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Supplemental information

Figure S1: Effect of the number of membrane bins (m) on mutual information and optimal efficacy, Related
to Figure 1 and 2 (A) The maximum mutual information achievable (red line, Equation 27) as a function of m, the
number of membrane bins. As the number of receptors per bin (N/m) increases, the mutual information converges to
its maximum value. (B) the optimal efficacy for different choices of m, computed across tissue, soil, and simple gradient,
α = 0.01,Kd = 40, N = 1000.
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Figure S2: Optimal receptor distribution across two Poisson channels for various values of N , Related to
Figure 2 and Figure 7. Given two Poisson channel with independent inputs X1 and X2, where E[X2] > E[X1]. Each
plot corresponds to a particular choice of N to be divided between the two channels. Solid curves represent the partial
derivative the mutual information I(X;Y ) with respect to the two channel receptor number r1 and r2, evaluated for
different receptor allocations. Dotted horizontal lines indicate the receptor distribution between the two channels that
maximizes I(X;Y ).
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Figure S3: Optimal receptor distribution across two Poisson channels for different absolute ligand concen-
tration and relative difference in concentration, Related to Figure 2. (A) Each curve represents the optimal
receptor proportion r∗1/N for channel 1 for increasing levels of ligand input for channel 2 while keeping E[C1] fixed.
(B) While keeping the relative difference between E[C1] and E[C2] fixed at 5%, black curve shows the optimal receptor
proportion in channel 1 for different level of E[C1]. Blue curve shows the approximation of the partial derivative shown
in Equation 42. Black dotted line indicates peak of blue curve, red dotted line indicated r∗1/N = 0.5. Kd = 40nM . (C)
binary entropy function (H(p) = −p log p− (1− p) log (1− p)) in nats
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Figure S4: Different metric assessing information gain offered by the optimal placement strategy over the
uniform strategy, Related to Figure 2. (A) versions of Figure 2C for different information metrics, where Iopt

and Iunif is defined in Equation 5 in the main text, 1st row is absolute information gain between optimal and uniform
receptors, 2nd row is absolute increase in the number of different classes to which the ligand profile can be subdivided
after observing the receptor activity (with inset showing intermediate values of α), 3rd row is relative information gain,
4th row is the average information obtained with uniform receptors; (B) versions of Figure 2E for different information
metrics, Iopt,c = I(ĉ; â | φ∗) and Iunif,c = I(ĉ; â | φu); (C) versions of Figure 2D for different information measure.
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Figure S5: Comparing absolute information gain, relative information gain and the information acquisition
due to uniformly distributed receptors, Related to Figure 2. (A) define average relative information gain due
to optimizing receptor placement as the relative efficacy κ, absolute information gain as ∆I, average information from
uniform receptors as Iunif , and similar measures defined for a single ligand profile c; (B) κ, ∆I, and Iunif computed
for cells of different size across soil, tissue, and simple gradient; (C) κ, ∆I, and Iunif for i) soils environment simulated
using different values of σ2

bacteria, ii) tissue environment simulated using different values of kECM, and for exponential
gradients fitted to each tissue (gradient). Stars correspond to parameter values used to generate Figure 2A-C and E.
(D), in each scatterplot, a dot corresponds to a single pair of c and the particular measure evaluated at c, where c is
sampled from environments as illustrated in Figure 1C-i. Across all panels, N = 1000, Kd = 40 nm, α = 0.1, m = 100.
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Figure S6: Robustness of optimal efficacy to perturbation in receptor placement for other cell radius and
efficacy metric, Related to Figure 3. Colors of heat map represent ratio of perturbed efficacy η(φp) to optimal
efficacy η(φ∗) for different combinations of shifting and flattening, computed for ligand profiles {c} sampled from either
(A) tissue or (B) soil; call-out boxes corresponds to different sets of perturbations, showing the average of the optimal
{φ∗(c)} (gray) and perturbed {φp(c)} (red) receptor placements, after all profile peaks were centered; (C) same as (A)
but for a cell of 10 µm radius and for η(φ) := 2Iφ − 2Iφu , denoting the increase in distinguishable input state between
optimal and uniform placements, (D) similarly for soil.
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Figure S7: Effect of redistribution cost γ and constitutive receptor activity α on receptor redistribution
according to the dynamic protocol, Related to Figure 4. (A) Schematic showing a cell circling a ligand source
which generates a stationary gradient (red). (B) Ligand profile experienced by the moving cell in Panel A at two different
time points. (C) Optimal receptor profile computed using Equation 11 for the two time points shown in panel B , for
different values of redistribution cost γ. (D) Speed of the moving receptor cap (as shown in panel C) for a wide range of
γ, where speed is computed using the distance moved by the center-of-mass of the receptor distribution. (E) Different
receptor redistribution dynamics for different degrees of constitutive receptor activity α (shown for two different pairs of
ligand profiles), dotted lines represent ligand profile (red) and receptor profile (yellow shading) at one time step, while
solid lines represent the ligand and receptor profile at the next time step. (F) Different receptor redistribution dynamics
for different receptor redistribution cost γ, shown for the same group of ligand profiles as panel E, dotted lines represent
ligand profile (red) and receptor profile (yellow shading) at one time step, while solid lines represent the ligand and
receptor profile at the next time step
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Figure S8: Success rate of chemotactic cell navigating in simulated interstitial gradient for various values
of γ in dynamic protocol, Related to Figure 4. Dynamic protocol of Equation 11 is solved step-wise for a cell
simulated to navigate through an interstitial gradient, success rate is the proportion of simulated cells reaching gradient
peak within 1 hour using the optimal + noise decoding method. γ = 0 corresponds to the case where the cost term
is absent and receptors move simply to maximize mutual information. Parameter γ determines the balance between
maximizing information and minimizing receptor transport cost. Note the dynamic protocol should not be confused
with the feedback scheme.
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Figure S9: Effect of rate parameter values on the effectiveness of receptor feedback scheme for information
acquisition, Related to Figure 5. (A) heat maps show the extent of receptor localization at the ligand peak for
different choices of scheme parameters koff and h, for a cell in tissue (top) and soil (bottom), as measured by the fold
change in receptor number near the ligand peak compared to a uniform distribution of receptors; call out boxes show
receptor morphology for different parameter values, star indicates default parameter values used in Figure 5. (B) ratio of
scheme efficacy η(φs) to optimal efficacy η(φ∗) for static signals {c} sensed by a 5 µm cell sampled from soil and tissue
(C) ratio of scheme efficacy η(φs) to optimal efficacy η(φ∗) for a sequence of signals {ct} sampled by translating a 5 µm
cell through soil and tissue environment at a speed of 2 µm min−1.
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Figure S10: Cell navigation and retention performance in simulated interstitial gradient for various feed-
back scheme parameters, Related to Figure 6. (A) heatmap showing success rate (proportion of simulated cells
reaching gradient peak within 1 hour) for cells using receptor feedback scheme with different values of the endocytosis
rate (koff) and average incorporation rate (〈hai〉i), white star denotes parameter values used in Figure 6 of main text.
(B) success rate for cells navigating with different sampling rate, which is the number of ligand profiles sampled per
second. (C) histogram and corresponding success rate quantification for cells decoding gradient using three different
decoding methods, see supplemental information for detail on each method (temporal averaging is done over a 5 minute
window). (D) heatmap showing error rate (proportion of simulated time steps where cell was more than 5µm away
from the gradient peak) for cells using receptor feedback scheme with different values of the endocytosis rate (koff) and
average incorporation rate (〈hai〉i), white star denotes parameter values used in Figure 6 of main text. (E) error rate for
cells navigating with different sampling rate, which is the number of ligand profiles sampled per second. (F) histogram
and corresponding error rate quantification for cells decoding gradient using three different decoding methods (STAR
Methods) 10



Figure S11: Relative and absolute information gain for natural receptors and for receptors of different
surface expression level, constitutive activity, and binding affinity, Related to Figure 7. (A) relative
information gain for different values of Kd and N ; values computed using the tissue environment; α = 0.1; red dots
correspond to receptors that polarize in heterogeneous environments, white dots represent receptors that are constantly
uniform, see Table S4 for receptor data. (B) relative (left) and absolute information gain (right) computed for the ten
natural membrane receptors shown in panel A, across different values of α, blue bars/labels correspond to receptors
that are constantly uniform (white dots in panel A), red bars/labels correspond to receptors that localize towards ligand
source in concentration gradient.
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Environment Parameter Symbol Value Ref
Soil Domain size — 1000 µm× 3000 µm —

mean µ −7.52 Raynaud and Nunan (2014)
variance σ2

bacteria 1.9 Raynaud and Nunan (2014)
scale β 25 Raynaud and Nunan (2014)
Concentration (per bacteria) C 114 nm Burton et al. (2005)

Sheng et al. (2017)
Wang and Leadbetter (2005)

Ligand spread (per bacteria) s 9 µm Gantner et al. (2006)
Tissue Domain size — 300 µm× 900 µm —

Diffusion coefficient D 45 µm2 s−1 Miller et al. (2018)
Cellular uptake rate βc 10−2 s−1 Rejniak et al. (2013)
Cellular uptake distance — 1.15× radius Rejniak et al. (2013)
Fluid viscosity µ 2.5 µg µm−1 s−1 Rejniak et al. (2013)
Spatial discretization ∆x 2 µm —
Time step ∆t 0.0178 s —
Interstitial fluid input flow uin 0.1 µm s−1 − 2 µm s−1 Swartz and Fleury (2007)
Average [ECM binding site] — 520 nm Wang and Irvine (2013)
ECM binding rate kECM 9.3× 10−5 nm−1 s−1 Shields et al. (2007)
Production/release rate κ 7 nm s−1 Wang et al. (2008)
Number of cells — 3× 8 cells —
Soluble ligand degradation γs 1× 10−3 s−1 Wang and Irvine (2013)
Bound ligand degradation γb 1× 10−5 s−1 Milde et al. (2008)
Mean ECM fiber length — 75 µm Schlüter et al. (2012)
Variance in fiber length — 5 µm Schlüter et al. (2012)
Total number of ECM fibers — 4050 Schlüter et al. (2012)

Simple Max concentration C0 0.7 nm –
gradient Decay length λ 60 µm –

Table S1: Parameters used for modeling all three environment classes: soil, tissue, and simple gradient.
Related to STAR Methods. Tissue simulation code was adopted from Rejniak et al. (2013). Parameters for simple
gradient obtained from fitting an exponential function to the spatially-averaged profile of the tissue gradient
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Parameter Symbol Value Ref.
Membrane diffusion coefficient D 10−2 µm2 s−1 Marchetti et al. (2013)

Mart́ınez-Muñoz et al. (2018)
Receptor endocytosis rate koff 0.06 s−1 − 0.18 s−1 Marco et al. (2007)
Feedback constant h 2× 10−3 s−1 − 4× 10−3 s−1 Marco et al. (2007)
Average receptor feedback rate 〈hAi〉i 10−3 s−1 − 2× 10−3 s−1 Marco et al. (2007)
Receptor dissociation constant Kd 40 µm —
Cell radius 10 µm —
Basal receptor activity α 0.1 —
Spatial discretization ∆x 0.6283 µm —
Time discretization ∆t 1 s —
Total receptor rtot 1000 —
Number of membrane bins m 100 —

Table S2: Parameter values for feedback scheme simulation. Related to STAR Methods. The average
rate of receptor incorporation, 〈hAi〉i, depends on receptor activity which changes as the cell moves in a heterogeneous
environment. Thus, the range shown represents the time-averaged value for a cell moving through simulated tissue
environments. The value of h was chosen to achieve a physiologically relevant range for 〈hAi〉i.
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Parameter Symbol Value
Diffusion coefficient D 5 µm2 s−1

Interstitial fluid flow speed uin 0.3 µm s−1

Production/release rate κ 20 nm s−1

Soluble ligand degradation γs 3× 10−1 s−1

Bound ligand degradation γb 3× 10−3 s−1

Table S3: Parameter values used for tissue gradient generated for retention task that differs from the
values in Table S1. Related to STAR Methods.
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Cell type Receptor/Ligand Kd (nm) N (cell surface) Dynamic localization
T-cell CCR2/CCL2 1.53 (Yoshimura, 2018) 1100 (Yoshimura, 2018) Yes (Nieto et al., 1997)

CXCR4/CXCL12 5 (Qing et al., 2020) 1572 (834-1961) (Lee et al., 1999) Yes (van Buul et al., 2003)
(Pelletier et al., 2000)

CCR5/CCL5 4 (Qing et al., 2020) 593 (167-1006) (Lee et al., 1999) Yes(Nieto et al., 1997)
(Gómez-Moutón et al., 2004)

IL-2R/IL-2 1.3× 10−2 (Fitzgerald et al., 2001) 1000 (Höfer et al., 2012) No (Nieto et al., 1997)
TNFR-1/TNF 1.9× 10−2 (Grell et al., 1998) 1000 (Gehr et al., 1992) No (Nieto et al., 1997)

(Thoma et al., 1990)
TGFβR-2 5× 10−2 (Tripathi et al., 1993) 10000 (Tucker et al., 1984) No (Nieto et al., 1997)

Neutrophile CR3/C3bi 12.5 (Cai and Wright, 1995) 40000 (Berger et al., 1984) No (Pytowski et al., 1990)
C5aR/C5a 2 (Huey and Hugli, 1985) 50000 (Huey and Hugli, 1985) No (Servant et al., 1999)

Neuron GABAAR/GABA 12 (Jones et al., 1998) 200 (Caruncho et al., 1995) Yes (Bouzigues et al., 2007)
Robo1/Slit 235± 165 (Evans and Bashaw, 2010) 22300* (Komatsu et al., 2017) Yes (Pignata et al., 2019)
PlxnA1 NA NA Yes (Pignata et al., 2019)

Fibroblast LPA-2/LPA NA NA Yes (Ren et al., 2014)
Mesenchymal CCR2/CCL2 NA NA Yes (Belema-Bedada et al., 2008)
stem cell

Table S4: Receptor data used for Figure 7 of main text, Related to Figure 7. Receptors with known spatial distribution across cell surface, dynamic localization
refers to receptors that dynamically localize towards region of highest ligand concentration, no dynamic localization refers to receptors that remain uniformly distributed
even when ligands are spatially non-uniform. Only receptors with all parameter values known are included in Figure 7. (*) receptor expression level data for Robo1 was
taken from a non-neuronal cancer cell line. Empirical measurements of receptor cell surface expression level and binding affinity can be highly variable, depending on
how the affinity was measured and the particular cell type used. The data shown here simply represent a subset of values reported in literature.
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