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TNFR1 mediates heterogeneity
in single-cell NF-kB activation

Chieh-Teng Cheng,’?# Jye-Chian Hsiao,"* Alexander Hoffmann,® and Hsiung-Lin Tu'-?>*

SUMMARY

Nuclear factor kappa B (NF-«B) is a key regulator inimmune signaling and is known to exhibit a digital acti-
vation pattern. Yet the molecular basis underlying the heterogeneity in NF-kB activation at single-cell
level is not entirely understood. Here, we show that NF-«kB activation in single cells is largely regulated
by intrinsic differences at the receptor level. Using the genome editing and time-lapse imaging, we
directly characterize endogenous TNFR1 dynamics and NF-kB activation from the same single cells. Total
internal reflection fluorescence (TIRF) microscopy shows that endogenous TNFR1 forms pre-ligand clus-
ters in the resting cells. Upon tumor necrosis factor (TNF) stimulation, the diffusion coefficient of mem-
brane TNFR1 was significantly decreased and a substantial level of TNFR1 undergoes oligomerization
to form trimers and hexamers. Moreover, multi-color cell imaging reveals that both digital and graded in-
formation processing regulate NF-«kB activation across different TNFR1 expression levels. Our results indi-
cate that single-cell NF-kB activation potential strongly correlates with its TNFR1 characteristics.

INTRODUCTION

The immune system is a complex and robust network with an important yet specialized role in the detection and defense of infection.’ Im-
mune cells must properly decode information from dynamic inputs to mediate responses upon receiving pathogenic and cytokine signals.”™
During inflammation, macrophages secrete tumor necrosis factor-a. (TNF-a) as an acute-phase protein, mediating the rapid activation of local
immune responses.” Specifically, TNF-a. activates the TNFR1 pathway, modulating downstream gene expressions for inflammation, growth,
survival, and apoptosis via a transcription factor nuclear factor kappa B (NF-kB), specifically p65 subunit of its heterodimer.®” NF-kB is a central
regulator in immunity, consisting of an inherent negative feedback circuit with its inhibitor IkB and exhibiting cytoplasmic-to-nuclear oscilla-
tions under TNF-a stimulation.” Previous single-cell studies revealed NF-kB respond to TNF-a stimulation in a digital fashion, where a higher
fraction of activated cells are observed with increasing TNF-a. concentrations.®” Moreover, it is known that dynamic properties of NF-kB acti-
vation transmit discriminated transcription programs via the altered timing, duration, and intensity of NF-kB nuclear translocation.>® "%
Apart from the switch-like mechanism for NF-kB activation, growing evidence based on information theory indicates the channel capacity
in the NF-kB system is more than one bit.'>'® That is, single cells exhibit varying levels of NF-kB activity with graded TNF-a inputs. However,
the response specificity is severely limited by a remarkable cell-to-cell heterogeneity in NF-kB activation dynamics. What factors or mecha-
nisms underlie the heterogeneous NF-kB activation upon receiving identical input is intriguing yet unclear,'” as studying such determinants
cannot involve biochemical assays that tend to be destructive of the living cell.

Tumor necrosis factor receptor 1 (TNFR1) is a type 1 transmembrane receptor ubiquitously expressed in almost all cell types, containing an
intracellular death domain and four extracellular cysteine-rich domains (CRDs)."®** Upon ligand binding, TNF-a. interacts with the CRD2 and
CRD3, while the terminus extracellular domain CRD1 maintains the function of the pre-ligand assembly domain (PLAD).?” PLAD is important
for TNFR1 dimerization.”" Indeed, biochemical and structural studies have suggested that TNFR1 can form pre-ligand dimer, and further un-
dergo higher-order clustering upon ligand binding.”*?° Furthermore, recent studies based on the exogenously expressed fluorescent TNFR1
constructs and advanced microscopy revealed TNFR1 organizations in live cells.”’*® Using the stochastic optical reconstruction microscopy
(STORM), Morton et al. showed that TNFR1 forms ligand-independent dimers in several cell types, and revealed the movement speed of
TNFR1 is increased upon ligand binding.”” Likewise, Karathanasis et al. used the photoactivated localization microscopy (PALM) to quantify
that TNFR1 formed 13% monomer, 64% trimer and 23% higher-order oligomer upon TNF-a stimulation.” Together, these results imply that
dynamic TNFR1 oligomerizations may modulate single-cell NF-kB activation. Note that despite these interesting studies, the observation of
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TNFR1 status under an endogenous level and the role of high-order TNFR1 clusters in mediating subsequent NF-kB activations from the same
single cells remains to be established.

Dynamics of single-cell NF-kB activation has been characterized in several previous studies.
system exemplifying how cell heterogeneity is regulated and can have beneficial effects at the population level.*” However, it is still unclear
why individual cells exhibit variable NF-kB activation when receiving identical cytokine input at the first place. Growing evidence from the
mathematical models suggests these variable responses may associate with abundances of proteins from downstream of TNFR1 to upstream
of IKK in the NF-kB network.">"”** Since NF-kB signaling initiates from the cell membranes, the membrane receptor, TNFR1, is likely to be a
major contributor with respect to NF-kB activation variability. Indeed, to understand cell signaling heterogeneity through the lens of
membrane receptors, Yao et al. provided a good example on the study of calcium signaling;** their study showed that a main contributor
of cell-to-cell variability originates from differential receptor activity. Similarly, Komorowski et al. demonstrated the copy number variability
of the receptor largely restricts the signaling capacity.®

To characterize the TNFR1 membrane organization and examine its correlation to the cell-to-cell variable NF-kB activation in single cells,
we generated a double knock-in (KI) reporter cell line that expresses the TNFR1-mCherry and p65-mVenus at the endogenous level. We hy-
pothesized that NF-kB activation may be modulated by differences at the receptor level.®'>* Live cell total internal reflection fluorescence
(TIRF) imaging shows that in the absence of ligand stimulation, TNFR1 forms ligand-independent clusters including mostly monomers and
some dimers and trimers. Upon TNF-a stimulation, importantly, TNFR1 undergoes oligomerization to form higher-order clusters ranging
from trimers to hexamers. Meanwhile, multi-color time-lapse microscopy was used to analyze correlation between the TNFR1 abundance
and NF-kB activation from the same cells. The results show a combined digital and graded pattern of NF-kB active states across different
TNFR1 expression levels. The results show that cells expressing higher TNFR1 are more susceptible to undergo NF-«B nuclear translocation.
Together, our study provides the direct evidence that TNFR1 is dynamic and forms both ligand-dependent and ligand-independent oligo-
mers on the cell membranes. Functionally, the differential abundance and states of TNFR1 at individual cell level is a significant contributor for
cell-to-cell variable NF-kB activation.

241114,29-31 and has indeed become a model

RESULTS
Establishing Tnfr1-mCherry Kl mouse embryonic fibroblasts (MEFs) via CRISPR/Cas9-mediated fluorescent protein tagging

To confirm that mCherry was correctly tagged on TNFR1 and verify its physiological status and functions, engineered cells were carefully
examined by following methods (Figure 1A). First, each DNA sequence from single colonies was analyzed by PCR (Figure 1B). Electrophoresis
signals detected at the size of ~2,500 bp represent successful Kl colonies, which were observed in 3 out of 50 colonies. These cells were clas-
sified as homozygous Kl cell lines. Subsequently, TNFR1-mCherry was further characterized by immunoblotting of the parental and selected
Kl cells (Figure 1C). The anti-TNFR1 signal was found to be ~55 kDa in parental cells and was shifted by ~26 kDa in the Tnfr1-mCherry Kl cells,
indicating mCherry was successfully tagged in these cells. Additionally, membrane TNFR1-mCherry fluorescence was confirmed by using the
TIRF microscopy (Figure 1D), which had been used previously to characterize TNFR1 membrane distributions in other cells.””*%%*" Mean-
while, we also tested the activity of the TnfrT-mCherry Kl cell by performing NF-kB activation assay using TNF-a. stimulation and compared
that with data collected using the parental cell. Figure S1B shows single-cell nucleus NF-kB trajectories upon TNF-a stimulation at two con-
centrations from both cell lines, which exhibit similar single-cell NF-kB activation patterns. Furthermore, at the population level, our analysis
showed that the engineered Tnfr1-mCherry Kl cells exhibited a slightly shifted dose-response curve in comparison to the parental one (Fig-
ure 1E), implying a slightly decreased TNF-a sensitivity in the engineered cells. Together, these results confirm that TNFR1-mCherry construct
remained functional compared to the endogenous TNFR1 and that the double KI MEF cell can represent as a faithful reporting system for
studying TNFR1 mediated NF-kB signaling activation.

TIRF imaging reveals endogenous TNFR1 forming ligand-independent clusters on the cell membrane

We subsequently examined the membrane distribution of TNFR1 using the TIRF microscope to explore the degree of TNFR1 heterogeneity
on the cell membranes. Interestingly, the images showed that TNFR1 was rather lowly expressed in these cells and distributed sporadically on
the cell membrane (Figures 2A, 2B, and S2). This level of TNFR1 expression, which is estimated to be approximately on the low thousands per
cell, agrees reasonably well with those reported in previous studies.®**® Moreover, these results revealed that TNFR1 exhibited different sizes,
presumably representing monomer and higher oligomer states in the absence of any ligand stimulation. Note that such results are consistent
with previous studies demonstrating that TNFR1 can form ligand-independent clusters.””*® We then tracked and quantified the spatiotem-
poral properties of TNFR1 using the time-lapse imaging (Figures 2C-2E). Tracking analysis showed both the merging and splitting events of
TNFR1, implying constant association and dissociation of TNFR1 clusters happening at a timescale of seconds on the cell membrane in the
absence of ligand stimulation. Together, our live cell imaging and tracking analysis indicate that TNFR1 can form high-order clusters dynam-
ically even without any cytokine stimulation.

TNFR1 undergoes higher-order clustering upon TNF-o stimulation
Using the exogenously expressed systems, previous studies showed that TNFR1 forms high-order clusters upon TNF-o. treatment in cells.”’*
To examine how the clustering of endogenous TNFR1 changes upon TNF-a stimulation, we measured the TNFR1-mCherry signal via time-

lapse TIRF imaging. Interestingly, TNFR1 was found to form higher-order clusters where increased fluorescence intensity was observed under
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Figure 1. Generation of the double KI MEFs expressing endogenous Tnfr1-mCherry and mVenus-p65 via CRISPR mediated genome editing

(A) A schematic diagram of the Kl plasmid design for CRISPR/cas9-mediated fluorescent tagging of Tnfr1-mCherry into MEF cells stably expressing mVenus-p65.
Top row: the HDR donor vector containing mCherry, left (800 bp), and right (490 bp) homologous arms targeting to the Tnfr1 locus of M. musculus. Bottom: The
mCherry Kl site was next to the stop codon of Tnfr1 at exon 10.

(B) Genotyping of selected single cell colonies. The primers were designed to target the Tnfr1 sequence from exon 8 to UTR. The signal of colonies with successful
mCherry integration was shown at 2,454 bp. All homozygous Tnfr1-mCherry Kl colonies were confirmed by Sanger sequencing.

(C) The western blot analysis of cell lysates from the parental and TnfrT-mCherry Kl cells. GADPH was used as loading controls.

(D) Fluorescent images of endogenous TNFR1-mCherry and mVenus-p65 in the double KI MEFs. Scale bar, 10 um.

(E) The fraction of NF-kB active cells across different concentrations of TNF-a stimulations. The dose-response curve is fitted by a Hill function with Hill coefficient
n = 2.5 and K =0.035 ng/mL. Data points represent means + SEM (n = 3 independent experiments). See also Figure S1.

10 ng/mL TNF-a stimulation (Figures 2F and S3). Meanwhile, a recent TIRF analysis performed with a 30 s interval indicates the relative move-
ment speeds of TNFR1 were increased upon TNF-a treatment.”” However, a higher spatiotemporal analysis on endogenous TNFR1 upon
ligand stimulation is still lacking. To investigate if the endogenous TNFR1 diffusion is altered upon TNF-a binding, we analyzed the trajec-
tories of TNFR1 acquired with a 500 ms interval before and after TNF-o. stimulation. We tracked >250 TNFR1 for each cell upon stimulation
of 10 ng/mL TNF-a.*? Intriguingly, our analysis showed that the diffusion coefficient of TNFR1 significantly decreased after 6 min treatment of
TNF-a (Figure 2G), which is inconsistent with the aforementioned study. Considering the acquisition time used in this and previous study, we
believe the diffusional trend reported herein shall be more appropriate in reflecting the diffusional behaviors of TNFR1. Furthermore, such
reduced TNFR1 diffusion can be attributed to the fact that TNF-a/TNFR1 binding would lead to the formation of larger TNFR1 clusters and
thus diffuse slower (Figures 2F and 2G).

We next compared the distribution of TNFR1 clustering level before and after TNF-a treatment. Before activation, the analysis revealed
that there is a notable amount of ligand-independent TNFR1 dimers and trimers (Figure 2F). Interestingly, peaks with increased fluorescence
intensity were observed in the TNF-a stimulated group, suggesting the formation of higher-order TNFR1 clusters upon TNF-a. activation. By
comparing the intensity distributions between the two groups, the substantially increased peaks can be assigned primarily as TNFR1 trimers
and hexamers. To further support this observation, we also performed single-molecule imaging experiments to directly quantify the numbers
of photobleaching steps as a proxy to determine the stoichiometric changes of membrane TNFR1 during TNF-a stimulation (Figure 3A). Using
TIRF microscopy to image fixed cells, our photobleaching step analysis revealed there is a substantial TNFR1 dimer and trimer populations
(~40% and ~7%) at the basal level. More importantly, the results also showed a clearly increasing trend toward the formation of higher-order
TNFR clusters upon ligand stimulation (Figures 3B and 3C). The most noticeable change is the appearance of “TNFR1 trimers” (from 6.8% to
38.6%), and the size of clusters continues to grow for at least 10 min. Figure 3C shows the representative TNFR1 clusters exhibiting multi-step
photobleaching events. Overall, we provide here live cellimaging-based evidence revealing the dynamic properties of endogenous TNFR1 at
cell membranes. Our result suggested that TNFR1 was expressed at approximately a few thousands in the MEF cells, and they can form
dynamical ligand-independent clusters at the basal level.

We further discussed that, at the functional level, whether membrane TNFR1 intensity or its high-order clustering propensity may be asso-
ciated with downstream NF-kB activation upon TNF-a stimulation (Figure S4). By studying the correlation among TNFR1 intensity, TNFR1
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Figure 2. The membrane distribution of TNFR1 in MEF cells at the resting state and upon TNR-a stimulation

(A) A TIRF image showing the TNFR1-mCherry distribution on the cell membrane. Scale bar, 10 um.

(B) A magnified view of the ROl shown in (A). Scale bar, 5 pm.

iScience

(C) Zoom-in images of the ROl shown in (B). The time-lapse images reveal a merging event of TNFR1-mCherry. The magenta circles highlight the tracked TNFR1
and white arrows were used to mark TNFR1 that formed oligomer.

(D) Single particle analysis showing the temporal depth of trajectories (different colored circles and lines) for TNFR1-mCherry spots in 2 min. Gray circles represent
eliminated objects due to insufficient tracking depth. Scale bar, 5 pm.

(E) Representative intensity trajectories showing the dynamics of TNFR1-mCherry spots on the cell membrane. The bolded lines show TNFR1 undergoing
oligomerization. The data are representative of at least three cells.
(F) The intensity distribution of TNFR1-mCherry of the untreated (left) and TNF-a stimulated (right) cells. Each group contains >350 trajectories of TNFR1-
mCherry spots. The data are representative of at least three cells. See also Figures S2 and S3.
(G) The mean diffusion coefficient of TNFR1-mCherry in the untreated and TNF-a stimulated cells from three independent experiments (*p < 0.05 by one-way

ANOVA). Each experiment contains >250 tracked TNFR1 spots.
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Figure 3. TNFR1 forms higher-order clusters upon TNF-o stimulation in MEF cells

(A) Representative epi-fluorescence and TIRF images of the untreated and TNF-a stimulated cells showing the distribution of mVenus-pé5 and TNFR1-mCherry in
the fixed MEF cell. Scale bar is 10 um in the top and middle panel, and 2 pm in the bottom panel.

(B) Photobleaching step analysis showing the distribution of TNFR1-mCherry clusters in the untreated and TNF-o. stimulated (5 and 10 min) cells from three
independent experiments.

(C) Representative intensity traces and images of TNFR1-mCherry exhibiting 1, 2, 3, and é photobleaching step events.

oligomerization state and corresponding NF-«B activation, our analysis showed that there is a weak correlation (R = 0.38) regarding the TNFR1
intensity (based on nuclear p65 intensity) and subsequent NF-kB activation. In contrast, there is substantially lower correlation (R = 0.17) be-
tween TNFR1 oligomerization and nuclear pé5 intensity. These results suggest that TNFR1 intensity may serve as a more ideal quantifiable
marker of NF-kB activation under this experimental setup (Figure S4C). More generally, we establish herein an experimental setting for inves-
tigating the effect of the receptor and its influence on subsequent signaling activation.

A combination of digital and graded patterns in NF-«B activity across differential TNFR1 abundance levels

After establishing the spatial organization of endogenous TNFR1 on cell membranes and characterizing their dynamic features at both the
resting and stimulated states, we sought to examine whether and how TNFR1 properties may mediate NF-«B activation at an individual cell
level. Previous studies have established that upon cytokine stimulation, the activation of NF-kB exhibits a digital pattern.® The percentage of
NF-kB activated cells increases as a function of increasing TNF-a concentrations while the inactive cell population exists in all conditions but
was observed more at lower TNF-a. concentration. The results imply that individual cells exhibit high variability with respect to NF-«xB
activation.

Despite dynamics of NF-kB signaling activity have been studied quite extensively,
contributing to heterogeneous single-cell NF-kB activation upon receiving identical input has remained largely unclear.>"’*? Since binding
of TNF-o to TNFR1 initiates the NF-kB signaling, we hypothesized that TNFR1 can modulate the NF-kB activation variability (Figure 4A). The
engineered, double KI MEF cells enable us to perform time-lapse imaging to measure both the TNFR1 signal at the membrane as well as
subsequent NF-kB activation. This allows us to correlate TNFR1 characteristics to the downstream NF-kB activation in the same cells
(Figure S5).

At the resting state, it is found the expression of nuclear NF-kB and TNFR1 is relatively narrow among individual cells (Figure S6). We then
treated cells with 0.03 ng/mL TNF-a, which would lead ~50% of the cell population to undergo NF-kB activation and allow us to observe cells
with highly variable NF-kB activities (Figure 1E). The results showed that upon TNF-a stimulation, cells exhibited a dispersed distribution and

2411142931 \what may be the possible source
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Figure 4. NF-kB activation exhibits a high level of cellular heterogeneity upon TNF-a stimulations

(A) An illustration showing how TNFR1 may be one of molecular contributors for the heterogeneous NF-«kB activity at single-cell level when receiving identical
cytokine input.

(B) Time-lapse images showing the nuclear translocation of mVenus-p65 upon TNF-a stimulation in MEF cells at 2 different concentrations. Scale bar, 20 pm.
(C) Trajectories of single-cell nuclear NF-kB intensity at 2 TNF-o. concentrations.

variable NF-kB activities (Figures 4B and S4C). Previous studies on the TNF-a-to-NF-kB system had showed that cell-to-cell variability in
cellular responses is largely raising from the extrinsic noise, especially the copy number variations in upstream of NF-kB signaling,*"’
implying that the abundance of TNF-a receptor is crucial in the information processing in discriminating NF-kB activation. Notably, time-lapse
images further showed that higher NF-kB activity was correlated with higher TNFR1 expression at the individual cell level (Figure 5A). We next
estimated the relation between nuclear NF-kB and membrane TNFR1 by the Pearson correlation coefficient (Figure 5B).%% The results showed
a positive correlation (slope = 0.78; r = 0.53) between the membrane TNFR1 and nuclear NF-kB intensity. Furthermore, cells stained with a
membrane dye, CellMask, were used as a control group since their membrane signals should be independent of nucleus NF-kB intensities
upon TNF-a stimulation. Indeed, the analysis demonstrated a low level of correlation and weak association between CellMask and NF-kB
intensities (slope = 0.31; r = 0.33; Figure S6B).

To examine if the TNFR1 abundance plays a crucial role in heterogeneous NF-kB activation among cells, we also grouped each cell into the
NF-kB-active and NF-kB-inactive subpopulations (Figure S6D). NF-kB-inactive cells that did not respond to TNF-a stimulation were found to
exhibit a wide range of TNFR1 expression. We next analyzed data by binning the cells into three intensity groups: low (0-6k), medium (6k-12k),
and high (12k=18k), which represents cells expressing low, medium and high levels of TNFR1, respectively. To uncover the relation between
NF-kB active cell threshold and their TNFR1 abundance, we calculated the frequency of activated cells among three graded TNFR1 abun-
dances (Figure 5B). The results showed that 44% of cells respond to cytokine stimulation in the low TNFR1 group while 59% and 67% of active
cells were found in the medium and high TNFR1 population respectively. Additionally, we determined the amplitude of NF-kB activity via the
fluorescent fold-change (FC) among three graded TNFR1 abundances after 30 min TNF-a stimulation. The data showed a lower level of nu-
clear NF-kB signal in the low TNFR1 expressing group when compared to cells expressing higher TNFR1, supporting the analogous property
of TNFR1-NF-kB signaling (Figure 5C).

To understand the dependency of TNFR1 in NF-kB signaling heterogeneity among NF-kB-active and refractory cells, we further separated
cell populations into three groups based on their NF-xB FC upon stimulation: NF-kB inactivated (FC < 1.3), activated (1.3 < FC < 1.8) and
highly activated (FC > 1.8) (Figure 5D).** For both NF-kB activated and highly activated cells, the analysis showed their nuclear NF-kB activity
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iScience ¢? CellPress
OPEN ACCESS

>

TNFR1- B c

Nucleus ~ mVenus-p65 mCherry Percentage of
NF-kB active cells

5. 4

L

©

o 40000

£ = R=0.53

=} 3 $=0.78 :

W < 30000 3

z £

o [©]
£ ¥ 20000 Y e L 2
L% 2 T AAAA 2
0 N ;#’? IR g, —
i 8 10000 fe iR
Z S YRS
[~ Z
£ 0 o I T T
£ 0 6000 12000 18000 kow  Medum  Hioh
] TNFR1 int. (A.U.) TNFR1 abundance
D
NF-kB FC < 1.3 1.3<NF-kBFC<1.8 NF-kB FC > 1.8

3 40000 -

= R=032 R=059 R =056

~ - - - o
— 30000 A $=035 S$=0.79 6 $=0.81 g o

c ® 80 0 8 © -
m o e o & ® o -2
X - ap o $0 -0 O @ePP o 8YE ©
I 2000 Aya 00D 2 Oeo}%ga%g; 0o 00F%R o

P4 Iy "y ..o ot o

5 10000 - ﬁé%?‘zéﬁﬁé y i % Fo

o) A AnBm o ® ©° o

3

> 0

0 6000 12000 18000 O 6000 12000 18000 O 6000 12000 18000
Membrane TNFR1 int. (A.U.)

Figure 5. Quantitative analysis reveals the combination of digital and graded patterns in single-cell NF-kB activation among different TNFR1
abundances

(A) Multi-color time-lapse images of the nucleus, NF-kB and TNFR1 in MEF cells upon receiving the TNF-a. input. The Hoechst dye was used as a nucleus marker.
Scale bar: 20 um for nucleus and mVenus-p65 images and 10 pm for the TNFR1-mCherry channel.

(B) A plot showing the single-cell nuclear NF-kB intensity as a function of TNFR1 abundances measured in MEF cells upon 0.03 ng/mL TNF-a stimulation. NF-kB
inactive and activated cells were marked in gray triangle and orange circle respectively. The percentage of NF-kB activated cells were shown on the top. Cells
were binned into three populations based on their TNFR1 abundances. R represents the Pearson correlation coefficient.

(C) The violin plot showing the fold-change (FC) of nuclear NF-kB intensity across the graded TNFR1 abundances in single cells (*p < 0.05 and ***p < 0.001 by one-
way ANOVA) from three independent experiments. The black line represents median while dash line represents quartile.

(D) Data points from (B) were separated by the FC of nuclear NF-kB intensity. Cells exhibiting FC < 1.3 were assumed to be inactive while those with FC > 1.8 were
highly active cells. See also Figure Sé.

was substantially correlated with TNFR1 abundance, which exhibits positive slopes of 0.79 and 0.81 and correlation coefficients of 0.59 and
0.56, respectively. In contrast, the NF-kB inactivated population only exhibited a weak correlation with a slope of 0.35 and correlation coef-
ficient of 0.32. These results indicate that TNFR1 abundance regulates NF-«B activation potential. Taken together, our data demonstrates that
both digital and graded information processing govern NF-kB signaling across different TNFR1 expression levels (Figures 1E and 5B-5D).*
That is, our study uniquely showed that the expression level of TNFR1 in each cell determines the cellular threshold for NF-kB activation upon
receiving the same level of TNF-a in a digital fashion, and this in turn leads to variable NF-kB activation (Figure 5B). Meanwhile, TNFR1 also
altered the strength of NF-kB activity in a graded fashion among activated cells (Figures 5C and 5D). These results remark the importance of
TNFR1 abundance in mediating NF-kB signaling.

DISCUSSION

The molecular basis for heterogeneous cellular responses has often been linked to the genetic differences, stochastic fluctuations in signaling
reactions (intrinsic noise), and differences in cell states in a variety of biological systems.M'M'45 For the immune NF-kB transduction, different
signaling dynamics in single-cell responses have been attributed to modulations at various network modules, such as a dual-delayed negative
feedback motif composed of IkBa. and IkBe,*” differential patterns of IKK activation,” and a multipoint negative feedback mechanisms medi-
ated by A20 and IkBa.>' Mathematical modeling also suggested activation of TNFR1 and gene expression of A20 and IkB are possible sources
of NF-kB variability.*® In spite of these understandings, direct characterizations demonstrating molecular underpinnings that lead to the het-
erogeneous, digital single-cell NF-kB activation remain elusive. In this study, we successfully generated a double Kl fluorescent reporter MEF
cell by using genome editing, which enabled us to simultaneously visualize TNFR1 and NF-kB at the endogenous level by the multi-color live
cell imaging. We first characterized the membrane organization of endogenous TNFR1 via time-lapse TIRF imaging in MEF cells since TNFR1
is the first molecule that initiates the NF-«kB activation. The results showed that in the resting cells, in addition to TNFR1 monomers, there is
already a noticeable level of TNFR1 dimers and trimers on the cell membrane (Figure 2G). Intriguingly, a high percentage of TNFR1 undergo
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clustering to form higher-order clusters ranging from trimers to hexamers within a few minutes upon TNF-a stimulation. Tracking experiment
further enabled us to track TNFR1 movements in real time.”’*****’ The result showed that the diffusion coefficient of membrane TNFR1
significantly decreased upon TNF-a stimulation, supporting the notion that larger TNFR1 clusters are formed upon signaling activation.
We inferred that high-order TNFR1 clustering might be the hot spot for locally strong signaling transduction, which serves as a quantifiable
marker for downstream NF-kB activation.

We next performed multi-color imaging to simultaneously measure both TNFR1 and NF-kB activities from the same cells, our results
showed that a combination of digital and graded patterns are involved in the NF-kB activation across differential levels of TNFR1 abundance.
This suggests that TNFR1 abundance determines not only the active or refractory states of NF-«B in a digital fashion but also the strength of
NF-kB signaling activation in graded patterns among cells under the same cytokine stimulation. This is noteworthy, because studying NF-xB
responses to stimulation of another receptor, TLR4, suggested that differences in the lifetime of a signaling adapter, TRIF, is the primary
determinant of cell-to-cell heterogeneity, not the TLR4 expression level.*/

Although cells employ a negative feedback motif in NF-kB system to efficiently reduce the noise during signaling activation and narrowing
the distribution of cellular responses among individual cells,*® we suggest that the extrinsic noise from differential TNFR1 abundances plays
an indispensable role in governing heterogeneous NF-kB activation in single cells. The fact we observed a significant correlation between
TNFR1 abundance and NF-kB activation suggests that intrinsic noise due to the stochasticity of molecular interactions within the signaling
network is somehow buffered and insufficient to compromise the signaling fidelity. In other words, although cell signaling network is highly
complex, fundamental features of molecular interactions remain and can serve a meaningful marker to predict the signaling outcomes. In the
case of TNFR1-to-NF-kB module, the amount of TNFR1 is a quantifiable marker for NF-kB activation. Taken together, this study provides a
direct characterization to quantify the endogenous TNFR1-to-NF-kB signaling dynamics at the single-cell level, and our result showed that
cytokine receptor plays a central role in modulating the digital NF-kB signaling through its expression level and clustering state.

Limitations of the study

Firstly, since this study aims to visualize the endogenous TNFR1 dynamics by using CRISPR/Cas9-mediated mCherry tagging, it is expected
that we shall observe almost all TNFR1 (via tagged mCherry) based on analyses shown in the manuscript. Yet we cannot rule out the possibility
that there exists a small fraction of untagged TNFR1 which might also cluster with labeled ones. Moreover, although we have established
herein a positive correlation between TNFR1 abundance and downstream NF-kB activity by the CRISPR/Cas?-edited cells and quantitative
image analysis, our current system cannot provide active control to change the expression or clustering status of TNFR1 to address more
directly the causality between TNFR1 levels and nuclear pé5 intensity. To this end, TNFR1 overexpressed or low-expressed clones may be
used. For tuning the clustering status of TNFR1, recently discovered TNFR1 clustering inhibitor Zafirlukast’”*° or TNFR1 clustering inducer
higG2 mAb®" may also be valuable resource to use for future study. Lastly, the current downstream signaling activation readout has been
based on the nuclear translation and fold-change analysis of NF-kB; a more direct readout can be assessed by directly profiling genes known
to be regulated by NF-kB upon stimulation. Future experiments are essential to answer these issues.
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