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Diffusion-limited cytokine
signaling in T cell populations

Patrick Brunner,’-? Lukas Kiwitz,"?? Lisa Li," and Kevin Thurley'24*

SUMMARY

Effective immune-cell responses depend on collective decision-making mediated by diffusible intercellular
signaling proteins called cytokines. Here, we designed a three-dimensional spatiotemporal modeling
framework and a precise finite-element simulation setup to systematically investigate the origin and con-
sequences of spatially inhomogeneous cytokine distributions in lymph nodes. We found that such inhomo-
geneities are critical for effective paracrine signaling, and they do not arise by diffusion and uptake alone,
but rather depend on properties of the cell population such as an all-or-none behavior of cytokine
secreting cells. Furthermore, we assessed the regulatory properties of negative and positive feedback
in combination with diffusion-limited signaling dynamics, and we derived statistical quantities to charac-
terize the spatiotemporal signaling landscape in the context of specific tissue architectures. Overall, our
simulations highlight the complex spatiotemporal dynamics imposed by cell-cell signaling with diffusible
ligands, which entails a large potential for fine-tuned biological control especially if combined with feed-
back mechanisms.

INTRODUCTION

Interactions between immune cells play a fundamental role in the mammalian defense against pathogens. Specifically, the fine-tuned deci-
sion-making processes in the adaptive immune response comprise cell-cell communication among antigen-presenting cells (APCs) and T and
B lymphocytes, employing surface-mediated signaling as well as diffusible ligands called cytokines.”” Remarkably, different cytokine species
may share important parts of the signaling machinery, including subunits of the high-affinity cytokine receptor as well as downstream signaling
mediators, and still evoke different biological functions and regulatory properties. For instance, the cytokines interleukin (IL)-2 and IL-7 share
the common gamma-chain of their receptors, and they both utilize STAT5 as major signaling mediator.” While IL-2 plays an essential role in
the regulation of T cell activation as well as clonal expansion, IL-7 controls the homeostatic T cell population size. Furthermore, IL-2 signaling
causes an increased expression of the high-affinity IL-2 receptor (IL-2R) on target cells,” while IL-7 signaling causes downregulation of IL-7
receptor (IL-7R) expression in T cells.” Due to its promoting effect on T cells, low-dose IL-2 therapy has been successfully employed in cancer
immunotherapy and for autoimmune diseases, while IL-7 is utilized in the treatment of infectious diseases.”””

In the case of paracrine cytokine signaling, the cytokine sources and sinks are often separated,'® which may result in a spatially uneven
cytokine concentration due to consequences of diffusive cytokine transport.’" Indeed, previous model simulations have predicted spatial in-
homogeneities in cytokine concentration spanning several orders of magnitude, within a physiological parameter regime.'”'* Those results
have been supported by experimental findings of notable and tunable inhomogeneities of the cytokine concentration in lymph nodes, which
regulate the formation of local cytokine micro-environments.'>'® Nevertheless, the measured fast diffusion coefficients for cytokines such as
IL-2 may counteract the effects of localized cytokine secretion and uptake,'’'” suggesting a subtle balance of several regulatory mechanisms
controlling the spatial distribution and signaling range of cytokines. In fact, theoretical as well as experimental studies have indicated that
spatial cytokine inhomogeneities can be fine-tuned by properties of the cell population,’'*?° but the range and effect size of such mech-
anisms remains unclear. Furthermore, it is not known how different regulatory mechanisms employed by different cytokines, such as positive
vs. negative feedback on receptor expression in the case of IL-2 and IL-7, specifically modulate their spatiotemporal signaling properties and
how that relates to biological functions.

Next to the emergence and fine-tuned control of spatial cytokine inhomogeneities, a prevailing question concerns the consequences of
cytokine inhomogeneities for paracrine signaling efficacy and, in more general terms, for decision-making processes of immune-cell popu-
lations. Intuitively, spatial cytokine inhomogeneities may promote signaling efficacy especially in the range of low average cytokine concen-
trations, because locally enriched concentrations in small microenvironments may act to overcome the threshold for signal induction at least
in those areas. However, cytokine signaling processes are subject to complex inter- and intracellular non-linear dynamics as well as constraints
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imposed by the detailed tissue architecture. All those properties act together in shaping the spatiotemporal dynamics, and therefore have to
be considered in a quantitative analysis of the spreading and efficacy of paracrine cytokine signals.

Here, we designed a precise yet flexible three-dimensional mathematical simulation platform based on the finite-element method, to
systematically analyze the interplay of tunable regulatory properties of paracrine cytokine signal propagation. Our investigation re-
vealed the number of cytokine secreting cells as the primary driver of inhomogeneities in the cytokine field. Furthermore, feedback
mechanisms involving receptor expression for both IL-2 and IL-7 regulate the activation of cells around a cytokine source, which we
quantified in the model simulations by developing specifically tailored summary statistics. Finally, as the model allows for a variety
of cytokine dynamics and interacting cells, we explored the consequences of specific tissue architectures on cytokine distribution
and signaling. Throughout those multiple levels of paracrine interaction, we found that the complex diffusion and uptake dynamics
generate properties of signal propagation that are quite different from a well-mixed scenario ignoring spatial inhomogeneities that
is studied in parallel.

RESULTS
Spatially inhomogeneous cytokine concentrations arise generically and can induce potent and fine-tuned paracrine signals

Effective paracrine cytokine signaling requires concentrations exceeding a threshold for signal reception at the target cell,”’ and therefore
is in conflict with the low measured values for the average concentration of many cytokine species.'>?” Diffusion-limited signaling is a plau-
sible mechanism for effective paracrine signaling even under conditions of low tissue-level cytokine concentrations, because locally ampli-
fied concentrations in the vicinity of cytokine-secreting cells may allow to exceed the signaling threshold on the surface of nearby
responder cells. Nevertheless, such a mechanism requires a subtle balance of the rates of cytokine secretion, cytokine uptake, and cytokine
diffusion, supplemented by intracellular processes including signaling cascades and transcriptional regulation. Here, we designed a three-
dimensional mathematical model in terms of a diffusion problem in the extracellular space with cytokine secretion and uptake at the cell
surface (Figure 1A and STAR Methods—Method details: Mathematical models). Hereby, the cytokine secretion rate is assumed to be a cell-
type dependent constant, and the rate of cytokine uptake depends on the number of receptors expressed on the cell surface and on the
local cytokine concentration. We additionally considered intracellular signal transduction by means of a conceptual model, where the
phosphorylation level of the signal transducer and activator of transcription (STAT) in responder cells indicates effective paracrine
signaling.

To systematically assess the robustness and dynamic range of diffusion-limited cytokine signaling in the context of regulatory properties of
a cell population, we developed a spatiotemporal simulation work-flow based on an accurate and efficient finite-element solver (STAR
Methods—Method details: Software and simulations). Due to the large timescale separation between diffusion (seconds), intracellular
signaling (minutes) and processes that require transcriptional regulation (hours), we decided to employ a quasi-stationary state assumption
to the reaction-diffusion problem throughout. Since we were interested in the systematic analysis of local cell-cell interactions, special consid-
eration was put into a modular, scalable, and parallelizable modeling environment (Figure S1A). For the chosen mesh configuration, compu-
tation time scaled linearly with mesh fidelity and number of cells (Figure S1B), and the simulation error was largely set by boundary effects
(Figures S1C-S1E) and therefore decayed rapidly with the number of cells.

To set the stage, we initially studied direct paracrine signaling activities in an otherwise stationary cell population, in terms of the well-stud-
ied model system of IL-2 secretion and uptake by T helper cells in a scenario with randomly assigned cytokine secreting and responder cells.
Model parameters were determined in line with experimentally measured quantities™'?'*7?32° (Table 1), to foster simulation results in the
physiological parameter regime. Following previous work,'® we accounted for saturation effects regarding cytokine binding and uptake by
cytokine receptors using a Michaelis-Menten type of equation, which we found to be a direct consequence of a mechanistic model formu-
lation (STAR Methods—Method details: Mathematical derivations, “Description of saturated uptake dynamics”). In line with experimental
data,'"?>?® we assumed a discrete all-or-none type of IL-2 secretion in cytokine-secreting cells (the impact of this assumption is studied in
detail in the following). Our modeling setup resulted in a high degree of spatial patterning due to cytokine concentration gradients between
secreting and responding cells, which were also reflected in the downstream STAT signal (Figure 1B). As anticipated, our simulations revealed
appreciable paracrine signaling efficacy due to increased spatial cytokine inhomogeneity as quantified by the spatial standard deviation (SD)
or the concentration gradient (Figures 1C and S2A) of cytokine levels across responder cells.

Quite remarkably, high paracrine signaling activity of up to 40% pSTAT+ cells (Figure 1C) occurred in a regime where such signaling was
undetectable in an identically parameterized ordinary differential equation (ODE, “well-mixed”) system that arises naturally from a fast-diffu-
sion assumption (STAR Methods—Method details: Mathematical derivations, “Deriving the well-mixed model”). Moreover, diffusion-limited
signaling generated an appreciable dynamic range with regard to regulation by the amount of cytokine secreting cells, while the system was
limited to an all-or-none response in the well-mixed situation (Figure S2B). Due to local accumulations of cytokine concentration, paracrine
signaling efficacy exhibited a strong correlation with an increase in spatial cytokine inhomogeneity (Figure 1D). Due to local saturation effects
in the cellular cytokine uptake, an increased average cytokine concentration compared to the well-mixed system (Figures 1E and S2C) can
lead to further amplification of paracrine signaling activity.

To characterize our model system in more detail, we performed a systematic parameter sensitivity analysis with respect to standard param-
eter values (Table 1). That analysis revealed strong effects on signaling efficacy and cytokine inhomogeneity by the receptor number and the
half-saturation constant for cytokine uptake Kp in addition to the cytokine secretion rate and the fraction of secreting cells (Figures 1F,52D,
and S2E). Interestingly, the rates of diffusion and extracellular cytokine decay as well as the cell-to-cell distance have a minor effect on
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Figure 1. Spatial inhomogeneities induce stable paracrine signaling activity

(A) Model scheme. Cytokines are released by the secreting cells, and are subject to diffusion in the extracellular space and to binding to receptors on Thn cells.
This binding and complex building is then translated into the phosphorylated STAT signal.

(B) Concentration profile. Typical model simulation using standard parameters (Table 1) and 5% secreting cells. Shown are the cytokine concentration field (left,
see also legend in A) and the cytokine concentration and resulting pSTAT levels on responder cells (right). c-c-d, cell-to-cell distances. Maximum distance: 50% of
average-distance between secreting cells.

(C) Model comparison. Spatial standard deviation (SD) of cytokine levels across responder cells and percentage of pSTAT+ cells for varying fractions of cytokine
secreting cells, in the RD-system and corresponding well-mixed scenario, as indicated. Cells with pSTAT >0.5 are considered pSTAT+.

(D) Correlation analysis. Correlation between the fraction of pSTAT+ cells and the spatial standard deviation (SD) as shown in (C). Each dot represents a single
simulation run. ry is the Spearman'’s rank correlation coefficient.

(E) Cytokine concentration analysis. Average cytokine concentration on the cell surface across responding cells in the RD-system and corresponding well-mixed
scenario, as indicated.

(F) Sensitivity analysis. The x axis indicates the parameter varied by a factor (fold-change) as indicated, all other parameters remain constant (cf. Table 1).

(G) Signaling mode. Scan from pure autocrine (all receptors on secreting cells) to pure paracrine (all receptors on responder cells) signaling as indicated by the
cartoon. Shown is the percentage of pSTAT+ cells for responding cells (red), secreting cells (gold), or both (black).

Lines with shaded regions (B and C) and error bars (D and F) indicate averages and standard error of the mean (SEM) across 20 runs of the model simulation.

signaling efficacy and cytokine inhomogeneity. Hence, signaling amplification by diffusion-limited cytokine propagation is a generic mech-
anism that is robust to subtle changes in the spatial configuration of the system, but sensitive to properties that are under control of the partici-
pating immune-cell populations.

In line with that, experimental evidence'® and theoretical considerations'? suggest the ratio of receptors between secreting and respond-
ing cells to be a carefully controlled property that determines the mode of cytokine signaling in the range between purely autocrine and
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Table 1. Standard parameter values

Parameter Value Unit Description Source

Neells 1000 Amount of cells in the system

de 20 um Shortest distance between cell centers

re 10 um Cell radius

D 10 um?/s Diffusion coefficient Hafer et al.’”

| 107'2-1077 mol/I Cytokine concentration range Feinerman et al.*
feec 5 % Fraction of secreting cells

- 95 % Fraction of responder cells

q 10 molecules/(cell *s) Cytokine secretion rate

Reec 100 molecules/cell Receptor count of secreting cells

Rresp 10* molecules/cell Receptor count of responder cells

Kon 3.1*107 |/(mol *s) Cytokine-receptor association rate Wang and Smith?*
H 2.8*107° /s Cytokine decay rate Busse et al.'”

o 1 Receptor heterogeneity, SD of log-normal distribution Feinerman et al.”

Saturation parameters

Kot 23*10°* molecules/s Receptor disassociation rate Wang and Smith?®
Kendo 4.6*107 molecules/s IL-2*R complex internalization rate Wang and Smith?®
Kp 7.423* 10712 mol/I Half-saturation constant cytokine concentration Koff/k,,

Receptor feedback

Kpase 1%10°3 molecules/s Minimum receptor production rate

v 0.0014 molecules/s Receptor decay rate Busse et al.'?

Km 0.5 Half-saturation constant pSTAT5

v 0.1 0r 10 Feedback fold-change negative or positive feedback

PSTAT signaling

Kecso 860 molecules Half-saturation constant EC50 Cotari et al.?*
Emax 125* 1072 mol/Il Maximum EC50 Feinerman et al.*
R 0 mol/I Minimum EC50 Feinerman et al.*
NEcso 0.55-1.5 Hill coefficient EC50 Feinerman et al.*
NpsTaTs 3 Hill coefficient pSTATS Cotari et al.”
IL-2 specific simulations (Figures 3, 4, and 5)

Gec 10 molecules/(cell *s) IL-2 secretion rate Han et al.”®

Reec 100 molecules/cell Receptor count of secreting cells Feinerman et al.*
R 1500 molecules/cell Receptor count of responder cells Feinerman et al.*;

Cotari et al.?*

IL-7 specific simulations (Figures 3, 4, and 5)

Osec 100 molecules/(cell *s) IL-7 secretion rate
Reec 0 molecules/cell Receptor count of secreting cells
Rresp 5%*10° molecules/cell Receptor count of responder cells

purely paracrine signaling (Figure 1G). In our simulations, we found that paracrine signaling is limited to situations with more than 75% of all
cytokine receptors expressed on responder cells and a subsequent increase in spatial inhomogeneity (Figures 1G, S2F, and S2G). On the
other hand, cytokine secreting cells require only a minimal amount of receptor expression to receive an appreciable cytokine signal. That
discrepancy is in line with the requirement for careful control of paracrine inflammatory signals such as IL-2 in order to prevent a potentially
lethal cytokine storm,”’*® and may explain the previously observed”” downregulation of the pSTATS signaling pathway in cytokine secreting
cells.

Overall, we found that a diffusion-limited mode of cytokine signaling allows for effective paracrine signaling in a physiological parameter
regime where such signaling would be ineffective in a comparable well-mixed scenario, due to the low average cytokine concentrations.
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Figure 2. Systematic analysis reveals major drivers of cytokine inhomogeneity

(A and B) Sources of inhomogeneity. Analysis of cytokine inhomogeneity with respect to the fraction of cytokine secreting cells, receptor heterogeneity and
saturation constant as indicated. In contrast to the analysis in Figure 1, simulations are designed in such a way that the total number of secreted cytokine
molecules and the total number of cytokine receptors in the system are conserved through all simulations, see text for details. Shown are (A) a visualization
and (B) a systematic scan for the parameter under study with respect to the spatial SD and spatial average (cf. Figure 1C), all other parameters are kept at
standard values (Table 1). Vertical arrows indicate standard parameter values.

(C) Effect quantification. Sensitivity analysis of the parameters under study with respect to spatial SD, gradient and fraction of pSTAT+ cells, analogous to Figure 1F.
Lines with shaded regions (B) and arrow (C) indicate average and standard error of the mean (SEM) across 20 runs.

Fractional abundance of cytokine secreting cells as major source of spatial inhomogeneity

Having established the generic occurrence and tunability of diffusion-limited paracrine signaling amplification, we sought to investigate
the contributions of individual system components to cytokine concentration inhomogeneity. In our simulation, a uniform cell popula-
tion, where cytokine secretion and uptake were equally distributed across cells, generated a nearly homogeneous cytokine concentra-
tion field, despite localized secretion and uptake at the cell surfaces (Figure 2A). Hence, we expected that a tight localization of cytokine
sources is critical for spatial cytokine inhomogeneities, and we further sought to analyze the contributions of a heterogeneous distribu-
tion of cytokine receptors and of saturation effects in cytokine uptake dynamics on responder cells (Figure 2A). To this end, and to test
the impact of an all-or-none-behavior of cytokine-secreting cells (that is few cells secreting large amounts of cytokine), we designed a
simulation setup in which the total amount of secreted cytokine molecules and of cytokine receptor expression remain constant under
parameter variation. We found that increasing the number of secreting cells in that system resulted in a steep decay of concentration
inhomogeneities, approaching the well-mixed scenario (Figure 2B, left panel). The somewhat unexpected decay in the average cytokine
concentration for low amounts of cytokine secreting cells (<5%) can be attributed to saturated uptake rates at high local concentrations.
Indeed, that decay disappeared in the corresponding system with a linear uptake rate (Figure S3A and STAR Methods—Method details:
Mathematical derivations, "Description of linear uptake dynamics”), in contrast to the decrease in spatial inhomogeneity that occurred
also under linear uptake.

iScience 27, 110134, June 21, 2024 5
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To account for cell-to-cell heterogeneity in cytokine receptor expression,””**” we considered expression values following a log-normal

distribution at varying coefficients of variation, while keeping average expression levels constant (Figure 2A, middle panel). As anticipated,
high levels of receptor heterogeneity induced appreciable cytokine inhomogeneities in the RD-system (Figure 2B, middle panel). Interest-
ingly, in the RD-system, the average cytokine concentration also showed a substantial increase with receptor heterogeneity, although the
total amounts of cytokine secretion and uptake were kept at a constant level so that cytokine concentrations remained unchanged in the
well-mixed scenario. That seemingly paradoxical effect is independent of uptake-rate saturation (Figure S3B), and can be explained by
the shape of a log-normal distribution, accounting for strong receptor heterogeneity resulting in few cells with very high uptake capacity
and the remaining cells showing low uptake rates. In line with that, the observed increase of the average cytokine concentration could be
analytically reconciled (Figure S3C) by the help of a previously established'® approximate solution of the reaction-diffusion problem that is
valid in the vicinity of cytokine secreting cells.

Finally, we considered the effects of varying the saturation constant in our system. Interestingly, substantial differences regarding average
cytokine concentration values between linear and saturated uptake functions occurred only in parameter ranges with very high secretion rates
(Figure S3D), which are reached at low fractions of cytokine-secreting cells (cf. caption to Figure 2B). In line with that, increased values of the
saturation constant induced only moderately higher values of the spatial inhomogeneity, and a nearly proportional change in concentration
(Figure 2B, right panel) (cf. STAR Methods—Method details: Mathematical derivations, “Description of linear uptake dynamics”), in both the
reaction-diffusion and the well-mixed system.

Notably, across all three parameters under study, we found that any increase in inhomogeneity was accompanied by a similar rise in acti-
vation (Figures 2C, S3E, and S3F). While that increased signaling activity can be partially attributed to the increased average cytokine con-
centration in all three cases, the change in cytokine concentration values is lowest and the increase in spatial inhomogeneity is the highest
in the case of a decrease in the fraction of cytokine secreting cells.

Hence, we conclude that the highly localized mode of cytokine secretion mediated by a small number of cytokine secreting cells is the main
driver of cytokine inhomogeneities, and thus the all-or-none property that was frequently observed for cytokine secretion is critical for para-
crine signaling efficacy.

Dynamic feedback on receptor expression modulates spatial cytokine gradients

In addition to the mere exchange of paracrine signals studied so far, immune-cell populations have been found to exhibit feedback regulation
directly on the level of cell-cell communication, in terms of cytokine receptor expression levels depending on the local cytokine environ-
ment.”*'~* Therefore, we proceeded to study the impact of such feedback mechanisms on the cytokine concentration field. Since modula-
tion of receptor expression levels requires transcriptional regulation, considering such processes introduces a new timescale on the order of
hours to the system, giving rise to an intertwined combination of a quasi-stationary reaction-diffusion problem and a comparatively slow, dy-
namic modulation of cellular properties. In immune-cell compartments such as the lymph node, experiments have shown that several lympho-
cyte populations show high degrees of random and directed cell motility; in many cases achieving cell speeds on the same timescale (hours).
However, upon effective antigen stimulation, T cells remain bound to an antigen-presenting cell via the immunological synapse until they
reach their full activation status by means of additional cytokine signaling.”*> That gives rise to an immobilized population of antigen-
exposed responder cells, which is the focus of our study.

Positive and negative feedback on cytokine receptor expression are widespread properties of immune-cell populations. To describe this
behavior, we extended our original model (Figure 1A) by introducing a local cytokine concentration dependent receptor expression on re-
sponding cells, resulting in a time dependent model. We also introduced our established response-time modeling framework to the intra-
cellular pSTATS5 transcription pathway®>* (Figure S4A). Here, we focused on two well-established examples, which are the IL-2/IL-2R system
for positive feedback and the IL-7/IL-7R system for negative feedback (Figure 3A). In both cases, naive T helper cells act as responder cells. In
the case of IL-2, cytokine secreting cells correspond to fully activated T cells under high antigen stimulation,” and in the contrasting scenario of
IL-7 signaling, stromal cells take the role of secreting cells.”*

In the IL-2 scenario, upon initializing cytokine secretion, the system quickly reached a transient state of high systemic cytokine concentra-
tion accompanied by increased STATS signaling activity and a subsequent increase in IL-2 receptor expression (Figures 3B and S4B-54D, left
panels), in agreement with experimental data.”® To analyze the effects of negative feedback by means of the homeostatic IL-7 signal in com-
parison to positive feedback, we considered a thought experiment where the system is initially deprived of cytokine (Figures 3B and S4B-S4D,
right panels). Upon initializing cytokine secretion, responding cells decreased receptor levels due to negative feedback, resulting in increased
levels of cytokine concentration and STATS5 signaling. In the corresponding well-mixed simulations (Figures 3B and S4C), cytokine concen-
trations remained below threshold for signal induction in both the IL-2 and the IL-7 scenarios.

Next, we sought to analyze the properties of positive and negative feedback in more detail. Generally, the population of responding
cells can be categorized into two groups: (1) cells capable of maintaining a high level of STATS signaling activity, and (2) cells that are unable
to receive sufficient signal after an initial transient (Figures S4E-S4G). The emerging bimodal distribution for positive feedback is not pre-
sent in well-mixed scenarios and shows a strong dependence on the feedback fold change (Figure 3C, left panel). On the other hand, nega-
tive feedback induced a more gradual response for both the well-mixed and RD-system, with the RD-system yielding a higher fraction of
cells exhibiting stable STAT5 signaling activity (Figure 3C, right panel). Next to those differences regarding STATS5 distributions, also the
time to activation shows marked differences between positive and negative feedback regulation (Figure 3D), with negative feedback
showing a much slower response time that is subject to modulation by feedback fold change. Quite interestingly, strong positive feedback
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Figure 3. Feedback on receptor expression generates complex spatiotemporal dynamics

(A) Introducing feedback. Model scheme for positive and negative feedback on cytokine receptor expression. The pSTAT signal downstream of paracrine
cytokine signaling induces either an increase (positive feedback, “IL-2") or a reduction (negative feedback, “IL-7") of receptor expression.

(B) Kinetic feedback response. Kinetic simulation of the model illustrated in (A), see text for details. Shown are the cytokine concentration field at three different
time points (top), and the paracrine signaling efficacy measured by fraction of pSTAT5+ cells at varying feedback fold change y (bottom).

(C) Bimodality analysis. Cytokine receptor expression for positive and negative feedback. Shown are histograms of the pSTATS5 signal across cells (top), and the
resulting bimodality as measured by Ashman’s D (bottom), at the last time point. Gray bars represent cells falling below a threshold value of 0.5 for pSTATS5, and
dashed lines indicate a threshold value of 2 for Ashman'’s D indicating significant bimodality.

(D) Response time. Time until cells that are pSTAT5+ at steady-state (cf. C) reach the threshold value of 0.5 for the first time.

(E) Influence on inhomogeneity. Analysis of spatial cytokine inhomogeneity with respect to receptor feedback. Shown are cytokine concentration fields (left) and
corresponding values of the spatial SD in dependence of the feedback fold change y (right), for positive and negative feedback as indicated. Vertical arrows
indicate standard parameter values.

(F) Correlation analysis. Correlation between the fraction of pSTAT" cells and the spatial SD depending on feedback fold change. Each dot represents a single
run. rg is the computed Spearman'’s rank correlation coefficient.

Lines with shaded regions (C and E) represent average and SEM across 20 runs of a simulation.

induced a decay and strong negative feedback induced an increase in measures of spatial cytokine inhomogeneity (Figures 3E, S4H, and
S41), due to opposed effects on signal localization. This change in signal localization results in a similar change in cytokine signaling efficacy
(Figure 3F), which is in line with the notion of the IL-7 receptor as an “altruistic” signaling mediator,*” as IL-7 uptake is stopped upon signal
reception, so that cells further away from the cytokine-secreting cell are able to receive cytokine molecules.

iScience 27, 110134, June 21, 2024 7




¢? CellPress iScience
OPEN ACCESS

In conclusion, we found the introduction of dynamic feedback on cytokine receptor expression to be an important control mechanism for
the distribution and timing of cytokine concentrations, and hence also for paracrine signaling efficacy.

Regulatory properties of the cytokine signaling niche

To understand the intertwined regulation of paracrine signaling via spatial inhomogeneities and feedback regulation in more detail, we
shifted our focus to the immediate neighborhood of each secreting cell, which has previously been referred to as signaling niche.'® Based
on the results on feedback-driven spatial inhomogeneity (cf. Figure 3E), we hypothesized that positive feedback restricts the signaling
range and negative feedback amplifies the signaling range, thus potentially enabling effective signaling toward a larger group of
responder cells.

To identify the signaling niche of an individual cytokine secreting cell, we utilized density-based spatial clustering of applications with
noise (DBSCAN) and defined a signaling niche as a cluster that contains at least one cytokine secreting cell and at least one activated cell
(Figures 4A and 4B). Hence, the maximum possible number of niches equals the number of secreting cells (black line in Figure 4B), and
since one cytokine-secreting cell is insufficient for effective paracrine signaling in the physiological parameter regime, the realized number
of niches in the system typically falls far below that maximal number. Notably, we found that positive feedback leads to increased signaling
activity inside a niche, and negative feedback to a higher fraction of activated cells outside the niche (Figure 4C), in line with our hypothesis
on the signaling range.

To proceed to a more direct quantitative analysis, we defined the “niche score” as the ratio between the number of niches and the number
of secreting cells, and the "niche effect” as the ratio between the average pSTATS5 signal inside and outside of the niche (Figures 4D, 4E, and
S5A). A high niche score indicates well-separated niches, and a high niche effect indicates that the signal is primarily located within the niche
compared to outside, in other words, it accounts for the leakiness of the cytokine niche. Furthermore, our definition of the signaling niche
allowed to quantify the signaling range as average distance between cytokine-secreting cells and maximal-distance responder cells within
aniche. The niche score and niche effect in conjunction with the signaling range (Figures 4E and 4F) revealed that positive feedback enhances
niche separation (high niche score) and induces a highly localized signal within each niche (high niche effect with low signaling range), while
negative feedback causes niches to merge (low niche score) and increases cytokine leakiness (low niche effect and high signaling range).

Those system properties further depend on the number of secreting cells, with small numbers limiting the effect of both positive and nega-
tive feedback, since only few responder cells are activated (Figures 4G and S5B), and high numbers additionally dampening the effect of
negative feedback (Figures 4H and S5C). That latter effect can be attributed to larger niches requiring longer signaling ranges, reflecting
the previously detected (cf. Figure 3D) increase in activation time under negative feedback.

Overall, our detailed quantitative analysis of the signaling niche revealed that local receptor expression feedback has a strong influence
not only on signaling efficacy with regard to nearby cells, but also regarding signaling range and niche separation, facilitating an adaptive
response to variable stimulus intensities.

The local tissue architecture provides an additional regulatory layer for spatiotemporal cytokine signals

Thus far, to systematically investigate the spatiotemporal dynamics, cells were placed randomly on a cubic grid in all simulations shown. To
analyze the effect of additional constraints imposed by the local tissue architecture, we also designed a grid-free simulation setup allowing to
induce clustering of specific cell types in a tightly controlled manner, by variation of the clustering strength ¢. That clustering strength cor-
relates well with the silhouette and Calinski-Harabasz scores, which are established metrics for clustering quality (Figure S5D). Such clustering
of specific cell types is a wide-spread property of immune-cell populations and can be mediated by chemokine signals or also physical
barriers, such as imposed by stromal cells in the lymph node.***’

Here, we initially considered a situation where IL-2 secreting T cells accumulate in the vicinity of specific APCs presenting their cognate
antigen (Figure 5A). As expected, such co-localization of cytokine-secreting cells imposes a substantial increase in paracrine signaling efficacy
in our simulations, since locally enriched cytokine concentrations levels allow to overcome the activation threshold in nearby cells. For low-to-
moderate numbers of cytokine-secreting cells, quantitative analysis confirmed that effect in terms of the number of activated cells, the niche
effect defined previously (Figure 5B) and the signaling range, despite an overall reduction of IL-2 concentration levels (Figure S5E). Quite inter-
estingly, at very high numbers of cytokine-secreting cells, co-localization can also have the opposite effect and induces a reduction in the
number of activated cells (Figure 5B, inset), which can be explained by the isolating effect of nearby responding cells preventing long-range
paracrine signaling. To provide immune tolerance and reduce the risk of immune-responses to self-antigen, paracrine IL-2 signaling is miti-
gated by regulatory T (Treg) cells that express large numbers of high-affinity IL-2 receptor and can act as strong cytokine sinks.">"?*? In partic-
ular, it has been suggested that Treg cells can effectively take up IL-2, because they are stimulated by cognate antigen presented by the same
antigen-presenting cell as the corresponding effector T cells and thus are co-localized in the same spatial signaling niche'®*® (Figure 5C, left
panel). Indeed, we found that the inhibitory effect of Treg cells is rather limited if they are placed randomly, thatis ¢ = 0 (Figures 5C and 5D). At
least a partial co-localization of Treg cells with cytokine-secreting cells seems required for effective reduction of cytokine signal and signaling
range (Figure S5F), and can induce almost complete signal inhibition already at a fraction of only 4% Treg cells in our simulations.

While IL-2 signaling in the local environment created by APCs facilitates fast and unambiguous decision-making on T cell activation, it has
been argued that IL-7, a cytokine essential for T cell survival, should be distributed more widely within the system.®” Our results on the spatio-
temporal effects of negative feedback (cf. Figure 4E) supported that claim, as we observed an increase in paracrine signaling efficacy and
spatial range. To investigate that phenomenon in a more specific scenario, we introduced co-localization of IL-7 secreting cells analogous
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Figure 4. Niche score and niche effect characterize spatial patterning of paracrine cytokine signals

(A) Signaling niche. Schematic illustrating the definition of a cytokine signaling niche: upon clustering of cells by theirpSTATS values, a niche is defined as a cluster
that contains at least one secreting cell and one pSTATS5+ cell.

(B) Niche quantification. Number of niches (cf. A) in dependence of the number of cytokine secreting cells. Black line: theoretical maximum (every Tec. cell forms a
separate niche). Black arrow: standard parameter (cf. Table 1).

(C) Signal distribution. Average pSTATS values of cells inside and outside of a cytokine signaling niche.

(D) Niche derived metrics. Visualization of the quantities niche score and niche effect. For visualization purposes 15% secreting cells were used. The niche score is
defined as the number of niches divided by the number of secreting cells in the system, the niche effect as the fraction of pSTAT5+ cells within the niche divided
by outside of the niche. See also Figure S5A.

(E) Correlation analysis. Correlation between niche score and niche effect for positive and negative feedback. The black line shows a linear fit of all data points.
The arrow head was added to indicate the direction of increased feedback. r, is the computed Spearman'’s rank correlation coefficient.

(F) Signaling range in dependence of feedback fold change.

(G and H) Niche score, niche effect and signaling range for varying fractions of cytokine secreting cells. The bar color indicates feedback fold-change, low as y = 2
and high as y = 100, cf. (C) and (F).

Lines with shaded regions (B, C, and F) and error bars (F and G) indicate average and SEM across 20 runs of the simulation.

to the IL-2 case (Figure 5E). As anticipated, we found that increased clustering of cytokine-secreting cells not only improved signaling efficacy
(Figures 5E and 5F), but also caused an increase in cytokine concentration levels and signaling range (Figure S5G).
Hence, we found that the spatial composition and especially local clustering of cell types can provide another layer of control over the

range and efficacy of paracrine cytokine signaling, acting together with the amount of cytokine secreting cells, cytokine receptor expression
and cytokine-dependent feedback regulation.
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Figure 5. Spatiotemporal cytokine dynamics in the context of an established tissue architecture

(A) Teec colocalization. Schematic (left panel) and typical simulations (right panel) of a scenario with IL-2 secreting T cells (Ts.) in the vicinity of an antigen-
presenting cell (APC), surrounded by responder T cells. ¢: clustering strength of T cells. Shown are two-dimensional snapshots for the purpose of
visualization, the analysis below is performed on full 3D-simulations.

(B) Clustering strength analysis. Analysis of the fraction of pSTAT5+ cells (left) and the niche effect (right) in dependence of the clustering strength ¢ for the
scenario visualized in (A). Lines with shaded regions indicate average and SEM across 20 runs of each simulation.

(Cand D) Treg colocalization. Regulatory T cells (T g) expressing high numbers of IL-2R are co-localized with T,e. cells in the vicinity of an antigen-presenting cell.
See (A) and (B) above for details.

(E and F) Fibroblastic reticular cell (FRC) colocalization. FRCs secrete IL-7, which is taken up by naive T helper cells.

DISCUSSION

Cell-cell communication using diffusible ligands is a widespread mechanism to exchange information in multi-cellular organisms, and is
particularly important in the collective decision-making processes of the mammalian immune system. Compared to intracellular processes,
the larger spatial domain of such cell-cell interaction dynamics increases the potential for inhomogeneous distributions and non-intuitive
spatial patterning®*> of signaling mediators. Nevertheless, the high diffusivity (~10 um?/s) of small proteins such as cytokines suggests
that concentration inhomogeneities may disappear very rapidly on the relevant time- and length scales, that is cell-cell distances in lymph
nodes (<5 um) and times for signal integration and cell-differentiation (minutes to hours). By systematic analysis of physiological scenarios
of cytokine signaling using an efficient finite-element simulation setup, we found that spatial cytokine inhomogeneities do not arise by diffu-
sion processes per se. Rather, additional factors are required, such as a sparse occurrence and all-or-none behavior of cytokine secreting cells
or heavily skewed distributions of cytokine receptors across cells. Thus, concentration inhomogeneities are essentially a property that is under
control of the cell population.

Our mathematical formulation combines a description of signal processing on the cellular level with a biophysical description of cytokine
diffusion, secretion, and uptake, leading to a quasi-stationary diffusion problem with non-linear Robin boundary condition. That description
mandates a precise numerical solver, but requires fewer assumptions than a receptor mean field approach'® or similar analytical formulations
that could be derived under homogenization assumptions, i.e., replacing individual cells by a density of cells with negligible volumes.

The signaling range of cytokine-secreting cells is diffusion-limited, since cytokine uptake requires diffusion of the cytokine through extracel-
lular space, in addition to binding to its high-affinity receptor.”**’ The importance of this diffusion limit becomes apparent when considering the
diminished signaling efficacy in our well-mixed model implementation. In the reaction-diffusion model, considering non-linear uptake dynamics
on the surface of responding cells, we found that both the fraction of secreting cells and heterogeneity in receptor expression were able to
generate cytokine concentration inhomogeneities. Previous studies have indicated values between 1% and 20% for the fraction of cytokine-
secreting cells'?® and a coefficient of variation for the receptor distribution that is close to 1.%?* Under those conditions, our results suggest
a higher contribution of the fraction of cytokine-secreting secreting cells to spatial inhomogeneities within the physiological parameter range.

Another important factor shaping cytokine signaling dynamics is feedback regulation of receptor expression on responding cells, which
has been reported not only for IL-2 and IL-7 as the key interest of this study, but also for other cytokines including IL-4, IL-21, TGF-B, and
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IFN-y.>17334830 It is known that positive feedback can induce an all-or-none type of response to a signal, while negative feedback leads to
more gradual and homogeneous dynamics and can have an effect on the timescale of the response to an input signal.”"*? In line with that and
with previous studies,'” we found that spatial cytokine gradients can induce significant bifurcations in activation patterns of the naive T cell in
the presence of positive feedback mediated by the cytokine IL-2. Interestingly, that model behavior does not occur in a parallel well-mixed
scenario, highlighting the requirement of spatial cytokine distributions for paracrine stimulation even in the presence of positive feedback.
Considering IL-7 as a cytokine promoting negative feedback on receptor expression, we observed an increase in signaling range that prop-
agates with time, resembling a signaling wave that spreads through the cell population. That phenomenon is well in-line with the notion of IL-7
responder cells as “altruistic”,*” since they provide access to IL-7 to nearby cells by downregulating their receptors.

To quantify the localization and effectiveness of cytokine signaling within the microenvironment around cytokine-secreting cells, we pro-
pose the niche score and niche effect as summary statistics that may also serve for comparison with multi-color histology data in future
research. The niche score offers an understanding of how well separated niches are, while the niche effect quantifies how effectively cytokine
signal is localized within each niche. Utilizing these spatial statistics, we found that the upregulation of receptors in the IL-2 scenario results in a
localization of activation and signal within a niche. We identified the opposite behavior in the case of IL-7 signaling, where downregulation of
receptors delocalizes the signal, thus inducing a more homogeneous cytokine concentration field. Consequently, paracrine signaling efficacy
depends more on the total amount of cytokine molecules in the system rather than its location, which is in line with the biological function of
IL-7 as a survival signal controlling the size of a cell population in homeostasis.

Finally, we asked how the local tissue architecture in terms of already established clustering and co-localization of specific cell types would
modulate signaling efficacy and spatial cytokine patterning. Our model simulations revealed that the spatial clustering of cytokine-secreting
cells can substantially increase signaling efficacy, as cytokine secretion by multiple cells in a signaling niche combines to act on responder
cells. Moreover, we found that co-localization of cytokine-secreting cells and cells with a high capacity of cytokine uptake, such as described
for Treg cells in the context of IL-2 signaling,'® is a highly efficient mechanism to control the effectivity of paracrine signals and thus modulate
the degree of immune tolerance.

Overall, we found that the spatial relationships and individual properties of cytokine-secreting cells and cells expressing high-affinity cyto-
kine receptor species can critically regulate the efficacy of cell-communication. Future research may combine our approach with quantitative
models on germinal-center dynamics®>° and multiplexed histology data®*~>® characterizing tissue organization in lymphoid organs and the
tumor micro-environment, paving the way to a unified, quantitative understanding of spatiotemporal decision-making in immune-cell
populations.

Limitations of the study

Focusing on a systematic analysis of cytokine signaling in the context of IL-2 and IL-7, our setup does not fully capture the complex dynamics
imposed by the diverse array of cytokines and cell types present in lymph nodes. In particular, while secreting cells attach to APCs and arrest
their movement, responding cells do not exhibit the same behavior, so that it will be elucidating to incorporate directed and random cell
motility into our simulation framework in future research. Additionally, while the biophysics of IL-2 is relatively well studied, and parameters
such as diffusion and binding constants, receptor expression levels and secretion rate have been determined experimentally, the situation is
different for IL-7, posing a challenge for parameter annotation in that case. Here, we extrapolated the STAT5 activation function from IL-2 to
IL-7 as both cytokines share the gamma-chain of the high-affinity cytokine receptors, and they both utilize STAT5 as major signaling mediator.
However, the necessity to integrate such assumptions underscores the need for a systematic quantification of cytokine signaling processes
beyond IL-2.
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Materials availability

This study did not generate any new materials.

Data and code availability

e All the information about the data reported here is included in this paper.
e All computer code generated in the study can be found under the following url: https://doi.org/10.5281/zenodo.11127473.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Mathematical models

Core-model of spatially resolved cytokine dynamics

Let Q be the extracellular space, ® the outer boundary of that space and Iy,i = 1,...,Ngelis, denote the cell-surfaces. In all simulations, for each
cytokine considered, we assumed the cytokine concentration ¢(x), xe Q to be in quasi-steady-state, and we imposed no-flux conditions at the
outer boundary, that is aa—% =0on ® where 7 is the normal vector on the cells surface pointing toward the extracellular space. Further,
assuming homogeneous cytokine secretion and uptake on each cell-surface with area A;, the interaction between a cell and the extracellular
cytokine concentration is realized through generalized Robin boundary conditions (cf. Ref.'*"?):

0 = DAc — nc in Q (Equation 1)

oic g Wi(c)

on,  AD AD

onT;

Here, Dis the diffusion coefficient, 5 is a homogeneous decay rate and A is the three-dimensional Laplace operator. For the sake of simplicity,
we assume a uniform cell-size A;:= A throughout. Furthermore, we take the secretion rate g; and the surface concentration as average
values across the cell-surface for each cell, thatis ¢;: = ﬁfr. cds. Hence, the uptake rate takes the form

Wi(ci) = KendoRi f(ci) (Equation 2)

where R; denotes the number of receptors expressed on the cell-surface. In the case of linear cytokine uptake, the uptake function takes the
form f(¢;) = ,’:—;q, where ko is the cytokine-receptor association rate.'”'® A more realistic description of cytokine uptake takes into account
that the uptake capacity of a cell is limited not only by the amount of receptors expressed on the surface, but also by the intracellular machin-
ery for cytokine degradation and 'recycling’ of cytokine receptors.'*”“° That results in an uptake function of the form f(¢;) = Kare Where Kp
is the half-saturation constant for cytokine uptake. We found that this form of the uptake function can be justified by a mechanistic, Michaelis-
Menten type description of cytokine-binding to its receptor (Method details, “Description of saturated uptake dynamics”). Further, assuming
kendo = koff, We retrieve the canonical form of the linear uptake function Wi(c;) = konRi ¢;. In the case of non-secretory responder cells, we set

gi = 0in Equation T and Rj = Resp in Equation 2, whereas we take g = gsec and Ri = Rsec for cytokine-secreting cells. The latter ones express
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lower numbers of cytokine receptors and thus exhibit a reduced uptake rate Wi(c;) (cf. Table 1). Moreover, we account for receptor hetero-
geneity on responding cells (Figure 2) by sampling R; from a log-normal distribution with mean Ryeqp.

As a primary output of our model simulations, we assess cellular activation in terms of the fraction of phosphorylated STAT5, which we
take as

cH
STAT5(¢c,R) = —————— H=3. (Equation 3)
PSTATS(e.R) = EecoRPacr g

A cell is considered activated if its pSTATS level reaches values pSTAT5(c;, R;) > 0.5. In line with experimental data,”* we account for a
dependency of the EC50 value on the level of receptor expression through EC50(R) = W, where Eqax, Emin, k and N are parameters
determined through fitting of experimental data extracted from Cotari et al., Figure 3A.?* Model parameters (Table 1) could in many cases be
assigned to or derived from published experiments.

Receptor feedback kinetics

In order to analyze the delayed receptor feedback introduced in Figure 3, we considered a time-dependent change in receptors, leading to a
time-dependent cytokine distribution. That is, our quasi-stationary diffusion problem, Equation 1, is generalized to a series of such problems,
via Wi(c;) = Wi(ci(t), Ri(t)) in Equation 2, given by a system of ODEs for receptor expression in each cell:

ZT = gi(ci, R) (Equation 4)

Specifically, we chose a receptor feedback function

Ny~ RN
gi(CI,R/) — kbaseKm+7ykbase pSTATS(NC,,R,) _ VR,‘ (Equation 5)
KN+pSTAT5(c;, R))

that depends on the cellular pSTATS level, the minimal receptor production rate ky,se, the half saturation value for activation K, and the re-
ceptor decay rate v. The feedback fold change 7; depends on the cell type, here we take v; = 1 for cytokine-secreting cells, v; € (1, 100] for
positive and v; € [0.01, 1) for negative feedback on responding cells. For visualization, to allow for a unified x-axis, the fold change for negative
feedback was inverted. To account for delayed regulation of receptor expression on the responding cell i caused by intracellular processes
such as signal transduction and gene expression, we supplemented Equation 4 by equations for auxiliary states ('linear chain trick’, cf. Fig-
ure S4A), as previously described:*’

0 = DAc — nc in Q (Equation 6)
T ole)
d;t’" = Axu1 —xi),l = 2, Myxis = RY R = xim

Well-mixed model

In the well-mixed case, i.e. assuming infinitely fast diffusion, the homogeneous extracellular cytokine distribution is described by an ODE.
Namely, by neglecting the cell volumes, the core PDE model (Equation 1) converges for D— « to an ODE in terms of the system-wide
quantities Qiot := gsecNsec, Where Ngec denotes the number of secreting cells, and W o(¢) = kendo Riotf (€) With Riot = NsecRsec + Nresp Rresp:
considered at steady-state (Section “Mathematical derivations: Deriving the well-mixed model"):*’

0 = gt — Pwt(c) — nc. (Equation 7)

As in the core PDE model, we have f(c) = ,’j;’; cforlinear uptake and f(c) = £ for saturated uptake. Parameters were chosen identically to
the core model and are listed in Table 1.

Furthermore, the steady-state solution  of the well-mixed ODE is the average of the cytokine distribution ¢ described by the core PDE,*’
ie.C = ‘;ﬁ‘ Je(x)dx. That allows for a direct comparison to the core model in terms of analytical expression of values for the average cytokine
concentratfon (see Method details).

Analogous to the core PDE model, we introduced delayed receptor feedback in the well-mixed model by a time-dependent uptake func-

tion Wiot(c) = Wior(c(t), Riot(t)) and receptor expression dynamics dg’t‘” = g(c,Riot)-
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Software and simulations
Numerics

All spatial simulations are carried out using the finite-element solver FEniCS® with P1 elements, a generalized minimal residual methods
(GMRES) solver and algebraic multi grid (AMG) preconditioner. The solution accuracy is controlled by the Krylov solver tolerance for linear
and the Newton solver tolerance for the non-linear boundary conditions. A description of the weak formulation of the models used therein
is provided below (Section “Mathematical derivations: Deriving the weak form"). Standard parameter values are listed in Table 1. The
extracellular space was discretized as a uniform tetrahedral mesh using Gmsh,®* the mesh fidelity was chosen to yield a mesh with approx-
imately 100,000 degrees of freedom in a cube of 240 pm edge length. To minimize boundary effects the outermost layer of cells is disre-
garded in our analysis. The ODE model arising in the well-mixed scenario was solved using a SciPy ODE solver.

Random cell positioning and cell-type clustering

To achieve an efficient 3-dimensional random cell positioning (cf. Figure 5), we utilize Bridson sampling, a Poisson disk sampling approach.*
The algorithm achieves a dense packing of cell centroids in two or three dimensions while respecting a minimum distance rto account for the
physical dimension of the cells, by iteratively adding new points draw from uniform distributions that span the [r, 2] spherical shell around
the existing points. The average cell-cell distance and the amount of sampling steps are chosen to yield the same average cell density as
in the grid approach employed in all other simulations (Figures 1, 2, 3, and 4). Further, in order to achieve the high density of secreting cells
around APCs in Figure 5, we developed an algorithm that assigns cell type identities to the existing cell locations of the pre-generated mesh
with different fraction and clustering strength for each cell type. In a first step, a cell density is computed using kernel density estimation (KDE)
from the APC locations. For each cell type, cell identities are assigned independently with a probability proportional to the density value at
each location. In a second step, conflicts are iteratively resolved by a stochastic approach that is a biased towards the cell type with higher
clustering strength.

Mathematical derivations
Deriving the weak form

In order to numerically solve the partial differential equation (PDE) posed in Equation 1, one first has to derive the weak form. Let Q€ R® be the

extracellular space, ® CR? be the outer boundary of that space and I, CR?, i = 1, ..., Ny the closed boundaries for every cell.
0 = DAc — nc = DV?c — gc (Equation 8)
oc
= =0on® (Equation 9)
n

o g Vi)
on; T AD AD

onT} (Equation 10)

To derive the weak formulation necessary to solve this problem, we multiply Equation 8 by a test function v and integrate over the extra-
cellular space Q, yielding

D/ (V2e)vdx = /nc-v dx (Equation 11)
Q Q

with dx as the differential element for the integration over Q. Utilizing integration by parts and the divergence theorem, we can write the left
side of this equation as

D/(Vzc)vdx = — D/Vc-Vv dx+D/ aa—ivds (Equation 12)
Q Q

a0 N

with ds as the differential element for the integration over all boundaries of Q. Using Equations 9 and 10 the integration over the boundary 9Q
can be written as

1

dc dc oc
/ﬁVdSZ/ﬁ Vd3+§ /ﬁvds: E /E(Qf*‘pi(ci))vds
o0 Qv i /T i i s

=0

- ZB (C]f — Ipi(ci))v_ (Equation 13)

With this we get the weak form
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D/VC~VV dx = — /nc . vdx+2(q,- - Wi(q))v (Equation 14)
Q Q ;

which we use in FEniCS® to solve the RD-system.

Deriving the well-mixed model

To evaluate the spatial effects in the PDE based core model we compare our results with the ordinary differential equation (ODE) based well-
mixed model (cf. Figure 1). The ODE approach does not include spatial information but rather assumes that the extracellular volume is well-
mixed. Mathematically this can be achieved by neglecting the cell volumes, leading to cytokine secretion and uptake to be considered sys-
tem-wide with respective rates

Gt = D E / A gs = GsecNsec (Equation 15)
sec. cells i
w( c) konReotC linear
Wi(c) =D Y - Y w(o) = o
tOt cells iV Ti f d cells i ’(C) kendoRtotﬁ saturated. ( quatlon 6)
D

Thus, the core PDE in Equation 8 with neglected cell volumes can be written as

0 = DAC — nC+ Grot — Fiot(Cc) INQ (Equation 17)
oc
— =00on® Equation 18
07 on (Equation 18)

Using Gronwall estimations, it was shown that for D— o, the solution ¢ of Equation 17 converges exponentially to its space average © =
\Qlfﬂ x) dx.°" This yields the well-mixed ODE at steady-state, solving Equation 8 as
— qsec sec

€ " KonRiot+7 (Equation 19)

in case of the linear uptake and

_ Qrot — kendoRtot - KD7I+\/Kan2+2KD7](qtot+kendoRtot)+(qtot - I(endoRtot)2
= 217

(Equation 20)
In the case of saturated uptake.

Description of saturated uptake dynamics

To account for saturating effects in our uptake dynamics, we employ classical Michaelis-Menten kinetics in order to find the uptake function W
described in the methods in the main text. The binding of cytokine ¢ to a receptor R, formation of a cytokine/receptor complex followed by
internalization can be written as

c+ Rk—> S ap (Equation 21)
‘off
with C as cytokine/receptor complexes and P as the internalized cytokine/receptor complexes with their corresponding rates ko, for binding,
koff for unbinding, and kengo for endocytosis.
From this, we can define the differential equations as
dR
e C — konRc+a
dé (Equation 22)
E = konRC - koffC - kendoC

with a as a base receptor production. Under the assumptions that ¢ > Rand Py = 0, the uptake flux ¥ can be considered as the velocity at
which Cis converted into P, resulting in

W = kengoC (Equation 23)

Under the rapid equilibrium assumption we assume that the rate at which equilibrium between cytokine/receptor binding and unbinding is
reached is fast compared to the rate at which the complex C forms the product P, we get
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konRc = ko C (Equation 24)

and employing mass conservation R = Ry — C, where R is the number of unbound receptors on the cell and Ry is the overall amount of re-
ceptors, we get

konRoC _ ROC
koi+konc ~ Kp+c'

(Equation 25)

With this we can write Equation 23 as

(o

v Ro) = ken oC = Kendo R
(C7 0) d d OKD+C

(Equation 26)
Here W(c, R) is linear in R and saturates via a Hill-function in c.
Description of linear uptake dynamics

To systematically analyze the previously described saturated uptake dynamic, we also derived an uptake function linear in ¢, which we use in
Figure S3 to delineate saturation effects. Assuming ¢ < Kp with Kp = i—" we can simplify Equation 26 as

C C C ken [o} .
W(c,Ry) = kendoRom = kendoROm: endoROa = ko: kon Roc (Equation 27)
Roff | o Koff
kon kon
If we further assume kegngo = Kkoff, it simplifies to
W(c,Ry) = konRoc (Equation 28)

resulting in a function that scales linearly with c.

As expected, the saturated uptake function is well approximated by Equation 28 for low cytokine concentrations ¢ (Figure S3D), in partic-
ularif ¢ <« Kp holds. For high cytokine secretion rates, the saturated uptake function results in larger cytokine concentration levels, and since
¢ depends on Kp, it is not possible to fix the system in a linear regime by increasing Kp alone (cf. Figure 2B). To highlight this dependence,
consider the saturated well-mixed case (cf. Equation 7) with n = 0:

c

0= Qe — kendoRtotm (Equation 29)

=c = LKD (Equation 30)

kendo Rtot — ot
Here cis directly proportional to Kp, so any increase in Kp will yield the same increase in c. To fulfill the condition ¢ < Kp, we can decrease g,
and hence gy, yielding a linear decrease in ¢ since kendgo Riot remains constant. Thus, in the well-mixed model, our saturated uptake dynamics
transition into the linear regime for low cytokine secretion rates only, while in the spatial RD-system, the cytokine concentration ¢ decays with
increased distance to a secreting cell (cf. Figure 1B), resulting in the gradual transition from saturated to linear uptake observed in Figure S3D.

Analytical approximation of the cytokine concentration field
The analytical approximation, taken from Thurley et al."* and used to validate our results in Figure S1 and S3, calculates the cytokine concen-
tration for an environment with a high density of responding cells around a single secreting cell. It also assumes radial symmetry and is
defined as

gp  AnDr(L+p)+kon(L — r+p)NR

€l = 7 ko [RucNR+47Dp(Lep) (Ruct NR) (Equation 31)

with p as the cell radius, L as the synaptic distance, N as the number of IL-2 consuming responder cells and R as the receptors on secreting
cells. Since the standard setup in our core model uses multiple cytokine secreting cells which are not necessarily isolated, this solution can only
be used to approximate the cytokine concentration in this scenario.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

The surface concentration average and the spatial standard deviation (s.d.) were computed using the surface concentration values of all cells
in one configuration. The gradient refers to the sum of the cytokine gradients in the extracellular space and was computed through the
average norm of the cytokine field gradient. The Spearman rank-order correlation coefficient (r;) was computed using SciPy. To quantify
the bimodality of a distribution we calculated the relative separation using Ashman’s D.*> Quantitative analysis of stochastic simulations
was performed by taking the average and standard error of the mean (SEM) across multiple runs, as described in Figure legends.
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Quantifying spatial patterns: Niche score, niche effect and signaling range

To calculate the niche score and niche effect in Figure 4, it is necessary to determine which pSTAT5" cells are being activated by which
secreting cell. This is achieved by running the DBSCAN algorithm with all pSTAT5" and secreting cells spatial coordinates as input and
the average cell-cell distance, typically 20 um, as the maximum distance between two samples. This algorithm assigns each cell to a cluster,
which is a group of cells, based on the spatial density of cells. The resulting clusters containing at least one pSTAT5" and one secreting cell
were defined as cytokine niches, niche score and niche effect were subsequently computed as described in the text. The signaling range was
determined using the distances of responding cells to their closest secreting cell inside all niches and calculating the 0.05% largest percentile.
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