD28, and some also express CD86. However, they do

not cluster spontaneously, and bivalent ligand binding of CD28

requires concomitant TCR triggering (Sanchez-Lockhart et al.,

2011), rendering it unlikely that this interaction mediates relevant

communication among naive T cells. This situation changes

once T cells recognize antigens presented by DCs, in which

case TCR triggering licenses CD28 signaling mediated by

APC-expressed CD80 and CD86. We showed that CD28 stimu-

lation induced ICAM-1 and CD80 expression on T cells, which

promoted clustering and mutual costimulation, respectively. An

additional layer of complexity is added by the ability of T cells

to trogocytose peptide-MHC complexes, CD80, and CD86

from APCs and present them on their surface (Huang et al.,

1999; Hwang et al., 2000). This makes it difficult to distinguish

the contributions of antigen presentation and costimulation by

DCs and T cells within a cluster of T cells surrounding aDC. How-

ever, while within clusters, T cell- and DC-expressed CD80 and

CD86 may act in concert, the relative contribution of T cell ex-

pressed molecules is expected to increase over time as acti-

vated T cells, but not DCs, rapidly proliferate. This expansion is

supported by CD28-mediated expression of Bcl-xL and IL-2,

which in turn induces Bcl-2. Our work revealed a crucial role

for these anti-apoptotic molecules, because apoptosis effec-

tively censored cell division already very early after activation.

As IL-2 concentrations mirrored the density and abundance of

activated T cells, cluster formation permits T cells to support

their survival. Such population-intrinsic modulation of signal

strength is a hallmark of quorum regulation. As CD28 and IL-2

also stimulate the expression of Myc (Heinzel et al., 2017), acti-

vated T cells are expected to also mutually promote their

proliferation.

Quorum regulation frequently integrates feedback regulation,

which we found in several instances: CD28 and IL-2 induced

CD80 expression by activated T cells, which could in turn bind

to CD28 to augment IL-2 production. This positive feedback

loop acts to perpetuate T cell expansion. However, at some point

T cell expansion needs to be limited in order to prevent immuno-

pathology. This is accomplished by a negative feedback circuit

acting via CTLA-4, which is also driven by CD28 and IL-2.

CTLA-4 deprives CD28 of its ligands by competitive exclusion

and also mediates inhibitory signals in cis (Contardi et al.,

2005). Consistent with our observations, CTLA-4 has been re-

ported to curtail IL-2 expression (Krummel and Allison, 1996;
324 Immunity 52, 313–327, February 18, 2020
Walunas et al., 1996) and to promote apoptosis (Gribben et al.,

1995; Scheipers and Reiser, 1998). Furthermore, we found that

these antagonistic circuits differentially modulated ICAM-1

expression and T cell cluster stability. Both feedback circuits

are connected by competition for CD80 and CD86. The outcome

of this competition depends on the relative expression levels of

CD28 and CTLA-4 at different points in time. CD28 was already

present on naive T cells, whereas CTLA-4 expression lagged

behind and depended on cell density. Thus, early after activa-

tion, CD28-driven T cell expansion dominates within clusters,

whereas later and at high cell densities, CTLA-4 expression con-

verts the initially activating interaction among T cells into an

inhibitory one. We corroborated this scenario by constructing a

dynamic mathematical model of the intertwined feedback loops

fitted to the dynamics of interactome components. The model

was purposely designed to be reductionist, as this allows the

identification of crucial regulatory elements and avoids ‘‘overfit-

ting’’ due to the use of too many parameters. The model showed

that CD28 and IL-2R signaling, as well as the negative feedback

provided by CTLA-4, is required to quantitatively explain T cell

dynamics. The adaptive network architecture enables T cells to

tune the relative activities of positive and negative feedback

loops. Our model also confirmed the cell-densitiy dependence

of this regulation. Additionaly, it indicated that the relative

expression of IL-2 and CTLA-4 determines the transition from

population expansion to contraction. Together, our results pro-

vide a mechanistic explanation how nested antagonistic feed-

back circuits homeostatically regulate T cell population dy-

namics across different cell counts and densities. Comparable

results have been reported for a similar network engineered

into yeast (Youk and Lim, 2014). Future model extensions incor-

porating spatiotemporal dynamics of cluster formation, cell

migration, and IL-2 diffusion should broaden our understanding

of quorum-regulation.

A recent landmark publication correlates cell density and IL-2

availability to CD4+ T cell behavior (Polonsky et al., 2018) but

does not address how these factors are regulated. Our work

on CD8+ T cells corroborates and extends this concept by

showing that T cells—vice versa—also actively modulate cell

density and IL-2 abundance, and by delineating themechanisms

underlying such behavioral orchestration. While we did not

investigate whether similar mechanisms also operate in CD4+

T cells, we consider this likely, because they express all relevant

receptors and ligands involved in the nested feedback circuits

we identified. Furthermore, IL-2 also modulates the expansion

and differentiation of CD4+ T cells and promotes their expres-

sion of CTLA-4.

While our work provides a proof of concept demonstrating

how a simple network of two nested antagonistic feedback cir-

cuits can regulate T cell population dynamics, it does not provide

a comprehensive overview of all signals T cells could employ to

mutually regulate their behavior. Other candidates predicted by

our bioinformatic algorithm that could exert such functions are,

for example, the interactions of FasL, PD-L1, IFNg, TNFa, IL-

18, or IL-1b with their receptors.

Furthermore, physiologically, T cell quorum regulation is

embedded within substantially larger networks involving other

cell types. Namely, CD80, CD86, and CTLA-4 are also highly ex-

pressed on DCs and Treg cells, respectively. We showed that



T cells also mutually regulated their population dynamics upon

activation by DCs, exemplifying that T cell quorum regulation

can integrate inputs derived from other cell types. The interplay

of CD8+ T cell population intrinsic and extrinsic regulatory mech-

anisms is important, because immune responses induced by

different pathogens vary. Such external inputs will tune the bal-

ance of positive and negative feedback circuits of T cell quorum

regulation upon different primary but also recall infections.

The interplay of T cell population extrinsic and intrinsic layers

of regulation makes it challenging to investigate T cell-density-

dependent regulation in vivo. To study this, in previous works

titrated numbers of adoptively transferred TCR-transgenic

T cells were activated in vivo (Polonsky et al., 2018). A downside

of this approach is that increasing the numbers of transferred

T cells promotes their competition for antigen and other extrinsic

signals. These potential confounders make it difficult to attribute

any differences observed solely to mutual regulation of activated

T cells. We thus set out to more directly modulate T cell density

in vivo by altering their ability to interact with each other. As

ICAM-1 expression by T cells is dispensable for their priming

by DCs but important for T cell clustering (Gérard et al., 2013;

Zumwalde et al., 2013), we tracked adoptively transferred

T cells lacking or overexpressing ICAM-1, which limits or pro-

motes, respectively, their interaction with each other. Consistent

with a role for clustering in promoting T cell survival, we found

that CD8+ T cell expansion scaled with their expression of

ICAM-1. This was not a cell-intrinsic effect, as ICAM-1 overex-

pression also promoted the expansion of unmodified, endoge-

nous CD8+ T cells and directed their differentiation toward

more KLRG-1 and less CD127 expression. These observations

demonstrate that also in vivo CD8+ T cells mutually regulate their

expansion and differentiation. Mechanistically, the effects

observed are consistent with increased exposure to IL-2 upon

T cell clustering, because IL-2 increases T cell expansion and

KLRG-1 expression and decreases CD127 expression (Pipkin

et al., 2010). Our mathematical model predicted that within clus-

ters the relative expression levels of IL-2 and CTLA-4 determine

T cell population dynamics, underscoring a functional antago-

nism of both molecules. Accordingly, we observed that while

expression of IL-2 by transferred cells mimicked the effect of

ICAM-1 overexpression on expansion and differentiation of

endogenous CD8+ T cells, transfer of Ctla4 transgenic T cells

had an opposite effect. CD8+ T cell expression patterns of

KLRG-1 and CD127 are widely used to define their differentiation

into effector and memory precursor cells. In this regard, the ef-

fects we observed on the expression of KLRG-1 and CD127

when we modulated elements of the T cell quorum regulation

network in vivo could suggest that T cell quorum regulation

also modulates the balance between effector and memory

CD8+ T cell differentiation. While we did not investigate this topic

in our current work, a correlation between cell density and CD4+

T cell differentiation has been described (Polonsky et al., 2018).

In summary, our work showcases how communication among

activated CD8+ T cells enables collective behavioral regulation.

Thus, rather than constituting a population of individualists, acti-

vated T lymphocytes function in a cooperativemanner. While our

in vivo and in vitro observations are well in line with each other,

the experiments are based on perturbation of the regulatory net-

works. Thus, they do not directly test to which degree physiolog-
ical variation of the signals modulates T cell behavior. This would

require the development of experimental setups that link quanti-

tative information on the amount and/or intensity of interactions a

specific T cell experiences in vivo to the fate of its progeny—an

important aim for future research. Dissecting the mechanisms

underlying T cell social behavior helps to understand how

robustness is conferred to immune responses. Furthermore, ex-

ploiting thesemechanisms should improve the efficacy of immu-

notherapies in different diseases like cancer, infections, and

immunodeficiencies.
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Anti-Mouse/Rat CD90.1 (Thy1.1) FITC (clone OX-7) BD Bioscience Cat#561973, RRID: AB_10898011

Anti-Mouse Ki67 PerCP-Cy5.5 (clone B56) BD Bioscience Cat#561284, RRID: AB_10611574

Anti-Mouse CD8a Brilliant Violet 510 (clone 53-6.7) BioLegend, Cat#100752, RRID: AB_2563057

Anti-Mouse CD45.1 Alexa Fluor 700 (clone A20) BioLegend Cat#110723, RRID: AB_493732

Anti-Mouse CD45.2 PE/Cy7 (clone 104) BioLegend Cat#09830, RRID: AB_1186098

Anti-Mouse CD45.2 Alexa Fluor (clone 104) BioLegend Cat#109821, RRID: AB_493730

Anti-Mouse/Rat CD90.1 (Thy-1.1) PE/Cy7

(clone OX-7)

BioLegend Cat#202518, RRID: AB_1659223

Anti-Mouse CD90.2 (Thy-1.2) Alexa Fluor 700

(clone 30-H12)

BioLegend Cat#105320, RRID: AB_493725

Anti-Mouse CD80 PE/Cy7 (clone 16-10A1) BioLegend Cat#104734, RRID: AB_2563113

Anti-Mouse CD80 Brilliant Violet 421�
(clone 16-10A1)

BioLegend Cat#104726, RRID: AB_2561445

Anti-Mouse CD86 APC (clone GL-1) BioLegend Cat#105012, RRID: AB_493342

Anti-Mouse Bcl-2 PE/Cy7 (clone BCL/10C4) BioLegend Cat#633511, RRID: AB_2565246

Anti-Mouse CD11a LEAF� Purified (clone M17/4) BioLegend Cat#101110, RRID: AB_312783

Anti-Mouse CD54 (ICAM-1) APC (clone YN1/1.7.4) BioLegend Cat#116120, RRID: AB_10612936

Anti-Mouse CD152 (CTLA-4) PE (clone UC10-4B9) BioLegend Cat#106306, RRID: AB_313255

Anti-Mouse CD152 (CTLA-4) APC (clone

UC10-4B9)

BioLegend Cat#106310, RRID: AB_2087653

Anti-Mouse CD152 (CTLA-4) Biotin (clone

UC10-4B9)

BioLegend Cat#106303, RRID: AB_313252

Anti-mouse CD25 BV875 (clone PC61) BioLegend Cat# 102051, RRID: AB_2564131

Anti-Mouse CD28 LEAF Purified (clone 37.51) BioLegend Cat#102112, RRID: AB_312877

Anti-Mouse CD127 (IL-7Ra) PE (clone A7R34) BioLegend Cat#135010, RRID: AB_1937251

Anti-Mouse CD127 BV421 (clone A7R34) BioLegend Cat#135023, RRID: AB_10897948

Anti-Mouse Bcl-xL Alexa Fluor 647 (clone 54H6) Cell Signaling Technology Cat#86387S, RRID: AB_2800078

Anti-Mouse CD8a PerCP-eFluor 710 (clone 53-6.7) Thermo Fisher Scientific Cat#46-0081-80, RRID: AB_1834434

Anti-Mouse CD8a FITC (clone 53-6.7) Thermo Fisher Scientific Cat#11-0081-85, RRID: AB_464916

Anti-Mouse CD45.1 PerCP-Cyanine5.5 (clone A20) Thermo Fisher Scientific Cat#45-0453-80, RRID: AB_925750

Anti-Mouse CD90.2 (Thy-1.2) APC (clone 53-2.1) Thermo Fisher Scientific Cat#17-0902-82, RRID: AB_469422

Anti-Mouse CD11a (LFA-1alpha) PE (clone M17/4) Thermo Fisher Scientific Cat#12-0111-82, RRID: AB_465544

Anti-Mouse KLRG-1 PerCP-eFluor710 (clone 2F1) Thermo Fisher Scientific Cat#46-5893-82, RRID: AB_10670282

Anti-Mouse KLRG-1 APC (clone 2F1) Thermo Fisher Scientific Cat#17-5893-82, RRID: AB_469469

Anti-Mouse CD28 fab fragments generated from

a-CD28 mAb (clone E18)

Dennehy et al., 2006 N/A

Anti-Mouse CTLA-4 (clone UC10-4F10) BioXCell Cat#BE0032, RRID: AB_1107598

Anti-Mouse IL-2 InVivomAb (clone S4B6-1) BioXCell Cat# BE0043-1, RRID: AB_1107705

Anti-Mouse IL-2 InVivomAb (clone JES6-1A12) BioXCell Cat#BE0043, RRID: AB_1107702

Anit-Mouse Interferon-g InVivomAb

(clone XMG1.2)

BioXCell Cat# BE0055, RRID: AB_1107694

Bacterial and Virus Strains

One Shot� TOP10 Chemically Competent E. coli Thermo Fisher Scientific Cat#C404010

LCMV-WE H. Pircher (Freiburg, Germany) N/A
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Chemicals, Peptides, and Recombinant Proteins

Alexa Fluor 488 Streptavidin BioLegend Cat#405235

Precision Count Beads BioLegend Cat#424902

CellTrace Violet Cell Proliferation Kit Thermo Fisher Scientific Cat#C34557

eBioscience CFSE Thermo Fisher Scientific Cat#65-0850-84

LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit Thermo Fisher Scientific Cat#L10119

Zombie Violet Fixable Viability Kit BioLegend Cat#423113

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich Cat#P8139, CAS: 16561-29-8

Ionomycin Sigma-Aldrich Cat#407952, CAS: 56092-82-1

Concanavalin A (ConA) Sigma-Aldrich Cat# C5275, CAS: 11028-71-0

Recombinant Human IL-2 (Proleukin S) Novartis Pharma GmbH Cat#A2542

Recombinant murine IL-7 PeproTech Cat#217-17

Recombinant murine GM-CSF PeproTech Cat#3150320

Recombinant murine IFN-g PeproTech Cat#315-05

Lipopolysaccharides (LPS) Sigma-Aldrich Cat#L3024

LCMV gp33 epitope (amino acid sequence:

KAVYNFATC)

PolyPeptide N/A

FuGENE 6 Transfection Reagent Promega Cat#E2691

Iscove’s Modified Dulbecco’s Medium

(IMDM) + L-Glutamine

Thermo Fisher Scientific Cat#21980065

Penicillin-Streptomycin 5,000 U/mL (P/S) Thermo Fisher Scientific Cat#15070063

Fetal Bovine Serum PAN Biotech Cat#P30-1502, Lot#P150718

b-Mercaptoethanol AppliChem Cat#A1108, CAS: 60-24-2

RetroNectin Recombinant Human Fibronectin

Fragment

Takara Cat#T100A

DAPI Sigma-Aldrich Cat#D9542, CAS: 28718-90-3

Fluoromount-G SouthernBiotech Cat#0100-01

Lysing Solution 10X Concentrate BD Bioscience Cat#349202

Bovine Serum Albumin Roche Cat#10735086001

Puromycin Applichem Cat#A2856

Blasticidin S Applichem Cat#A3784

Poly-L-ornithine hydrobromide Sigma-Aldrich Cat#3655, CAS: 27378-49-0

Critical Commercial Assays

Mouse IL-2 ELISA MAX Deluxe BioLegend Cat#431006

eBioscience Foxp3 / Transcription Factor Staining

Buffer Set

Thermo Fisher Scientific Cat#00-5523-00

Mouse CD8 T Lymphocyte Enrichment Set - DM BD Bioscience Cat#558471

NEBuilder HiFi DNA Assembly Master Mix New England BioLabs Cat#E2621L

Experimental Models: Cell Lines

Human: Platinum-E retroviral packaging cell line Cell Biolabs Cat#RV-101, RRID:CVCL_B488

Experimental Models: Organisms/Strains

Mouse: B6;D2-Tg(TcrLCMV)318Sdz/JDvsJ H. Pircher N/A

Mouse: B6.129S4-Cd80tm1Shr Cd86tm2Shr/J The Jackson Laboratory Stock No: 003610, RRID: IMSR_JAX:003610

Mouse: C57BL/6 Janvier Labs Cat#SC-C57N-F

Mouse: B6.SJL-PtprcaPepcb/BoyJ The Jackson Laboratory Stock No: 002014, RRID:IMSR_JAX:002014

Mouse: B6.129(Cg)-

Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J

The Jackson Laboratory Stock No: 007676, RRID:IMSR_JAX:007676

Mouse: B6.129S4-Icam1tm1Jcgr/J The Jackson Laboratory Stock No: 002867, RRID:IMSR_JAX:002867
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Recombinant DNA

Plasmid: pMx-Cd80-IRES-GFP This manuscript N/A

Plasmid: pMx-Cd80Y201A-IRES-GFP This manuscript N/A

Plasmid: pMx-Cd86-IRES-GFP This manuscript N/A

Plasmid: pMx-Cd86Q35A-IRES-GFP This manuscript N/A

Plasmid: pMx-Ctla-4-IRES-GFP This manuscript N/A

Plasmid: pMx-Cd25-IRES-GFP This manuscript N/A

Plasmid: pMx-Il-2-IRES-GFP This manuscript N/A

Plasmid: pMx-Icam-1-IRES-GFP This manuscript N/A

Plasmid: pMx-Bcl-2-IRES-GFP This manuscript N/A

Plasmid: pMx-Bcl-xL-IRES-GFP This manuscript N/A

Plasmid: pMx-myc Heinzel et al., 2017 N/A

Plasmid: pMx-IRES-GFP Kitamura et al., 2003 N/A

Software and Algorithms

Prism8 (v8.1.0) GraphPad Software https://www.graphpad.com/

FlowJo X (v10.0.7r2 and v10.2) BD Bioscience https://www.flowjo.com/

Inkscape (v0.92) The Inkscape project https://inkscape.org

Code predicting candidate receptor-ligands pairs This manuscript N/A

Mathematical modeling of T cell dynamics This manuscript N/A

Other

Database of ligand-receptor partners (DLRP) Graeber and Eisenberg, 2001 http://dip.doe-mbi.ucla.edu/dip/DLRP.cgi

human plasma membrane receptome (HPMR) Ben-Shlomo et al., 2003 http://www.receptome.org/

IUPHAR database Pawson et al., 2014 http://www.guidetopharmacology.org/linking.jsp

CD8 T cell gene expression data LCMV https://www.ncbi.nlm.nih.

gov/geo/

GEO: GSE30431

CD8 T cell gene expression data Listeria

monocytogenes and VSV

https://www.ncbi.nlm.nih.

gov/geo/

GEO: GSE15907
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jan C.

Rohr (jan.rohr@uniklinik-freiburg.de)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Animal experiments were approved by local governmental authorities (Regierungspr€asidium Freiburg) and performed in accordance

with EU guidelines. P14 TCR transgenicmice (TcrLCMV)318Sdz/JDvsJ) were originally described and provided byH. Pircher (Kyburz

et al., 1993). Cd80�/�Cd86�/� (B6.129S4-Cd80tm1Shr Cd86tm2Shr/J), Cd45.1+/+ (B6.SJL-PtprcaPepcb/BoyJ), Icam1�/� (B6.129S4-

Icam1tm1Jcgr/J) and mTmG (B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J) mice were from The Jackson Laboratory.

C57BL/6 mice were from Janvier Labs. To generate TCR-transgenic Cd80�/�Cd86�/�, Cd45.1+/+, mTmG or Icam1�/� animals,

P14 mice were crossed with the respective strains. All mice had previously been backcrossed to a C57BL/6 background for ten gen-

erations. For all in vivo cell transfer studies sex-matched 8-12 week old C57BL/6 recipient mice were used. Male and female mice

were used for experiments with no differences observed within the parameters analyzed. Mice were housed under specific path-

ogen-free conditions in groups of up to five mice

Cell culture
Primary cells and cell lines were cultured at 37�C, 5% CO2 in a humidified environment. Primary cells of 6-26 week old male and fe-

male mice were used, which were sex-matched in co-culture experiments. Platinum-E cells were cultured in presence of drug se-

lection (10 mg/mL blasticidin, 1 mg/mL puromycin, both Applichem).
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METHOD DETAILS

Plasmids
DNA fragments encoding murine Cd80, Cd86, Cd28, Ctla4, Cd25, Il2 and Icam1 were either generated from splenocyte cDNA or or-

dered as gblocks (Integrated DNA Technologies). Template plasmids encodingmurineBcl-2 andBcl-xL cDNAswere generously pro-

vided by Susanne Kirschneck. Side-directed mutagenesis was performed by overlap PCR using primers containing the desired mu-

tations. DNA fragments were cloned into retroviral pMx-vectors (Kitamura et al., 2003) using NEBuilder� HiFi DNA Assembly

reagents (New England Biolabs). The pMx-myc plasmid (Heinzel et al., 2017) was a kind gift from Susanne Heinzel. All transgenes

were sequence-verified prior to use.

Cell culture
Cells were cultured in IMDM L-Glutamin, PenStrep (both from Thermo Fisher Scientific), 10% FCS (PAN Biotech), 5mM b-Mercap-

toethanol (Applichem), in 96-well u-, v- or flat-bottom plates (Greiner). Dendritic cells were generated by culturing murine bone

marrow cells in GM-CSF (20 ng/mL, Peprotech) for 5 days and matured by addition of LPS (50ng/mL, Sigma-Aldrich) for 16 h.

Mature DCs were pulsed with 10�6 M of LCMV gp33-epitope (amino acid sequence: KAVYNFATC) (PolyPeptide) for 1 h at

37�C. CD8+ T cells were magnetically purified from spleens and/or lymph nodes (Mouse CD8 T lymphocyte enrichment set –

DM, BD Biosciences). In some experiments enriched CD8+ T cells were labeled with 1-10 mM CFSE or CTV proliferation dyes

(Thermo Fisher Scientific). Unless stated otherwise, CD8+ T cells were activated by adding either 10�7 M gp33 peptide or 104 pep-

tide pulsed DCs. Interleukin-2 (Proleukin, Novartis) was used at 20 ng/mL unless stated otherwise. Interferon-g (PeproTech) was

used at 100 ng/mL The following unconjugated antibodies were used: anti-CD28 (37.51) at 1 mg/mL (BioLegend), anti-CTLA-4

(UC10-4F10) (BioXcell) at 10 mg/mL, anti-LFA-1 (M17/4) (BioLegend) at 20 mg/mL, anti-IFN-g (XMG1.2) (BioXcell) at 10 mg/mL.

CD28 antibody Fab-fragments were generated as described (Pletinckx et al., 2015). Briefly, anti-CD28 mAb (clone E18) (Dennehy

et al., 2006) were concentrated and digested using immobilized papain under continuous mixing for 5 h at 37�C, followed by Pro-

tein A-purification. CD28-Fab fragments were used at 10 mg/mL. Anti-IL-2 antibodies clones S4B6 and JES6 (BioXcell) were used

simultaneously at 5 mg/mL each. IL-2 concentrations in cell culture supernatants were determined using the mouse IL-2 ELISA

MAX Kit (BioLegend).

Retroviral transduction
Replication-deficient retrovirus was generated by plasmid transfection of platinum-e packaging cells using Fugene 6 (Promega).

Retrovirus-containing supernatant was harvested after 24- and/or 48 h and immediately used for transductions by spin-infection

(90 min. 2,000 rpm, 30�C). Transductions were performed in non-tissue-culture treated 24-wells plates that had been coated with

retronectin (20 mg/mL, TaKaRa) overnight and blocked with 2% BSA (Roche) for 1/2 h. Total splenocytes or purified CD8+ T cells

were activated 24 h prior to transduction by either cognate peptide, ConA (2 mg/mL, Sigma-Aldrich) + murine IL-7 (1 ng/mL, Pepro-

tech), or 50 ng/mL PMA + 0.5 mg/mL Ionomycin (both Sigma-Aldrich). Transduction efficiencies ranged from 30%–80% as deter-

mined by flow cytometry.

Adoptive transfer & infections
Unless stated otherwise mice were adoptively transferred with 103 purified CD8+ P14 T cells intravenously. For transfer of retrovirally

transduced cells, total splenocytes were harvested 4 h post spin infection and were assessed for frequency of CD8+ T cells. 2x104-

1x105 CD8+ T cells were transferred intravenously. Mice were infected with 200 PFU LCMV WE intravenously. The LCMV strain WE

was kindly provided by H. Pircher. Blood lymphocytes were analyzed after hypotonic erythrocyte lysis (BD FACS Lysing Solution, BD

Biosciences). Spleens and lymph nodes were dissected using 70 mm cell strainers (Greiner).

Flow cytometry
The following fluorescent dye-conjugated antibodies were used: anti-CD90.1 (OX-7), anti-Ki67 (B56) (BD Bioscience); anti-CD8 (53-

6.7), anti-CD45.1 (A20), anti-CD45.2 (104), anti-CD90.1 (OX-7), anti-CD90.2 (30-H12), anti-CD80 (16-10A1), anti-CD86 (GL-1), anti-

Bcl-2 (BCL/10C4), anti-CD54 (YN1/1.7.4), anti-CD152 (UC10-4B9), anti-CD25 (PC61), anti-CD127 (A7R34) (BioLegend); anti-Bcl-xL

(54H6) (Cell Signaling Technology); anti-CD8 (53-6.7), anti-CD45.1 (A20), anti-CD90.2 (53-2.1), anti-CD11a (M17/4), anti-KLRG-1

(2F1) (Thermo Fisher Scientific). For intracellular staining, cells were fixed and permeabilized using the FoxP3 transcription factor

staining buffer set (Thermo Fisher Scientific). For cell quantification, precision count beads (BioLegend) were added to wells prior

to cell harvest. CTLA-4 was stained for 30 min at 37�C, whereas all other antigens were stained at 4�C. Live/dead viability dyes

were from Thermo Fisher Scientific and BioLegend. Cells were analyzed on a BD Fortessa flow cytometer (BD Bioscience). All

FACS-analyses were performed on gated CD8+ live cells.

Time-lapse imaging
For imaging of T cell clustering gp33-stimulated, purified 105 CD8+ T cells from tdTomato-transgenic (mTmG) P14mice were seeded

in 0.01%Poly-L-ornithine (Sigma-Aldrich) coated 96-well flat-bottom plates and incubated in an Incucyte S3 live-cell analysis system

(Essen BioScience). Per well 4 brightfield and fluorescent images were taken every 2 h. Image analysis of T cell clustering was per-

formed using Incucyte S3 software. Analysis was stopped when cell density became too high to unambiguously identify clusters.
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Cluster area quantification was performed using Top-Hat segmentation applied to the red fluroscent channel with a radius of 300 mm

and a 0.4 RCU threshold. Thresholds for cluster area size and eccentricity were set at 1000 mm2 and 0.7, respectively.

Confocal imaging of T cell clusters
Antigen-stimulated CD8+ mTmG P14 T cells were grown for 48 h on fibronectin matrix-coated coverslips (Castelló-Cros and Cukier-

man, 2009). Then cells were fixed (2% PFA, 10 min, 37�C) and permeabilized (0.2% Triton X-100+1% BSA in PBS, 10 min, 22�C).
After blocking (2% BSA in PBS, 10 min, 22�C) cells were first stained with biotinylated Anti-CTLA-4 (clone UC10-4B9, BioLegend)

in 0.1% Tween, 1% BSA in PBS (1 h, 22�C) and then with Streptavidin-AlexaFluor488 (45 min, 22�C). Cells were mounted using

mounting medium (Fluoromount-G, SouthernBiotech) containing 0.5 m/g/mL DAPI (Sigma-Aldrich) and analyzed using a Cell

Observer SD spinning disk confocal microscope (ZEISS). Image analysis and generation of 3D maximum intensity projections

was performed using IMARIS software 8.3 (Bitplane, Oxford, UK).

Receptor-ligand pair prediction for T cells
To generate a library of receptors and corresponding ligands we merged information retrieved from 3 existing databases: Database

of ligand-receptor partners (DLRP: http://dip.doe-mbi.ucla.edu/dip/DLRP.cgi) (Graeber and Eisenberg, 2001), human plasma mem-

brane receptome (HPMR) (http://www.receptome.org/) (Ben-Shlomo et al., 2003) and the IUPHAR database (http://www.

guidetopharmacology.org/linking.jsp) (Pawson et al., 2014). After mapping to official gene names, duplicates were excluded and

genes listed were normalized to their corresponding murine homologs. This list was further curated by adding additional receptor

ligand interaction derived from publications resulting in a library of 1465 interactions. We then developed an R-script interrogating

gene expression datasets of naive and activated CD8+ T cells for receptor-ligand pairs (i) for which both interactors are expressed

by T cells, (ii) for which the expression levels of at least one interactor increasesR 2-fold upon T cell activation, and (iii) which are co-

regulated across multiple infections (LCMV, Listeria monocytogenes and VSV) (GEO accession numbers: GEO: GSE30431, GEO:

GSE15907). Each interaction identified by this algorithmwasmanually cross-checked using published literature to ensure that it truly

denotes a receptor-ligand pair.

Mathematical model
Data accompanying the mathematical modeling is provided in the file ‘‘Data S1.’’

To understand the role of CD80 and CD86 in T cell expansion we constructed a dynamic mathematical model of the T cell pop-

ulation size which considers CD80- and CD86- induced CD28 signaling as well as IL-2R signaling. We aimed to include our find-

ings that the population dynamics of T cells depends on the activity of the CD28 and IL-2R signaling pathways within an interact-

ing T cell population. Instead of including a detailed representation of these pathways in the model, we split the T cell population

into sub-populations of cells that are functionally different with respect to CD28 and/or IL-2R signaling, employing the flow cytom-

etry and ELISA data as model inputs. This approach reduces the number of assumptions we need to make regarding the involved

pathways and reduces the number of model parameters. Using ordinary differential equations (ODEs) we set up two models

describing the T cell population: a three-compartment model that differentiates between divided (D) cells and two types of undi-

vided (U) cells, i.e., undivided P14 TCR negative (U�) and undivided P14 TCR positive (U+ ) (Figure 5A) and a four-compartment

model in which the divided cell compartment is subdivided into a CTLA-4 negative (D�) and a CTLA-4 positive (D+ ) compartment

(Figure 5E).

In the in vitro experiments a fraction of the T cells do not carry a gp33-specific P14 TCR and, thus, will not recognize the peptide and

die. We thus consider the undivided P14 TCR negative cell population to decline at a constant rate dU� :

dU�ðtÞ
dt

= � dU�$U�ðtÞ

The amount of gp33 remained sufficiently high to activate all P14 T cells during the experiment and therefore we did not explic-

itly represent antigen availability in our model. Undivided P14 TCR positive T cells either divide following activation (at a rate pU)

or die.

In all experiments, the total population size exhibits an initial dip, indicating that there is an initial period duringwhich cells die but do

not divide due to the experimental conditions. This is consistent with observations that the first T cell division events occur approx-

imately one day post peptide infusion in in vivo settings (Mempel et al., 2004; Miller et al., 2004). Therefore, we incorporated a latent

period (0< t < tlatent) during which also undivided P14 TCR positive cells can only die. Because upon activation the P14 TCR positive

cells start expressing the high affinity IL-2 receptor subunit CD25, we describe the death rate of undivided P14 TCR positive cells

(DU+ ) as the difference of their basal death rate (dU+ ) and the effect of IL-2R signaling. Altogether, the dynamics of P14 TCR positive

undivided cells are described by:

dU+ ðtÞ
dt

=

� �dU+ $U+ ðtÞ if t%tlatent
�ðDU+ ðtÞ+pUÞ$U+ ðtÞ if t > tlatent
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For the stimulatory effect of IL-2 on survival, we consider a sigmoidal relation with the concentration of IL-2. This stimulation could

fully prevent cell death, but is considered not to induce proliferation. The IL-2 signaling is scaled by the fraction of CD25 positive un-

divided cells because cells expressing CD25 at high levels are expected to respond much more strongly to IL-2 than cells with low

CD25 surface expression. Thus:

DU+ ðtÞ = maxðdU+ �CD25UðtÞsU;IL2RHU;IL2RðIL2ðtÞÞ;0Þ
Here,CD25UðtÞ is the interpolated fraction of CD25 expressing undivided cells, sU;IL2R is themaximum increase of expansion due to

IL-2R signaling at high IL-2 concentrations, IL2ðtÞ the interpolated IL-2 concentration and H represents the Hill function HxðCÞ=
ðCnx =knxx +Cnx Þ with exponent nx and saturation parameter kx.

In the three compartment model (Figure 5B) the third compartment represents all divided cells (D) and grows or shrinks due to di-

vision of undivided P14 TCR positive cells and net expansion (i.e., taking into account division and death) of divided cells. The net

expansion rate of divided cells is the summation of the, negative, basal expansion rate (pD) and the expansion rate increase due

to IL-2R (PD;IL2RðtÞ). This gives rise to the following equation for divided cells:

dDðtÞ
dt

=
�
pD + PD;IL2RðtÞ

�
DðtÞ+ 2pU $ U+ ðtÞ:

For the impact of IL-2R signaling on expansion, we assume the same sigmoidal relation as used for the undivided P14 TCR pos-

itive cells:

PD;IL2RðtÞ = CD25DðtÞpD;IL2RHD;IL2RðIL2ðtÞÞ
Here, pD;IL2R is the maximum increase of expansion due to IL-2R signaling at high IL-2 concentration and the fraction of CD25 ex-

pressing divided cells are interpolated from the in vitro data.

In the four compartment model, CD28 signaling is considered to promote division of already divided cells (PD;CD28ðtÞ) in the same

manner as IL-2R signaling promotes such division (PD;IL2RðtÞ). However, because there is a physical limit to how fast cells can pass

through the cell cycle, we limited the increase of the divided cell expansion rate by themaximum increase of the expansion rate due to

IL-2R signaling that is obtained at high IL-2 concentrations (i.e., pD;IL2R). To include the inhibitory effect of CTLA-4 on CD28 signaling,

we subdivide the divided cell compartment in a CTLA-4 negative (D�) and a CTLA-4 positive (D+ ) compartment (Figure 5E) and we

describe the dynamics in these compartments by:

dD�ðtÞ
dt

=
�
pD + min

�
PD� ;IL2RðtÞ + PD;CD28ðtÞ;pD;IL2R

��RCTLA4+ ðtÞ
�
D�ðtÞ+ 2pU $ UðtÞ+RCTLA4�ðtÞD+ ðtÞ
dD+ ðtÞ
dt

=
�
pD + min

�
PD+ ;IL2RðtÞ + PD;CD28ðtÞ;pD;IL2R

��RCTLA4�ðtÞ
�
D+ ðtÞ+RCTLA4+ ðtÞD�ðtÞ

where PD� ;IL2RðtÞ and PD+ ;IL2RðtÞ are similar to the equation defining PD;IL2RðtÞwith CD25D substituted by CD25D� and CD25D+ ,

respectively. For CD28 induced expansion we assume a sigmoidal relation between the amount of cells expressing CD80 and/or

CD86 and CD28 signaling output as well as a sigmoidal relation between the number of CTLA-4 positive cells and the inhibition of

CD28 signaling:

PD;CD28ðtÞ = pD;CD28HD;CD28

�
NCD80=CD86ðtÞ

�
$ð1�HD;CTLA4ðD+ ðtÞÞÞ

where pD;CD28 is the maximum increase of the expansion rate due to CD28 signaling and NCD80=CD86ðtÞ is the total number of CD80

or CD86 positive cells at time t:

NCD80=CD86ðtÞ = CD80=CD86UðtÞðU�ðtÞ + U+ ðtÞÞ+CD80=CD86DðtÞðD�ðtÞ + D+ ðtÞÞÞ
with CD80=CD86xðtÞ the fraction of CD80 or CD86 positive cells of type x:

CD80=CD86xðtÞ = minðCD80xðtÞ + CD86xðtÞ;1Þ:
CTLA-4 expression and loss are modeled as the transition from D� to D� and vice versa, which occurs at rates RCTLA4+ ðtÞ and

RCTLA4�ðtÞ. We consider CTLA-4 to be lost at a constant rate (RCTLA4�ðtÞ= rCTLA4�), while gain of CTLA-4 expression occurs either

at a constant rate (RCTLA4+ ðtÞ= rCTLA4+ ), or at a rate that depends on IL-2R signaling. For such IL-2R regulated CTLA-4 expression,

we assume a sigmoidal relationship between IL-2 and the rate of CTLA-4 expression, which is scaled by the level of CD25 expression

among the CTLA-4 negative divided cell population:

RCTLA4+ ðtÞ = rCTLA4+CD25D�HCTLA4+ ðIL2ðtÞÞ:
Here, rCTLA4+ represents the maximum rate of CTLA-4 expression at high IL-2 concentrations. A full list of the symbols used in all

model variants can be found in Data S1, Table 1.

To identify the model parameter for which the model matches the in vitro experiment, we fit the model to the data for both WT and

Cd80�/�Cd86�/� cells. For theWT cells we simulate the full models as described above, and for theCd80�/�Cd86�/� cells PD;CD28 is
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set to zero. To initialize the models the total number of undivided cells is set to match the titrated cell count. The number of TCR P14

positive and negative cells are determined by amodel parameter:U+ = fP14+U andU� = ð1�fP14+ ÞU. The model inputs, IL-2 concen-

trations, fractions of CD25 positive cells, and fractions of CD80 and/or CD86 positive cells, are obtained via interpolations from in vitro

dataMonotone PiecewiseCubic Interpolation (PCHIP) (Fritsch andCarlson, 1980) for each titration andwell shape (see Figures 1–3 of

Data S1).

We then fit the model to the in vitro data using least-squares fitting. Specifically, we use the, least_squares‘ function from the scipy

optimization toolbox (Jones et al., 2001), which uses the Trust Region Reflective algorithm, in combination with the scipy’s, solve_ivp‘

using the BDF implicit multi-step variable-order solver. Both the WT and Cd80�/�Cd86�/� are included in a single fit by defining the

following cost function:

F =
X
s

X
t

�
xWT
s ðtÞ � XWT

s ðtÞ�2 +X
s

X
t

�
xCd80

�=�Cd86�=�
s ðtÞ � XCd80�=�Cd86�=�

s ðtÞ
�2

with xWT
s ðtÞ and xCd80

�=�Cd86�=�
s ðtÞ the values of model state variable s at time t and XWT

s ðtÞ and XCd80�=�Cd86�=�
s ðtÞ the corresponding

in vitro observations for respectively WT and Cd80�/�Cd86�/� cells. Hence, after fitting we get a single parameter set that can

describe both the WT and Cd80�/�Cd86�/� cells. When fitting for multiple titrated cell counts, the cost function is extended to:

F =
X
n0

 X
s

X
t

�
xWT ;n0
s ðtÞ � XWT ;n0

s ðtÞ�2 +
X
s

X
t

�
xCd80

�=�Cd86�=� ;n0
s ðtÞ � XCd80�=�Cd86�=� ;n0

s ðtÞ
�2!

where n0 refers to the number of titrated cells.

We ran the parameter fitting procedure for the three-compartment model and for the four-compartment model with either a con-

stant rate of CTLA-4 expression or with IL-2 induced CTLA-4 expression. Note that we excluded the Hill coefficients from the fitting

procedure because the model outcome hardly depends on the exact exponent in the Hill functions (data not shown). Rather, these

exponents were fixed to the values listed in Table 2 in Data S1. Because the result of the fitting procedure strongly depends on the

initial guess of the parameter values, we ran 5000 fits with varying initial guesses generated using latin hypercube sampling (McKay

et al., 1979). The parameter values used for all the model fits shown are listed in Table 2 in Data S1. Note that while some proliferation

rates may appear to be high, the lowest population doubling time we observed in the best-fitting simulations is over 4 h, which is not

uncommon for T cells (Yoon et al., 2010).

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry data was analyzed using FlowJo-software (BD Bioscience). Doublets and dead cells were excluded from analysis.

Statistical analysis was performed using Prism 8 software (Graph Pad). The choice of statistical tests was based on normality

testing and correction algorithms for multiple comparisons were applied when indicated. The following p value formatting was

used: * % 0.05, ** % 0.01, *** < 0.001, **** < 0.0001. Plots depict mean ± standard deviation. For visualization purposes across ex-

periments mean fluorescence intensities were normalized to appropriate negative controls (either knockout cells or ‘‘fluorescence

minus one‘‘ samples). Statistical testing across experiments was performed on non-normalized MFIs using 2-way ANOVA. Figures

were layouted using Inkscape software.

DATA AND CODE AVAILABILITY

Code developed for predicting candidate receptor-ligands pairs for quorum-regulation and mathematical modeling of T cell dy-

namics are available upon request.
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