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Supplementary Figure 1

Reporter Parameters vs. Ratio Parameters Correlation Analysis and Adaptor Knockouts
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Supplementary Figure 1. Reporter Parameters vs. Ratio Parameters Correlation Analysis and Adaptor Knockouts. (a) 
Reporter vs. ratio parameters correlation analysis. Scatterplots and correlation coefficients between the parameters that are 
summarized in the corresponding diagrams. Only those with p < 0.001 are shown, plots with p values that were not signifi-
cant are indicated with N.S. (b) Crispr knockouts of adaptors involved in the NF-κB network (see Fig. 1d). Violin plots show 
the fold change in reporter from the average of the first five time points to the last five timepoints over a four hour time 
course after addition of media (control) or inputs that activate the labeled receptors: 100 ng/ml TNFα (TNFR), 1 µg/ml 
flagellin (TLR5), 100 ng/ml IL-1β (IL1R), 20 µg/ml Poly(I:C) (TLR3).



Supplementary Figure 2

Monolayers have bimodal response to lipopeptide
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Supplementary Figure 2. Monolayers have bimodal response to lipopeptide (a) Histograms show quantification of the 
nuclear/cytoplasmic NF-κB response after 1 µg/ml flagellin or 1 µg/ml Pam3CSK4 and were fit to a two-gaussian model. 
The entropy for two-gaussian fit was 0.42 for flagellin and Pam3CSK4 was 0.04. (b) Schematic showing rationale behind 
controlling tissue level response by licensing response in single cells. In theory this type of regulatory mechanism would 
mitigate biological noise from single cells.



Supplementary Figure 3
Clonal expansion and combined inputs
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Supplementary Figure 3. Clonal expansion and combined inputs. (a) Percent responders in clones derived from the 
NF-κB reporter MCF10A cell line. To determine steady state response, clones were cultured for 30 days before 
percent responders was determined by treatment with 30 minutes 1 µg/ml Pam3CSK4 and NF-κB immunofluores-
cence. (b) Monolayers were either treated with single inputs or inputs that were combined prior to treatment (1 
µg/ml Pam3CSK4, 1 µg/ml MALP, 1 µg/ml flagellin), and were immunostained for NF-κB response. 



Supplementary Figure 4
Digital signaling in various cell types
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Supplementary Figure 4. Digital signaling in fibroblast, endothelial, and primary cells. (a) BJ, HUVECs and 
MCF10A were treated with 1 µg/ml Pam3CSK4, 100 ng/ml TNFα, or media, fixed and stained for NF-κB to deter-
mine nuclear translocation. TNFα was added 20 minutes prior to fixation while Pam3CSK4 was 30. Scale bar, 100 
µm. (b) Gut monolayers were isolated from mouse and grown in 2D on matrigel prior to treatment with 10 µg/ml 
Pam3CSK4 and immunofluorescent staining for NF-κB translocation. Scale bar, 100 µm. (c) Mammary organoids 
isolated from mice were embedded in matrigel and grown in 3D prior to treatment with 10 µg/ml Pam3CSK4 and 
immunofluorescent staining for NF-κB translocation. Scale bar, 10 µm. 



Supplementary Figure 5

Complete lineage tracing and epigenetic inhibitors pam response amplitudes
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Supplementary Figure 5. Complete lineage tracing and epigenetic inhibitors pam 
response amplitudes. (a) Complete lineage tracing experiment. Responders are 
shown in red, non-responders in black, unknown in blue. Traces that end in a grey 
semicircle were cells that either died or moved out of the field of view. See methods 
for more details. (b) Histograms of nuclear/cytoplasmic NF-κB response in WT 
monolayers treated with media, Pam3CSK4 alone, or or were cultured with epigen-
etic modifier inhibitors: HDACi (SAHA 800 nM), DNMT inhibitors (5-AzacytidineC, 
500 nM, or 5-aza-2’-deoxycytidine, 1 µM) HATi (A-485, 10 µM), for a week prior to 
Pam3CSK4 treatment.



Supplementary Figure 6

Pam response MyD88 dependence, smFISH supporting data, TLR2 protein turnover quantification

Supplementary Figure 6. Pam response MyD88 dependence, smFISH supporting data, TLR2 protein turnover quantification. 
(a) NF-κB reporter cell line MCF10A monolayers and the same cell line with MyD88 Crispr deletion were treated with 1 
µg/mlPam3CSK4. The fold change of the reporter from the average of the first five time points to the last five timepoints over 
a four hour time course was determined for each cell. (b) smFISH for TLR2 in 24 hour dox (2 µg/ml) treated tet inducible 
TLR2 cells and WT cells. Histogram shows amplitude of Pam3CSK4 response in tet inducible TLR2 cells after 24 hours of 
dox (2 µg/ml) (dox n= 6419 cells no dox n= 7058 cells) . (c) Quantification of mRNA FISH puncta for PolII in Non-Responder 
and Responder cells as determined by NF-κB immunofluorescence. (d) Quantification of TLR2 mRNA FISH puncta in 
Pam3CSK4 treated and untreated cells. (e) Immunoblot for TLR2 after overnight dox (2 µg/ml) treatment in tet inducible TLR2 
cell line. Before lysate collection, monolayers were treated with or without 20 µg/ml cyclohexamide (CHX) for the indicated 
number of hours. Quantification of protein relative to HSC70 loading control is shown below.

0

20

40

60

80

100

120

m
R

N
A

 F
IS

H
 C

ou
nt

s

PolII

TRE3G::TLR2 Response Amplitude

Non-Responder Responder

0

5

10

15

m
R

N
A

 F
IS

H
 C

ou
nt

s

R
el

at
iv

e 
A

m
ou

nt

TLR2

TRE3G::TLR2
+ Dox WT

Media Pam

a

b

c

d

e

1 2
0

0.1

0.2

0.3

0.4
No dox
Dox

Nuc/Cyto NF-ĸB

P
ro

ba
bi

lit
y 

D
en

si
ty

P
ro

ba
bi

lit
y 

D
en

si
ty

0 0 12 2 4
- - -
- + + + +

+ +

TLR2

HSC70

Dox:
CHX:

Time (hr):

1
Fold Change NF-kB Reporter

0

0.005

0.01

0.015

0.02
Parental
MyD88 KO

TLR2 smRNA FISH

0

0.05

0.1

0.15

0.2

0.25

0.3

0 2 4

TLR2 Protein Decay

Hours of cyclohexamide



Supplementary Figure 7

Whole genome nanopore methylation sequencing

Human MCF10A Nanopore Methylation Sequencing

+200 +300+250+150 +350+100 +400 +450 +500+500-50-100-150-200-250-300-350-400-450-500
1000 bp

IL1R1

TLR2

TLR5

Supplementary Figure 7. Whole genome nanopore methylation sequencing data of select receptors, DNA isolated from 
MCF10A cells. Data was obtained from Lee I et. al 2018.  

Data from: Lee I et. al 2018
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Supplementary Figure 8
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Supplementary Figure 8. TLR2 co-receptor expression and NF-κB amplitude of BRAFV600E monolayers (a) Immunoblot for 
TLR1, TLR2, TLR6 after DNMTi (5-AzacytidineC, 500 nM) or 72hr dox (2 µg/ml) treatment. Quantification of protein is normal-
ized to HSC70 loading control. (b) Tet inducible BRAFV600E monolayers were treated with media, 1 µg/ml Pam3CSK4 
alone, or with increasing durations of doxycycline (2 µg/ml). Histograms show NF-κB nuclear/cytoplasmic amplitude, n > 5000 
cells per condition.
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Supplementary Table 1
ScRNA GO Analysis of TLR2 Positive Human Mammary Luminal Cells

Biological Process
Cellular Component
Reactome Pathways



SUPPLEMENTARY NOTES 
 
We consider a model where single cells reversibly switch between two states – responder and 

non-responder. Starting from a single cell, the lineage expansion is assumed to occur 

exponentially with rate 𝜆 , i.e., the average number of cells in a lineage at time t is 𝑒#$. During the 

lineage expansion, the mother cell state is inherited by both daughters. Let the switching rate from 

non-responder to responder be kon, and koff be the switching rate from responder to non-

responder. We define dimensionless switching rates 

 

																																																												𝑘'() =
+,-
#
,					𝑘'(// =

+,00
#
,                                                                     (1)                                    

 

and in the limit 𝑘'()	, 𝑘'(// ≪ 1, these dimensionless rates correspond to switching probabilities 

per generation. At equilibrium, the fraction of responders is given by 

 

																																																																						𝑓 = +',-
+',-4+',00

                                                                           (2) 

 

and is assumed to be f = 15% . Starting from a single responder cell at time t = 0, the fraction of 

responders during the lineage expansion varies as  

 

																																																											𝑝6 = 	𝑓 + (1 − 𝑓)𝑒;<+',-4+',00=>                                                    (3) 

 

where 𝑇 = $
#
		denotes the time in number of generations. Similarly, starting from a non-responder, 

the fraction of responders at time T is 

 

																																																													𝑝)6 = 	𝑓(1 − 𝑒;<+',-4+',00=>).																																																									(4) 

 

Having defined the modeling framework, we next consider lineage data across M independent 

lineages, each starting from a single cell that could either be a responder with probability f, or a 

non-responder with probability 1-f. For each lineage  𝑖 ∈ {1,2, … ,𝑀}, the number of cells 𝑁I, and 

the number of responders 𝑁I6 are measured at the end of the experiment. Given the probability of 

being a responder as derived in (3)-(4), the likelihood of observing 𝑁I6 responders out of  𝑁I cells  

follows the binomial distribution 



 

																																			𝑃(𝑁I6|𝑁I) = 𝑓	𝑝6
LM
N
(1 − 𝑝6)LM;LM

N
+ (1 − 𝑓)	𝑝)6

LM
N
(1 − 𝑝)6)LM;LM

N
                  (5)                                                    

 

where the first (second) term corresponds to the initial cell being a responder (non-responder). 

We further condition this probability on having at least one responder  

																																				𝑃(𝑁I6|𝑁I, 𝑁I6 ≥ 1) = /	PN
QM
N
(R;PN)QMSQM

N
4(R;/)	P-N

QM
N
(R;P-N)QMSQM

N

R;/	(R;PN)QM;(R;/)	(R;P-N)QM
.                              (6)                                                    

 

This leads to the following likelihood function across all lineages 

T	𝑃(𝑁I6|𝑁I, 𝑁I6 ≥ 1)
U

IVR

 

 

which is maximized to obtain estimates of 𝑘'(), 𝑘'(//  for a given fraction of responders f as per 

(2). To obtain 95% confidence intervals, we use bootstrapping were randomized lineage data is 

generated from the original data, and rates are estimated using maximum likelihood. 
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