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Abstract

Tumor necrosis factor (TNF) is a key inflammatory cytokine that
warns recipient cells of a nearby infection or tissue damage. Acute
exposure to TNF activates characteristic oscillatory dynamics of
the transcription factor NFkB and induces a characteristic gene
expression program; these are distinct from the responses of cells
directly exposed to pathogen-associated molecular patterns
(PAMPs). Here, we report that tonic TNF exposure is critical for
safeguarding TNF’s specific functions. In the absence of tonic TNF
conditioning, acute exposure to TNF causes (i) NFkB signaling
dynamics that are less oscillatory and more like PAMP-responsive
NFkB dynamics, (ii) immune gene expression that is more similar
to the Pam3CSK4 response program, and (iii) broader epigenomic
reprogramming that is characteristic of PAMP-responsive changes.
We show that the absence of tonic TNF signaling effects subtle
changes to TNF receptor availability and dynamics such that
enhanced pathway activity results in non-oscillatory NFxB. Our
results reveal tonic TNF as a key tissue determinant of the specific
cellular responses to acute paracrine TNF exposure, and their dis-
tinction from responses to direct exposure to PAMPs.
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Introduction

Tumor necrosis factor (TNF) is a prominent inflammatory cytokine
that elicits cellular responses to infection and injury. Dysregulation
of TNF expression or TNF receptor signaling can contribute to

inflammatory pathologies (Kalliolias & Ivashkiv, 2016). Indeed,
TNF inhibition is common therapeutic approach for auto-
inflammatory diseases such as rheumatoid arthritis and inflamma-
tory bowel disease (Toussirot & Aubin, 2016). TNF is expressed
and secreted by immune sentinel cells such as macrophages and
fibroblasts and by immune effector cells such as NK cells and
T cells (Sedger & McDermott, 2014). Its expression and secretion
are induced by exposure to pathogen-associated molecular patterns
(PAMPs) and warn bystander cells of danger. Almost all cell types
respond to TNF via one or two receptors, TNFR1 and TNFR2. Upon
TNF binding, TNFR is internalized via clathrin-mediated endocyto-
sis. Cell surface signaling favors NFkB and MAPK activation via
ubiquitin-mediated activation of IKK and TAK1, while endosomal
signaling may trigger cell death (Schiitze et al, 2008; Kalliolias &
Ivashkiv, 2016).

The transcription factor NFkB, a major regulator of inflammatory
gene expression, is activated by exposure to not only TNF but also
PAMPs. Its activity shows intricate temporal patterns, which are
dependent on the activating stimulus (Hoffmann et al, 2002; Covert
et al, 2005; Werner et al, 2005; Adelaja et al, 2021). In response to
TNF, NFkB dynamics show characteristic oscillations, while the
TLR2/1-binding MyD88-dependent PAMP Pam3CSK4 (P3C4) elicits
sustained, non-oscillatory responses (Adelaja et al, 2021). The oscil-
latory content of NFkB dynamics is determined by the level of IKK
activity and the NFkB-responsive IkBa-negative feedback loop:
sustained intermediate IKK activity allows for oscillations, while
high activity neutralizes the feedback loop and results in non-
oscillatory dynamics (Adelaja et al, 2021). The stimulus information
contained in NFkB dynamics is decoded in the nucleus. Target genes
are capable of distinguishing among peak activation fold (Lee et al,
2014), duration (Hoffmann et al, 2002; Sen et al, 2020), and speed
(Ando et al, 2021). Interestingly, oscillatory dynamics (elicited by
TNF) safeguard the epigenome, whereas non-oscillatory dynamics
(elicited by PAMPs) lead to epigenomic reprogramming (Cheng
et al, 2021). It remains unclear what the determinants are that
ensure TNF-responsive NFkB signaling results in oscillatory
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dynamics which distinguish TNF- from PAMP-responsive signaling
and minimize alterations to the integrity of the epigenome.

While TNF signaling is typically studied in response to acute expo-
sure or chronically elevated levels (Kalliolias & Ivashkiv, 2016), tonic
TNF signaling, that is, the constitutive signaling by TNFR due to base-
line secretion of TNF, may also have physiological functions. In the
case of type I interferon, tonic signaling promotes antiviral immunity
in the lungs (Bradley et al, 2019) and contributes to prevention of dis-
ease (Gough et al, 2012) and maintenance of healthy microbiomes
(Marié et al, 2021). Both increased and decreased tonic IFN signaling
can be harmful (Gough et al, 2012). However, less is known about
the functional role of tonic TNF signaling, although evidence suggests
that TNF is produced spontaneously by a proportion of cells in cell
culture, for example, 3% of 3T3 MEFs and 10% of RAW264.7 cells
(Pekalski et al, 2013). Mutations in the human TNFR extracellular
domain result in the auto-inflammatory TNF-receptor-associated peri-
odic syndrome (TRAPS), possibly mediated by aberrant constitutive
TNFR signaling and NF«B activation (McDermott et al, 1999; Sedger &
McDermott, 2014). But whether physiological normal levels of tonic
TNF have a functional role remains unexplored.

Here, we investigated the effect of tonic TNF conditioning on the
signaling and epigenetic response to acute TNF exposure of macro-
phages, key immune sentinel cells, responding to pathogens and tis-
sue damage, and coordinating subsequent immune responses
(Murray & Wynn, 2011). We found that, in the absence of TNF con-
ditioning, macrophages showed less oscillatory NFkB responses
reminiscent of PAMP exposure, which were due to hyper-responsive
TNEFR signaling functions. The consequence of such subtly exagger-
ated responses were PAMP-like gene expression responses and
epigenomic reprogramming not usually seen in response to acute
exposure to the paracrine host cytokine TNF.

Results

Absence of tonic TNF conditioning shifts TNF-induced NFxB
responses toward non-oscillatory dynamics

To determine whether naive murine bone-marrow-derived macro-
phages (BMDMs) grown in sterile conditions may be an adequate
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model for studying the role of tonic TNF conditioning, we measured
the amount of TNF in the cell culture medium conditioned by wild-
type (WT) versus Tnf’~ BMDMs. A standard ELISA assay quanti-
fied a detectable amount of 6 pg/ml of TNF in WT BMDMs, while
Tnf~/~ BMDMs did not produce tonic TNF above the blank mea-
surements of the assay (Fig 1A). This represents about 1/30 to 1/10
of the TNF concentration in the medium following 4 or 8 h of stimu-
lation with the TLR2/1-binding pathogen-associated molecular pat-
tern (PAMP) Pam3CSK4 (P3C4) (166 and 78 pg/ml, respectively).

Having established the tonic expression of TNF by BMDMs, we
investigated whether baseline NFkB activity was altered by its
absence. Using a mouse strain harboring a knockin fluorescently
tagged NFkB RelA allele for live-cell fluorescence microscopy to
allow visualization of nuclear NFkB localization, indicative of its
activity (Adelaja et al, 2021), we compared baseline nuclear NFkB
fluorescence in unstimulated WT and Tnf ™/~ cells and found no sta-
tistically significant difference (Fig 1B). Electrophoretic mobility
shift assays (EMSA) to quantify the presence of DNA-binding NFxB
in bulk nuclear lysates also revealed no statistically significant dif-
ference between WT and Tnf~ /= cells at baseline (F ig 1C).

We next asked whether tonic TNF may have a role in shaping
cellular responses to stimulation. Prior studies showed that BMDMs
stimulated with extrinsic TNF produce oscillatory dynamics of
nuclear NFkB localization (Adelaja et al, 2021). Using the same
mVenus-RelA mouse strain, we examined NFxB signaling dynamics
in response to acute TNF stimulation by live-cell fluorescence
microscopy. While NFkB was cytosolic at baseline, upon TNF stimu-
lation, it quickly accumulated in the nucleus in both WT and Tnf~/~
cells (Fig 1D). In WT cells, NFkB showed the previously reported
heterogeneous oscillatory pattern of activity, translocating out of the
nucleus in most cells by 45-60 min, back into the nucleus by 90
min, and out again. In contrast, in Tnf" /= cells, NFxB largely
remained inside the nucleus and only showed weak re-localization
back into the cytosol in most cells over 150 min (Fig 1D). This lack
of oscillations resembled the less oscillatory character of early NFkB
activity induced by the PAMP P3C4 (Fig 1D).

Automated image analysis allows for quantification of nuclear
NFkB fluorescence in hundreds of single cells per experiment.
Heatmap visualization of NFkB signaling in all cells of one experi-
ment and example trajectories confirmed that, while NFkB signaling

Figure 1. Absence of tonic TNF shifts TNF-induced NFkB responses toward non-oscillatory dynamics.

A TNF concentrations in supernatants of WT and Tnf’/’ BMDMs unstimulated or stimulated with 10 ng/ml P3C4, quantified by ELISA. (Left) O, 4, and 8 h time points.
(Right) Close-up of 0 h time point. Dashed line indicates mean of blank measurements. Data are represented as mean =+ SD of three (4 h, 8 h) or five (0 h) biological
replicates using cells from two (4 h, 8 h) or three (0 h) mice. Statistical significance was determined by two-tailed paired-sample t-test.

B Nuclear mVenus-RelA fluorescence levels in unstimulated WT and Tnf’/’ BMDMs, measured by fluorescence microscopy. Data are represented as mean + SD of
median of all cells in five (WT) or three (Tnf /") biological replicates. Statistical significance was determined by two-tailed unpaired t-test.

C  Levels of DNA-binding nuclear NFkB in unstimulated WT and Tnf’/’ BMDMs, determined by EMSA. Signal for the NFkB-binding kB-site probe was normalized to
NF-Y probe signal. Data are represented as mean + SD of three biological replicates. Statistical significance was determined by two-tailed paired-sample t-test. Mea-

surements for this graph correspond to 0 min time point in Fig EV2C.

D  mVenus-RelA localization in WT and Tnf’/’ BMDMs stimulated with 10 ng/ml TNF or 10 ng/ml P3C4 over 2.5 h, visualized by fluorescence microscopy. Scale bar rep-

resents 50 um. DIC: differential interference contrast.

E-] Nuclear localization of mVenus-RelA upon stimulation with 10 ng/ml TNF (E-G) or 10 ng/ml P3C4 (H-J), measured over time in WT and Tnf ~/~ BMDMs by fluorescence
microscopy and quantified by automated image analysis. (E, H) Each row of the heatmap represents the NFxB signaling trajectory of one cell. Trajectories are sorted by
maximum amplitude. Example trajectories are shown below. Data from a single representative experiment is depicted. (F, I) Indicated dynamic features were calculated
from signaling trajectories. Violin plots depict pooled data from 8 (F) or 6 (I) biological replicates (total # of cells: 5,769/5,238 (F), 3,843/3,899 (1)). Marker indicates median of
distribution. Statistical significance was determined by Wilcoxon rank-sum test. Number indicates log;o(P-value). (G, J) Percentage of cells with NFkB trajectories catego-
rized as oscillatory based on a frequency threshold among all responder cells in each experiment. Data are represented as mean =+ SD of 8 (G) or 6 (J) biological replicates.
Statistical significance was determined by two-tailed paired-sample t-test. (F, G) Some replicates for Tnf’/’ BMDMs overlap with data in Fig 4G and H.

Source data are available online for this figure.
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was oscillatory for up to at least 8 h in many WT cells, it was less
oscillatory and more sustained in Tnf™/~ cells upon TNF stimulation
(Fig 1E). In Tnf~ /= cells, a trough was still seen after the first peak,
but it appeared much shallower than in WT cells. Several quantita-
tive metrics of oscillation, such as the frequency and oscillation
power of the signal, the amplitude difference between the first peak
and the following through, and the prominence of the second peak,
were reduced in Tnf/~ cells, while other important features that
describe NFkB dynamics (Adelaja et al, 2021), such as the amplitude
of the first peak, the steepness of the first increase, and time
required to reach half maximum activity, were less affected. The
duration of activity above a certain threshold and the total activity,
measured by the integral, were increased in Tnf~/~ cells, consistent
with more sustained NFkB dynamics with shallower troughs
between peaks (Fig 1F). Only 40% of Tnf~ /= cells were categorized
as having oscillatory NFkB dynamics, compared to 70% in WT cells,
using a Fourier-based analysis (Fig 1G). Thus, in the absence of
tonic TNF, NF«kB dynamics induced by extrinsic TNF stimulation
shift toward non-oscillatory dynamics.

To test whether the NFkB responses to other stimuli are also
affected by the loss of endogenous TNF, we analyzed P3C4-induced
NFkB dynamics. As expected, most WT cells displayed a sustained,
non-oscillatory response, and NFkB dynamics in Tnf /= cells
appeared very similar but had shorter duration (Fig 1D and H).
Indeed, quantitative analysis of the trajectories confirmed that met-
rics of oscillations, such as frequency, oscillation power, and peak
prominence, were not reduced in Tnf" /~cells (Fig 11, top row). In
accordance with the literature (Caldwell et al, 2014), the duration of
signaling induced solely by the MyD88 adaptor was shorter in Tnf~’
~ cells (presumably due to the lack of autocrine signaling by newly
synthesized TNF), while the amplitude was not altered, resulting in
lower total activity (integral), and a shorter time to half maximum
activity (Fig 11, bottom row). The proportion of cells with oscillatory
NFxB dynamics was not significantly altered in Tnf/~ compared to
WT cells (27% versus 26%; Fig 1J). Overall, the absence of tonic
TNF affects the oscillatory characteristics of TNF-induced NFxB
responses more than those of P3C4-induced responses.

Supplementing the Tnf/~ BMDMs culture with a low concentra-
tion of exogenous TNF might mimic the effects of tonic endogenous
TNF signaling and restore oscillatory NFkB dynamics. While 6 pg/
ml tonic TNF was measured by ELISA, the local concentration at the
cellular membrane is likely higher. Even culturing Tnf /" cells with
250pg/ml TNF for 96h before stimulation with 10ng/ml TNF
showed only a partial restoration of wild-type dynamics: the NFkB
response to TNF decreased in amplitude of first peak, duration of
response, total activity (integral), and steepness of the first increase
(Fig EV1A and B). Peak prominence and amplitude difference
between the first peak and the following trough were decreased,
presumably due to the difference in amplitude of the signal. We also
found a small increase in the median frequency (Fig EV1B) and
oscillatory proportion (30% without TNF pre-treatment versus 39%
with TNF pre-treatment; P=0.062; Fig EV1C) in the NFkB trajecto-
ries in Tnf~/~ cells pre-treated with a low dose of TNF. These
results indicate that providing exogenous TNF does not fully mimic
the physiological effect of tonic TNF signaling. In a co-culture of Tnf
=/~ cells with 85% non-fluorescent WT cells, which might provide
exposure to both soluble TNF (sTNF) and transmembrane TNF
(tmTNF) via intercellular contact, oscillation power and prominence
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of the first peak increased slightly (Fig EVID and E), but the per-
centage of cells with oscillatory trajectories was not detectably
altered (23% in absence of WT cells versus 23 % in co-culture with
WT cells; P=0.43; Fig EV1F). This suggests that paracrine supply of
tonic TNF (sTNF or tmTNF) does not recapitulate the WT
phenotype.

Considering mechanisms controlling the oscillatory content in
TNF-induced NFkB dynamics

Upon signaling from the upstream TNF receptor, IKK is activated
and targets IkBa, which binds to NFkB and prevents it from entering
the nucleus, for degradation, allowing free NFkB to enter the
nucleus. There, NFkB induces gene expression, including expression
of IkBa. Once produced, IkBa protein can bind to nuclear (and cyto-
solic) NFkB, bringing it from the nucleus into the cytoplasm and
sequestering it there (Fig 2A; Mitchell et al, 2016). Thus, IxBa induc-
tion may mediate post-induction repression of NFxB activity.
Sustained low or intermediate IKK activity then allows for another
round of IkBa degradation and nuclear NFkB activity, resulting in
oscillatory dynamics. However, sustained high IKK activity neutral-
izes the feedback loop by quickly degrading newly synthesized IkBa
before it can effectively inhibit NFxB activity, resulting in non-
oscillatory dynamics (Adelaja et al, 2021). Thus, the oscillatory con-
tent of NFkB dynamics is determined by both the NFkB-responsive
IkBa-negative feedback loop and the level of IKK activity.

To elucidate the molecular mechanism(s) responsible for the
diminished oscillatory content in the absence of tonic TNF condi-
tioning, we first investigated the strength of feedback control
through NFkB-responsive IkBa expression, which is essential for
oscillatory NFkB responses. Decreased IkBa feedback, especially in
the first hour after stimulation, would result in reduced post-
induction inhibition of NFxB and, hence, a more sustained NFxB
response with decreased prominence of the activity trough at 45-60
min. Early induction of IkBa mRNA upon TNF stimulation was very
similar in WT and Tnf ~/~ cells with peak expression at 60 or 70
min in WT and Tnf~/~ cells, respectively (Fig 2B). IkBa mRNA
levels decreased both in WT and Tnf ~/~ cells from 70 to 100 min of
TNF stimulation and increased slightly from 100 to 120 min, corre-
sponding to the preceding changes in nuclear levels of NFxB
(Fig 1E). The post-peak decrease was smaller in Tnf ~/~ cells,
resulting in IkBa mRNA levels in Tnf ~/~ cells that were 1.4x — 1.6x
of WT levels after 1 h of stimulation (Fig 2B). Presumably, this was
due to the more sustained presence of NFkB in the nucleus, that is,
decreased prominence of the first oscillatory trough, in Tnf /'~ cells
(Fig 1E). Thus, there is no impairment of the IkBa feedback loop in
the absence of tonic TNF conditioning.

Upstream of the IkBa-NFxB feedback circuit, the magnitude of
IKK activity is a key determinant of the oscillatory character of
NFxB activity (Fig 2A; Adelaja et al, 2021). If IKK activity is high,
newly produced IkBa is quickly targeted for degradation before it
can translocate to the nucleus to strip NFkB off the DNA. Thus,
diminished oscillatory content in NFkB dynamics in the absence of
tonic TNF might be mediated by increased IKK activity. We deter-
mined levels of phosphorylated IKK by western blotting as an indi-
cator of its activity (Fig 2C and D). In WT cells, IKK
phosphorylation peaked at 5min post-TNF stimulation and
decreased to low, near-baseline levels by 30min. Rapid cyclic

© 2023 The Authors
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regulation of this kinase through phosphorylation, dephosphoryla-
tion, and re-phosphorylation between 5 and 15min could be
observed (Behar & Hoffmann, 2013; Fig 2C). In Tnf~ /= cells, IKK
phosphorylation followed a similar temporal pattern but was
slightly increased compared to WT across all time points, to 3.6x,
1.4%, 1.4x, and 1.2x of WT levels at 2, 5, 10, and 15 min, and to
1.7-8.9x of WT levels from 30 to 120 min, although many of these
differences were not statistically significant (Fig 2D). An increase in
IKK activity in Tnf~/~ cells at the later phase is especially relevant,
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as these time points have the potential to influence the oscillatory
character of the NFxB responses. Between 30 and 120 min, IKK
activity in Tnf/~ cells ranged from 10 to 15% of peak WT IKK
activity, while in WT cells, it ranged from 2 to 7%. Total IKK levels
were not increased in Tnf~ /= cells compared to WT (Fig EV2A). The
possible increase in IKK activity corresponds to a similar, statisti-
cally not significant increase in nuclear NFkB DNA-binding activity
to 1.1-1.2x at 30, 60, 90, and 120 min, measured by electrophoretic
mobility shift assay (EMSA; Fig EV2B and C).
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Figure 2. Potential mechanisms controlling the oscillatory content in TNF-induced NFkB dynamics.

A Schematic of the signaling network mediating TNF-induced NFkB oscillations. Signaling by TNF receptors activates IKK, which targets IkBa for degradation by the
proteasome. IkBa degradation releases NFkB, which will accumulate in the nucleus and bind DNA. NFkB-responsive Nfkbia gene expression leads to increased IkBo
levels, which travels to the nucleus to bind NFkB and shuttle it out of the nucleus. If IKK activity persists, multiple rounds of NFkB nuclear translocation and activity
are possible. The ubiquitin-chain-regulating protein A20 inhibits TNF-induced signaling at multiple steps.

B IkBa mRNA expression in WT and Tnf/’ BMDMs stimulated with 10 ng/ml TNF over 2 h, determined by RT-qPCR. IxBa expression was normalized to GAPDH
expression and then to maximum WT value in each time-course replicate. Data are represented as mean =+ SD of five biological replicates. Statistical significance
was determined by two-tailed paired-sample t-test for each time point. Some replicates for Tnf /=~ BMDMs overlap with data in Fig 4D.

C-E Phosphorylation of IKK, JNK, ERK, and p38 and total IKK levels in WT and Tnf” BMDMs stimulated with 10 ng/ml TNF over 2 h, determined by SDS-PAGE followed
by western blotting. (C) One of three representative experiments is shown. (D, E) For quantification of p-IKK (D) and p-JNK p54 (E) levels, basal levels (O min) were
deducted per genotype before normalizing to maximum WT value in each experiment. Data are represented as mean + SD of three biological replicates. Statistical
significance was determined by two-tailed paired-sample t-test for each time point.

F A20 protein levels in unstimulated WT and Tnf/’ BMDMs, determined by SDS—PAGE followed by western blotting. (Left) Western blot of A20 and p-tubulin (3-tub.)
from one representative experiment with three culture replicates (R1-R3). (Right) For quantification, in each experiment, A20 levels from three culture replicates
were averaged, and A20 levels in Tnf '~ cells were expressed as percentage of A20 levels in WT cells. Data are represented as mean =+ SD of four biological repli-
cates. Statistical significance was determined by two-tailed one-sample t-test using a hypothesis mean of 100.

Source data are available online for this figure.

In addition to IKK-NFkB activation, MAPK cascades are activated
downstream of TNFR and TLR signaling. To determine whether
these other pathways were also affected by the absence of tonic
TNF, we determined levels of phosphorylated JNK, ERK, and p38,
indicative of their activation, by western blotting (Fig 2C). Levels of
JNK phosphorylation peaked at 10 min after TNF stimulation and
declined to baseline levels by 45 min in both WT and Tnf ™~ cells.
They appeared slightly increased in Tnf~~ cells compared to WT at
5, 10, 15, and 30 min to 2.8%, 1.6x, 1.4x, and 2.3x of WT levels,
although the differences were not statistically significant (Fig 2E).
ERK and p38 MAPK activation by TNF did not appear affected by
the absence of tonic TNF: phosphorylation of the kinases was simi-
lar in WT and Tnf =/~ cells. In both genotypes, both kinases showed
a sharp increase in phosphorylation upon cell stimulation, peaking
at 10 min and decreasing to below baseline (p-ERK) and almost to
baseline (p-p38) by 30-45 min (Fig EV2D and E). In sum, our data
are consistent with elevated TNF-responsive IKK and JNK MAPK
activation when tonic TNF signaling is absent, while ERK and p38
MAPK activation are not affected.

We next aimed to determine the cause of hyper-responsiveness
in the absence of tonic TNF conditioning. A20 is a TNF-inducible
protein that inhibits signaling at multiple steps downstream of the
TNF receptor and may fine-tune NFxB responses when expressed
(Fig 2A; Wertz et al, 2004; Werner et al, 2008; Catrysse et al, 2014).
If A20 expression was decreased at baseline in the absence of tonic
TNF, this could increase pathway activity, resulting in increased
IKK activity and less oscillatory NFkB responses. However, compar-
ing baseline A20 protein levels in WT and Tnf ~/~ cells by western
blotting, we found no difference (Fig 2F). Thus, A20 does not
appear to be involved in the altered NFkB dynamics in Tnf ~/~ cells.

TNF receptor turnover and signaling mechanisms control the
oscillatory content in NFkB dynamics

We next investigated whether TNF receptor turnover and signaling
functions, which may be affected by tonic TNF, could be determi-
nants of the oscillatory content of TNF-induced NFkB dynamics. We
leveraged a mathematical model of TNF-induced NF«kB activation,
which delineates 13 biochemical reactions that describe the interac-
tions of the TNFR with the ligand TNF and the downstream signal-
ing complex C1 (following recruitment of TRAF2, TRADD, and
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RIP1K; Fig 3A; Adelaja et al, 2021). A parameter scan (using multi-
plier steps of 10%! or 10™*!) determined that 5 of the 13 biochemical
reactions sensitively affected the oscillatory content of TNF-induced
NFkB dynamics: the TNFR expression rate (k54), the internaliza-
tion/decay rate of receptors bound to ligand and signaling complex
(k61), the activation/inactivation (k62, k63) of the signaling com-
plex, and its ability to activate TAK1 and IKK (k65; Fig 3A).

To simulate heterogenous single-cell NFkB responses, the five
sensitive parameters were sampled individually or in pairwise com-
binations from a log-normal distribution of parameter values with ¢
=1In(2)/3 (Cheng et al, 2015). For “WT?” cells, the means of the dis-
tributions were placed at the original parameter values. For “Tnf~’
~” cells, the means of the five sensitive parameters were shifted by
a factor of 10°! or 10! (Fig EV3A and B). When sampling any of
the five parameters individually, both simulated “WT” and “Tnf’
~” cells showed predominantly oscillatory responses, with moderate
heterogeneity in amplitude and period of the oscillation (Figs 3B
and EV3C, row 1, 2). While 100% of simulated “WT” cells were cat-
egorized as oscillatory for all five individual parameter samplings,
“Tnf~/~” cells were oscillatory at a slightly lower percentage (96—
97%; Figs 3B and EV3C, row 3), with higher trough amplitudes
(Figs 3B and EV3C, row 1,2). The trajectories in “Tnf/~” cells had
shifted oscillation power distributions with lower medians (Figs 3B
and EV3C, row 4). When sampling pairwise combinations of the
five sensitive parameters, the heterogeneity of the simulated NFxB
responses increased (Figs 3B and EV3C, row 1,2). All parameter
combinations showed a lower percentage of cells with oscillatory
NF«B responses in “Tnf/”’ cells (52-55%) than in “WT” cells (60—
66%; Figs 3B and EV3C, row 3) and higher trough amplitudes
(Figs 3B and EV3C, row 1,2). The oscillation power distributions
showed more heterogeneity than in the single parameter sampling
with a decrease in oscillation power in “Tnf~/~” cells compared to
“WT?” cells (Figs 3B and EV3C, row 4).

Examining the average IKK activity in these simulations revealed
a sharp peak at 6-7 min after stimulation with a fast decrease to
lower, but above baseline levels by 45-50 min, followed by a slow
decline toward baseline levels over 7h (Figs 3C and EV3D). IKK
activity was increased in simulated “Tnf /=» cells compared to
“WT” cells in all individual and pairwise parameter samplings by
1.2-1.6x%, in agreement with experimental results. These results sug-
gest that the subtle, statistically not significant increases in IKK
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Figure 3. Mechanisms regulating TNF receptor turnover and signaling control the oscillatory content in TNF-induced NFxB dynamics.

A

(w)

Parameter scan (left) of listed reaction parameters (right) in the TNF receptor module (white background) of the NFxB signaling network model and simplified
depiction of the NFkB core module (yellow background). Graphs depict nuclear NFkB dynamics over 8 h with increased (blue, 10%*x to 10*x) and decreased (red, 10~
01y to 10 'x) parameter values in 10 steps each (linear on log scale) from the original model parameters (1x). Parameter indices that allow a shift of simulated TNF-
induced NFxB oscillations to less oscillatory dynamics are labeled in red.

Simulated single-cell nuclear NFkB dynamics upon TNF stimulation over 8 h (heatmaps) sorted by maximum amplitude in “WT” and "Tnf“”" cells (row 1, row 2).
Parameters determined in (A) to allow decrease in oscillatory character of NFkB dynamics were distributed for sampling (sampled parameter indicated in heatmap
heading). NFkB dynamics in simulated Tnf /'~ cells were modeled by shifting the mean of the parameter distributions by 10°* or 107°* (see Fig EV3A). Indicated pairs
of parameters were also sampled. Percentage of cells with oscillatory NFkB trajectories among all simulated responder cells (row 3) and oscillation power of simulated
NFkB trajectories (row 4) are shown below. A total of 2,000 cells were simulated. Marker indicates median of distribution. Statistical significance was evaluated by
Kolmogorov—Smirnov test. Number indicates log;o(P-value). Results for other parameters and parameter combinations that can mediate less oscillatory responses are
shown in Fig EV3C.

Simulated average IKK activity over 8 h in mathematical models of TNF-induced NFkB dynamics in “WT” and "Tnf/”’ cells, as in (B).

Simulated mean TNF receptor levels at steady state in mathematical models of TNF-induced NFxB dynamics in “WT” and “Tnf/”’ cells, as in (B).

TNF receptor 1 (TNFR1, left), TNF receptor 2 (TNFR2, center), and CD11b (right) cell surface expression in Tnf '~ compared to WT BMDMs unstimulated or stimulated
for 30 min with 10 ng/ml TNF, measured by flow cytometry. Per experiment, median fluorescence intensity average of three culture replicates in Tnf/’ cells is
expressed as percent of expression in WT cells. Data are represented as mean =+ SD of three biological replicates. Statistical significance was determined by two-tailed
one-sample t-test using a hypothesis mean of 100.

(Left) TNF receptor 1 (TNFR1) cell surface expression at baseline in BMDMs pre-treated with TNFR1 siRNA, control (ctrl) siRNA, or untreated (—). Median fluorescence
intensity is expressed as percent of expression in untreated WT cells. (Right) Percentage of cells with oscillatory NFxB activity (measured by fluorescence microscopy)
among all responder cells upon indicated siRNA pre-treatment and stimulation with 10 ng/ml TNF. Per condition, 1,032-1,484 responding cells were analyzed. (Left,
right) Data are represented as mean =+ SD of three biological replicates. Statistical significance was determined by one-tailed paired-sample t-test. Heatmaps of NFkB

Stefanie Luecke et al

trajectories from one biological replicate are show in Fig EV3G.

Source data are available online for this figure.

activity experimentally observed in Tnf™~ cells (1.4x of WT at peak
activity and 1.7x at 2 h; Fig 2D) may contribute to the reduction in
oscillatory content in NFkB dynamics when tonic TNF conditioning
is absent.

Next, we examined the role of TNF receptor cell surface expres-
sion levels. In any simulations where k54 was increased, either
individually or in combination with one of the other parameters,
mean TNFR surface levels were elevated by 123-127% of “WT”
levels (Figs 3D and EV3E). Thus, experimentally, we determined
cell surface levels of TNFR1 and TNFR2 at baseline and after 30
min of TNF stimulation by flow cytometry. Tnf~/~ cells had higher
baseline TNFRI1 levels than WT cells (126% of WT cells, P-value of
0.0027; Fig 3E, left). Even after much of the receptor was internal-
ized upon TNF stimulation (Fig EV3F, left), the cell surface level
appeared to be higher in Tnf/~ than in WT cells (130% of WT, P-
value of 0.093; Fig 3E, left). Baseline TNFR2 surface level was not
altered in Tnf/’ cells (100% of WT; Figs 3E and EV3F, center). As
a control, CD11b cell surface levels were unaltered by TNF defi-
ciency or by TNF stimulation (Figa 3E and EV3F, right). To provide
further evidence for a causal relationship between increased
TNFR1 surface expression and reduced percentage of oscillatory
NFkB trajectories in the absence of tonic TNF, we reduced baseline
TNFR1 surface expression in Tnf ~/~ BMDMs to levels similar to
WT using TNFR1 siRNA-mediated gene silencing (Fig 3F, left).
Compared to control siRNA-transfected Tnf '~ cells (60% oscilla-
tory NFkB trajectories), Tnf ~/~ cells with reduced TNFR1 levels
had a higher percentage of oscillatory NFkB trajectories (69%, P=
0.023), with control siRNA-transfected WT cells having 73% oscil-
latory NFkB trajectories (Fig 3F, right). Thus, reducing TNFR1
expression to WT levels in Tnf =/~ cells partially rescues the oscil-
latory NFkB dynamics.

In sum, the combination of mathematical modeling and experi-
mental studies suggests that tonic TNF conditioning may promote
oscillatory NFkB dynamics in response to TNF by affecting a num-
ber of biochemical reactions that control the turnover, recycling,
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and signaling functions of the TNF receptor. Several subtle changes,
often near the limit of experimental detection, may combine to have
a surprisingly pronounced effect on NFkB oscillations. This illus-
trates in turn that live cell imaging of NFkB signaling is an exqui-
sitely sensitive assay to probe the cellular state.

Strengthening the IkBa-negative feedback on NFxB partially
restores TNF-induced NFxB oscillations

As the computational modeling analysis suggested that the reduced
oscillatory content of NFkB responses in the absence of tonic TNF
conditioning may be mediated by increased IKK activity, we aimed
to provide further experimental evidence to support this conclusion.
If the excess IKK activity observed in the absence of tonic TNF neu-
tralizes the IkBa-negative feedback loop and thus diminishes post-
activation repression of NFkB and NFkB oscillations, we reasoned
that strengthening IkBa feedback control may compensate and
restore NFkB oscillations. This may be illustrated by model simula-
tions in which IKK-responsive NFkB is elevated to increase expres-
sion of and negative feedback by IkBa. Applying a 1.25x increase in
NF«B to a “Tnf ~/~” model (sampling k54 and k61 distributions as
in Figs 3B and EV3C, column 3), we found that average NFkB-
responsive IkBa mRNA expression was increased to levels higher
than in the Tnf ~/~ model already at early time points as expected
(Fig 4A). As a result, NFkB oscillations were indeed restored
(Fig 4B). Analysis of these simulations revealed elevated oscillatory
content in the 1.25x NFkB condition with an increase in oscillation
power and the percentage of cells with oscillatory NFkB trajectories
(85% versus 57 % in controls; Fig 4C).

To experimentally test the model predictions, we utilized a
genetic perturbation that renders more cellular NFkB responsive to
TNF. The IkBsome is a protein complex consisting of p105 and p100
subunits, which traps NFxB. It is not responsive to the canonical
IKK pathway (Basak et al, 2007; Savinova et al, 2009; Shih
et al, 2009). By genetic removal of the nfkb2/p100 subunit, the
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Figure 4. Strengthening the IkBa-negative feedback on NFkB partially restores TNF-induced NFkB oscillations.

Simulated average Ikba MRNA expression level over 2 h in mathematical models of TNF-induced NFkB pathway signaling in “Tnf /=" model and “Tnf /= model

A
with 1.25x total NFkB levels. Parameters k54 and k61 are sampled.

B Simulated single-cell NFkB dynamics upon TNF stimulation over 8 h in “1x NFkB, Tnf”" and “1.25x NFkB, Tnf”" models, as in (A).

C Oscillation power of simulated trajectories and percentage of cells with oscillatory NFkB trajectories among all simulated responder cells in “1x NFxB, Tnf /=" and
“1.25x NFxB, Tnf/”’ models, as in (A). A total of 1,000 cells were simulated. Marker indicates median of distribution. Statistical significance was evaluated by
Kolmogorov-Smirnov test. Number indicates log;o(P-value).

D IkBa MRNA expression in Tnf /= and Tnf /~p100~/~ BMDMs stimulated with 10 ng/ml TNF over 2 h, determined by RT—qPCR. IxBa expression was normalized to
GAPDH expression and then to maximum WT value also obtained with each replicate. Data are represented as mean =+ SD of three biological replicates. Statistical
significance was determined by two-tailed paired-sample t-test for each time point. Data for Tnf/~ BMDM:s are also included in Fig 2B.

E Levels of nuclear NFkB DNA-binding activity in Tnf/’ and Tnf”plOO’/’ BMDMs stimulated with 10 ng/m| TNF over 2 h, determined by EMSA. Quantification of
the NFkB-DNA complex was normalized to the quantified NFY-DNA complex, and then to maximum WT value also obtained with each replicate. Data are repre-
sented as mean + SD of three biological replicates. Statistical significance was determined by two-tailed paired-sample t-test for each time point. Data for Tnf“/’
BMDMs are also shown in Fig EV2C.

F-H

Nuclear localization of mVenus-RelA upon stimulation with 10 ng/ml TNF was measured over time by fluorescence microscopy in Tnf /= and Tnf /~p100~/~
BMDMs and quantified by automated image analysis. (F) Each row of the heatmap represents the NFkB signaling trajectory of one cell. Trajectories are sorted by
maximum amplitude. Example trajectories are shown below. Data from a single representative experiment are depicted. (C) Indicated dynamic features were calcu-
lated from signaling trajectories. Violin plots depict pooled data from six biological replicates (total # of cells: 4,030/4,133). Marker indicates median of distribution.
Statistical significance was determined by Wilcoxon rank-sum test. Number indicates log;o(P-value). (H) Percentage of cells with NFkB trajectories was categorized
as oscillatory based on a frequency threshold among all responder cells in each experiment. Data are represented as mean =+ SD of six biological replicates. Statisti-

cal significance was determined by one-tailed paired-sample t-test. (G, H) Data for Tnf‘/’ BMDMs is also included in Fig 1F and G.

Source data are available online for this figure.

IkBsome complex collapses (Yilmaz et al, 2014), freeing more NF«xB
to associate with canonical IkB proteins. Upon stimulus-induced
degradation of canonical IkB proteins, the additional NFkB can
translocate to the nucleus to drive a stronger IkBa-negative feedback
loop. Therefore, to mimic the “Tnf ~/~ with 1.25x NFxB” model
conditions, we bred Tnf ~/~ p100~/~ mice to increase the amount of
stimulus-responsive NFkB and the strength of the IkBa-negative
feedback in Tnf ~/~ background. Indeed, we found that while Tnf
/= BMDMs showed good NFkB-responsive IxBa induction, Tnf
’/’ploo’/’ BMDMs showed a further, small, statistically non-
significant increase in TNF-induced IkBa mRNA expression, espe-
cially at 20-50 min (starting before the induction peak is reached at
50 or 60min) and 100-110min (at a trough in the induction
dynamic) after stimulation (1.3-1.5x of mRNA levels in Tnf/~
cells; Fig 4D). In addition, levels of nuclear NFkB DNA-binding
activity, determined by EMSA, appeared slightly increased in Tnf ~/
~pl00~/~ BMDMs to 1.1x at 15, 30, and 120 min after TNF stimula-
tion (Figs 4E and EV4). In Tnf ~/~p100~/~ BMDMs, nuclear NFxB
decreased more distinctly from its peak levels at 30 min to 60 and
90min (where levels were comparable to Tnf’/~ cells) and
increased more distinctly to 120 min.

Next, we analyzed single-cell mVenus-RelA NFkB signaling upon
TNF stimulation in Tnf ~/~p100~/~ cells by live-cell microcopy.
Heatmap visualization of NFkB signaling in all cells of one experi-
ment and example trajectories showed that, compared to Tnf/~
cells, Tnf ~/~p100~/~ cells had more oscillatory trajectories, with
more prominent troughs after the first peak (Fig 4F). Quantitative
metrics of oscillations, especially oscillation power, the amplitude
difference between the first peak and the following trough, and the
prominence of the first peak were increased Tnf ~/~p100~/~ cells,
while duration above a certain threshold and total activity were
reduced (Fig 4G). The percentage of cells categorized as having
oscillatory NFkB trajectories increased to 41% in Tnf ~/ pl100~/~
cells from 36% in Tnf/’ cells (P=0.04; Fig 4H). Thus, modeling
and experimental data suggest that the reduction in oscillations in
Tnf =/~ cells results from increased IKK activity and may be rescued
by increasing IkBa feedback. In sum, these results provide
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functional evidence that tonic TNF-conditioning reduces stimulus-
responsive IKK activity in response to TNF stimulation, thereby
ensuring that TNF-induced NFxB dynamics are largely oscillatory.

Tonic TNF conditioning controls TNF-induced gene expression
and de novo enhancer formation

The duration and oscillatory content of nuclear NFxB activity con-
trol inflammatory gene expression and de novo enhancer formation
(Sen et al, 2020; Cheng et al, 2021). Therefore, we investigated
whether tonic TNF conditioning, which safeguards the TNF-specific
characteristics of NFkB dynamics, affects gene expression responses
and de novo enhancer formation.

First, we measured single-cell gene expression using the Fluidigm
system in WT and Tnf~/~ BMDMs stimulated with TNF or P3C4 for 4
h. In WT cells, these stimuli resulted in transcriptomes that were sub-
stantially separated on UMAP dimensionality reduction plots and a
PCA plot of the first two components (Fig SA and B). In contrast, the
transcriptomes of TNF- and P3C4-stimulated Tnf™/~ cells were less
distinguishable: On the UMAP plot, the two Tnf~/~ populations over-
lapped more than the WT populations (Fig 5A); and on the PCA plot,
the population of TNF-stimulated Tnf ™/~ cells appeared shifted com-
pared to WT to overlap with P3C4-stimulated Tnf ~/~ cells (Fig 5B).
This suggests that the lack of tonic TNF conditioning changes gene
expression induced by the host cytokine TNF to be more similar to
gene expression responses to the PAMP P3C4. Indeed, the average
pairwise transcriptome distances (calculated using the first 20 PCA
components) between TNF- and P3C4-stimulated cells were smaller in
Tnf~/~ than in WT cells (Fig 5C). Moreover, in Tnf~/~ cells, the fold
changes between P3C4- and TNF-induced expression of the majority
of the top 50 genes differentially expressed in P3C4 vs. TNF stimulated
WT cells were reduced (Fig 5D).

Among 216 genes significantly induced over mock by either
P3C4 or TNF stimulation in WT cells, 10 showed significantly higher
expression in Tnf~/~ cells versus WT cells upon TNF stimulation,
all of which have been reported as NFkB-dependent genes (Rouil-
lard et al, 2016; Cheng et al, 2017; Wu et al, 2022), while the
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Figure 5. Tonic TNF conditioning controls TNF-induced gene expression.

A UMAP plot of single-cell gene expression in WT and Tnf /= BMDMs stimulated with mock stimulation, 3.3 ng/ml TNF, or 10 ng/ml P3C4 for 4 h, measured by single-
cell RNA-seq. Gene expression of 92 (WT mock), 95 (WT TNF), 123 (WT P3C4), 99 (Tnf” TNF), and 136 (Tnf/’ P3C4) cells was measured in one experiment.

B PCA plot of single-cell gene expression in WT (top) and Tnf '~ cells (bottom) upon TNF and P3C4 stimulation showing the first two PCA components.
Average of all pairwise distances in the first 20 PCA components of single-cell gene expression between TNF and P3C4 stimulation in WT and Tnf'~ cells. Data are
represented as mean of all pairwise distances + SEM (WT: 123 x 95 = 11,685 distances; Tnf‘": 136 x 99 = 13,464 distances). Statistical significance was determined by

Wilcoxon rank-sum test.

D Heatmap of log,(FC) between P3C4 versus TNF stimulation in WT and Tnf/’ cells for the top 50 (by P-value) genes differentially expressed in P3C4- versus TNF-

stimulated WT cells.

E Volcano plot of single-cell gene expression in Tnf '~ versus WT BMDMs upon TNF stimulation. Dashed lines indicate P-value threshold of 0.01 and absolute log,(FC)
threshold of 0.5. Only genes induced by P3C4 or TNF stimulation over mock in WT cells are included (P-value threshold of 0.05 and log,(FC) threshold of 0.25).
F Violin plots of single-cell gene expression in WT and Tnf‘/’ BMDMs upon mock, TNF, or P3C4 stimulation. The 10 genes shown are significantly upregulated in Tnf‘/’

versus WT cells upon TNF stimulation (see (E)).

expression of one (Ccl7) was decreased (Fig 5E). This, together with
the asymmetry of the volcano plot toward positive fold-change
values, indicated that, in the absence of tonic TNF, TNF-stimulated
cells seem to hyper-respond to overlap with P3C4-stimulated cells.
This interpretation was supported by examining the individual
genes with significantly higher TNF-induced expression in Tnf ™/~
cells: Ccl5, Cebpb, Clecde, Cxcll6, Irgl, Lilrb4a, Nfkbia, Saa3, Sod2,
and Tmalé6. The single-cell distributions showed that their TNF-
induced expression was increased in Tnf™~ cells compared to WT
cells to more closely resemble P3C4-induced gene expression
(Fig SF). The more subtle changes in P3C4-induced gene expression
at4hin Tnf ~/~ compared to WT BMDMs (Fig 5B and F) may result
from the decreased duration of signaling (Fig 1H and I), presumably
due to lack of autocrine TNF signaling (Caldwell et al, 2014).

© 2023 The Authors

Next, we investigated the effect of tonic TNF conditioning on
another important function of stimulus-induced NF«B: the ability to
alter the epigenome through formation of de novo enhancers which
affects transcriptional responses to subsequent stimulations. Our
previous work demonstrated that non-oscillatory NFkB has much
greater capacity to form de novo enhancers than oscillatory NFxB
(Cheng et al, 2021). We therefore hypothesized that tonic TNF may
restrict the formation of de novo enhancers. H3K4mel ChIP-seq
analysis of WT and Tnf ~/~ BMDMs stimulated for 8 h with TNF,
P3C4, or LPS revealed 1,515 peaks inducible by any stimulus com-
pared to no stimulation (Fig 6A). Unsupervised k-means clustering
resulted in a cluster of peaks appearing more weakly induced by
TNF than P3C4 stimulation in WT cells, but more strongly induced
by TNF in Tnf ~/~ cells compared to WT cells (Cluster 1); a cluster
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Figure 6.

very weakly induced by TNF stimulation in WT and Tnf ~/~ cells,
well induced by P3C4 and LPS in WT cells, and less induced in Tnf
=/~ cells (Cluster 2); and a cluster of peaks strongly induced by LPS
signaling, but not or weakly induced by other stimulations (Cluster
3; Fig 6A). Cluster 1 genomic regions were strongly enriched for
NFkB-binding motifs, while Cluster 2 regions were enriched for
Runx1-, NFxB-, and Klf7-binding motifs, and Cluster 3 regions were
enriched for ISRE and IRF family-binding motifs (Fig 6B). Further

12 of 18  EMBO reports 55986 | 2023

analysis focused on Cluster 1 due to the prevalent NFkB-binding
motifs suggesting NFkB-dependent enhancer formation. In Cluster 1,
the fold change of H3K4mel ChIP-seq signal induced by TNF over
mock at many genomic regions was larger in Tnf/~ BMDMs than
in WT BMDMs (Fig 6C). The distribution of fold changes of TNF-
induced H3K4mel ChIP-seq peak signals was significantly different
in the absence of tonic TNF, while the P3C4-induced H3K4mel
ChIP-seq signal was not significantly altered (Fig 6D). Genome
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Figure 6. Tonic TNF conditioning controls TNF-induced de novo enhancer formation.

A Heatmap of normalized H3K4mel ChIP-seq counts in 1,515 inducible peaks in WT and Tnf“/’ BMDMs unstimulated or stimulated with 10 ng/ml TNF, 100 ng/ml
P3C4, or 100 ng/ml LPS for 8 h and heatmap of log,(FC) (Tnf“/’ over WT) of mean H3K4mel ChIP-seq counts. Unsupervised k-means clustering results in three clus-

ters (C1-C3). One (for LPS) or two biological replicates (R1, R2) are shown.
B Top three hits from de novo motif analysis of regions in clusters C1-C3.

C Scatter plot of log,(FC) (TNF stimulated over unstimulated) of normalized H3K4mel ChlIP-seq signal in Tnf/’ BMDMs versus WT BMDMs within Cluster 1 regions
(533 regions). Data are represented as mean of two biological replicates for each genomic region.

D Violin plot of logy(FC) of normalized H3K4mel ChIP-seq signal in TNF- or P3C4-stimulated over unstimulated WT or Tnf/’ BMDMs within Cluster 1 regions (533
regions). Statistical significance was determined by Kolmogorov-Smirnov test. Data are represented as mean of two biological replicates for each genomic region. In
the boxplot, central band indicates the median, boxes the interquartile range (IQR), and whiskers values within 1.5 IQR from the median.

E Examples of genomic regions with differential H3K4mel signal in TNF stimulation in Cluster 1. Tracks for WT and Tnf“/’ BMDMs unstimulated or stimulated with

TNF or P3C4 in two biological replicates (R1, R2) are shown.

Data information: FC: fold change.

tracks of example genomic regions from Cluster 1 demonstrate the
stronger induction of H3K4mel ChIP-seq signal in TNF-treated
Tnf~/~ cells to levels matching or exceeding P3C4-induced peaks
(Fig 6E). Thus, Tnf =/~ cells were more likely to form TNF-induced
de novo enhancers, especially in genomic regions with NFxB-
binding motifs. In summary, the absence of tonic TNF conditioning
increases both TNF-induced expression of NFkB response genes and
formation of a set of NFkB motif-containing de novo enhancers.

Discussion

Here, we showed that macrophage conditioning by tonic, physiolog-
ical levels of TNF safeguards the specificity of gene expression and
epigenomic integrity in response to acute TNF exposure, ensuring
that the responses to this host cytokine are distinct from PAMP-
induced PRR signaling. We demonstrated that tonic TNF safeguards
the oscillations in TNF-induced NFkB responses—which are key to
the TNF’s specific cellular responses—by decreasing TNFR signaling
strength such that IKK activity does not neutralize the IkBa feedback
loop.

The evidence for these findings comes from a variety of single-
cell, biochemical, and genome-wide profiling assays. It is remark-
able that subtle differences in the strength of signaling along the
TNFR-IKK-NFkB axis, which established biochemical assays often
fail to quantify with statistical significance, result in unmistakable
differences in the temporal dynamics of NFkB revealed by live cell
microscopy and substantial dysregulation of the functional effects of
NFkB-driven gene expression and enhancer formation. This is a tes-
tament not only to the coarseness of biochemical assays compared
to single-cell temporal trajectory data but also to the regulatory logic
of the NFkB signaling pathway, where the IkBa-negative feedback
loop sensitively interprets small differences in second-phase IKK
activity levels to generate big differences in second-phase NFxB
activity (Werner et al, 2005; Cheong et al, 2006; Adelaja et al,
2021). To substantiate the evidence for this mechanistic insight, we
provided analyses based on computational simulation with an
experimentally validated mathematical model of the NF«B signaling
network (Fig 3) and a functional test via a genetic suppression strat-
egy (Fig 4).

How then does tonic TNF conditioning modulate the TNFR-NF«kB
signaling axis? TNFR1 is known to be subject to complex regulation,
including transcriptional and translational synthesis, trafficking to
the cell surface from the Golgi TNFR1 pool, clustering into

© 2023 The Authors

multimeric receptor units, ligand-induced oligomerization, endocy-
tosis, recycling, and degradation, and TACE-dependent shedding, in
addition to initiating signaling via recruitment of intracellular adap-
tors and signaling mediators TRAF2, TRADD, and RIPK. (Chan et al,
2000; Chan, 2007; Puimege et al, 2014; Kalliolias & Ivashkiv, 2016;
Karathanasis et al, 2020). Since TNF-TNFR binding induces endocy-
tosis of TNFR, we considered whether tonic TNF mildly increases
the ligand-induced internalization rate of TNFR, slightly decreasing
TNFR levels at baseline. Indeed, we found TNFR1 receptor surface
levels elevated in Tnf ~/~ cells at baseline and after TNF-stimulated
internalization (Figs 3E and EV3F). Interestingly, pre-incubation of
the macrophage culture with low-dose exogenous TNF for 4 days
did not fully rescue TNF-induced NFxB oscillations and thus does
not mimic the full physiological effect of tonic TNF signaling
(Fig EV1A-C). This suggests that mechanisms beyond short-term
ligand-binding induced receptor internalization contribute to the dif-
ference in TNFR levels and IKK activity in WT and Tnf ~/~ macro-
phages. For example, TNF is synthesized as a transmembrane
monomer, pro-TNF, which, upon transport to the cell membrane,
trimerizes to form functional transmembrane TNF (tmTNF). An
extracellular portion of the trimer is cleaved by the ADAM17/TACE
protease and released as soluble TNF (sTNF; Kalliolias &
Ivashkiv, 2016). Given the complexity of TNFR regulation, it is con-
ceivable that tmTNF on neighboring cells or even intracellular or
cell surface pro-TNF may play a role in TNFR regulation, rather
than sTNF. Co-culture of Tnf ~/~ cells with WT cells, which might
provide both sTNF and tmTNF via intercellular contacts, also
did not rescue TNF-induced NFkB oscillations in Tnf ~/~ cells
(Fig EVID-F). This suggests a cell-intrinsic or autocrine mechanism
and/or mechanisms acting earlier in macrophage differentiation or
precursor development. Mathematical modeling revealed that even
subtle effects on multiple TNFR-proximal biochemical reactions
affecting TNFR surface levels and TNFR signaling functions may
combine to mediate the observed reduction in oscillatory content in
NFkB dynamics.

In immune sentinel cells, gene expression in response to PRR
and cytokine signaling is stimulus specific, with the NFkB temporal
code contributing much to that specificity (Hoffmann et al, 2002;
Werner et al, 2005; Lane et al, 2017; Sheu et al, 2019; Adelaja
et al, 2021). Decreased stimulus specificity in NFkB signaling and
single-cell gene expression in a mouse model of the autoimmune
disease Sjogren’s syndrome underscores the importance of intact
temporal coding for the maintenance of immune homeostasis
(Adelaja et al, 2021). A key feature of this code is the distinction
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between oscillatory NFkB dynamics elicited by the cytokine TNF
and the non-oscillatory dynamics elicited by PAMPs. This study
reveals a key determinant of the oscillatory content of NFkB dynam-
ics in response to TNF stimulation, namely tonic TNF conditioning.
Indeed, we show here that tonic TNF conditioning contributes to the
specificity of TNF-induced gene expression. In the presence of tonic
TNF, P3C4- and TNF-induced gene expression are distinguishable,
but in its absence, they become more similar with TNF-induced
expression of a subset of genes becoming more P3C4 like (Fig 5).
The altered temporal code in Tnf ~/~ macrophages also leads to
aberrant TNF-induced epigenetic reprogramming, particularly in
genomic regions with NFkB-binding sites (Fig 6). Thus, conditioning
by tonic TNF is essential for stimulus-appropriate NFkB signaling,
immune gene responses, and the maintenance of epigenomic
integrity.

As we show here, tonic TNF conditioning has profound effects
on NFkB dynamics in cultured primary macrophages. In vivo, the
levels of tonic TNF might be higher in a location-dependent man-
ner due to the presence of microbiome PAMPs and DAMPs
released during tissue turnover and repair. Consequently, tonic
TNF conditioning may play a significant physiological role. Simi-
larly, studies of interferons revealed the role of tonic cytokine sig-
naling in fine tuning response set points. While abnormally high
tonic IFN levels contribute to autoimmune diseases, decreased
tonic signaling can be similarly detrimental to correct immune cell
development and function, antiviral defense, and effective preven-
tion of malignancies (Gough et al, 2012; Bradley et al, 2019; Marié
et al, 2021). The results presented here may have implications for
immunomodulation therapy with TNF inhibitors, which are a com-
mon treatment for chronic inflammatory conditions. While they
are used as long-term therapeutics for, for example, rheumatoid
arthritis, Crohn’s disease, and psoriasis, their use may result in
“paradoxical adverse events” (PAEs), that is, an exacerbation or
new onset of inflammatory symptoms. The mechanisms mediating
PAEs have not been fully elucidated, but are hypothesized to
involve dysbalanced cytokine expression and subsequent misregu-
lation of immune cells (Wendling & Prati, 2014; Toussirot &
Aubin, 2016). Whether subtle changes in TNFR dynamics elicited
by reduced tonic TNF conditioning and loss of oscillatory content
in NFkB with resulting loss of epigenomic integrity are relevant
mechanistic explanations for this pathological condition may be
the subject of future studies.

Materials and Methods

Macrophage cell culture, stimulation, and RNA interference

Mice were housed and handled according to guidelines established
by the UCLA Animal Research Committee under an approved proto-
col. UCLA’s current Animal Welfare Assurance identification num-
ber is D16-00124 (A3196-01). Macrophages were produced from
wild-type C57BL/6 mice (JAX strain 000664), mVenus-RelA (Rela""V)
mice (Adelaja et al, 2021), Tnf/~ mice (JAX strain 005540), and
p100~/~ mice. The latter express p52 protein from the Nfkb2 gene,
as they were generated by a CRISPR frameshift mutation at amino
acid L462 in the linker region prior to the ankyrin repeat domain of
Nfkb2. Bone marrow was isolated from murine tibias and femurs
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from male and female 6- to 14-week-old mice followed by red blood
cell lysis. BMDMs were differentiated in IMDM media (Gibco
12440061) supplemented with 10% ES cell FBS (Gibco 10439024),
100 IU penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine, 55 pM
2-mercaptoethanol, and 30% L929-cell supernatant in 15cm TC-
treated dishes. On Day 4, cells were detached using a cell lifter and
replated into experimental culture plates, unless otherwise indi-
cated. Cells were stimulated on Day 7 or 8 at the indicated concen-
trations with recombinant mouse TNF-alpha (aa 80-235) protein
(410-MT-010, R&D Systems), Pam3CSK4 (tlrl-pms, Invivogen), or
LPS (L6529-1MG, Sigma-Aldrich) for the indicated time. For stimula-
tion, one-fifth of the conditioned cell culture media were removed,
mixed with stimulus, and added to the cells at the time of stimula-
tion. For culture of BMDMs in the presence of low-dose TNF, the
BMDM media were supplemented with 250 pg/ml TNF starting at
time of replating on Day 4. Media were changed every 24h to
replenish TNF. As a control, media on cells incubated without low-
dose TNF were also changed every 24 h. For co-culture experiments,
15% Tnf ~/~ Rela"’¥Y BMDMs were plated with 85% WT Rela*™’*
BMDMs (i.e., non-fluorescent) at the time of replating on Day 4. For
experiments with siRNA-mediated reduction in TNFR1 expression,
cells were transfected with 20 nM non-targeting control siRNA pool
(horizon D-001810-10-05) or 2nM TNFR1 siRNA pool (horizon L-
060201-01-0005) +18 nM control siRNA using 2.5 pl/ml Lipofecta-
mine RNAiMax (Invitrogen 13778075) according to the manufac-
turer’s instructions 24 h before the experiment.

Live-cell fluorescence microscopy

For measurement of nuclear NFkB dynamics, BMDMs were replated
on Day 4 at a density of 15,000-35,000 cells/cm? in 400 pl media in
an eight-well p-Slide (ibidi). On day 7 or 8, cells were subjected to
live cell imaging using a previously established workflow (Adelaja
et al, 2021). Before imaging, 6.25 ng/ml Hoechst 33342 was added
to the cells, and cells were placed on an Axio Observer.Z1 inverted
microscope (Zeiss) with live-cell incubation for at least 90 min to
equilibrate to environmental conditions. Using automated image
acquisition in Zen 2.3 software, at least five positions per condition
(maximum eight conditions per experiment) were imaged at one
frame per 5min using a Plan-Apochromat 20x/0.8 NA M27 air
objective. Images were collected sequentially in three channels, for
mVenus fluorescence (filter set: Zeiss 46 HE, ex.: 500/25 nm, beam
splitter: 515nm, em.: 535/30 nm; Colibri.2 505nm, 90% power;
exposure: 160 ms), Hoechst fluorescence (filter set: Zeiss 49, ex.:
365nm, beam splitter: 395 nm, em.: 445/50 nm; X-Cite 120; expo-
sure: 50 ms), and differential interference contrast (DIC; HAL 100
lamp; 2.3 V, exposure: 20 ms). Images were recorded on a Hamama-
tsu Orca Flash4.0 CMOS camera with 2 x 2 binning. After collection
of baseline image(s), the indicated stimulus diluted in conditioned
media was applied using syringe injection into the chamber in situ
and images were acquired for 8 or 11.5 h.

Automated image analysis and feature calculations
Individual channel images were exported in Zen lite 3.3 software. Sin-
gle cells were segmented into cytoplasm and nucleus, tracked across

the time course, and mVenus-RelA nuclear fluorescence was quanti-
fied using MACKtrack (https://github.com/signalingsystemslab/
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MACKtrack) in MATLAB as described previously (Adelaja et al, 2021).
Dynamic features of single-cell NFkB trajectories were calculated using
code available here: https://github.com/signalingsystemslab/nfkb_
dynamic_features. The percentage of oscillating cells was calculated
from the frequency feature using a cutoff of 0.42h~"'. To determine
nuclear mVenus-RelA fluorescence levels in unstimulated WT and
Tnf~/~ BMDMs, the mean fluorescence values after background
adjustment over 60 min were used. For the co-culture experiments,
only NFkB trajectories with a maximum amplitude of >2.6 were
included in the analysis to avoid erroneous inclusion of WT (Rela™'*)
cells that had taken up Tnf~/~ Rela*”V cells by phagocytosis.

ELISA

For measurement of tonic TNF and stimulation-induced TNF secre-
tion, BMDMs were replated on Day 4 at a density of 22,000/cm? in
2.5 ml media in a six-well format. On Day 7 or 8, cells were stimu-
lated as indicated. At harvest time points, cell culture supernatants
were frozen at —80°C. TNF concentrations in supernatants were
determined by mouse TNF-alpha DuoSet ELISA (DY410-05)
according to the manufacturer’s instructions.

RT-qPCR

For determination of Ixkba mRNA levels, BMDMs were replated on
Day 4 at a density of 22,000/cm? in a six-well format. On Day 7 or
8, cells were stimulated as indicated. At harvest time points, cells
were placed on ice and lysed with 350 pl TRIzol reagent. Total RNA
was purified using Direct-zol RNA miniprep kit (Zymo Research).
cDNA was generated using iScript™ Reverse Transcription
Supermix (Bio-Rad) or LunaScript® RT SuperMix Kit (NEB). qPCR
was performed on the CFX384 Real-Time system (Bio-Rad) using
the SsoAdvanced Universal SYBR® Green Supermix (Bio-Rad) with
the following primer pairs: Ikba: 5- AGACTCGTTCCTGCACTTG,
5'- AGTCTGCTGCAGGTTGTTC; GAPDH: 5- AATGGTGAAGGTCGG
TGTG, 5- GTGGAGTCATACTGGAACATGTAG.

Western blotting

For determination of protein levels in whole-cell lysates, BMDMs
were replated on Day 4 at a density of 22,000/cm? in a six-well for-
mat. On Day 7 or 8, cells were stimulated as indicated. At harvest
time points, cells were placed on ice, washed in the plate with cold
PBS, lysed directly with p-mercaptoethanol-containing Laemmli
sample buffer (Bio-Rad), and incubated at 95°C for 5 min. Proteins
were separated by SDS-PAGE (Criterion TGX 4-5% gel, Bio-Rad)
and transferred to PVDF membranes using wet transfer. Blocking of
membranes was carried out in 5% bovine serum albumin (BSA) for
1h at room temperature (RT), followed by incubation with primary
antibodies at 4°C for 16 h. Membranes were incubated with appro-
priate HRP-conjugated secondary antibodies (Cell Signaling Tech-
nology) for 1h at RT and developed using Super Signal West Femto
and Super Signal West Pico Plus chemiluminescent substrate
(Thermo Scientific). The following primary antibodies were used: a-
A20 (sc-166692, 1:1,000), a-IKKp (CST2678, 1:1,000), a-phospho-
IKK (Ser176/180; CST2697, 1:1,000), a-phospho-JNK (Thr183/
Tyr185; CST4668, 1:1,000), o-phospho-ERK (Thr202/Tyr204;
CST4370, 1:1,000), a-phospho-p38 (Thr180/Tyr182; CST4511,
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1:3,000), and o-tubulin (T5201, Sigma-Aldrich, 1:5,000). Protein
levels were quantified by measuring mean gray value using ImageJ,
deducting background value per lane, and dividing by background-
corrected p-tubulin bands.

Electrophoretic mobility shift assay (EMSA)

For determination of nuclear NFkB activity, BMDMs were replated
on Day 4 at a density of 19,000/cm? in a 10 cm dish. On Day 7, cells
were stimulated as indicated. At harvest time point, cells were
washed with cold PBS and lysed in 100 pl cytosolic extract buffer
(10 mM HEPES pH 7.9, 10mM KCl, 0.1 mM EGTA, 0.1 mM EDTA,
freshly supplemented with 1mM DTT, 0.5mM PMSF, 4pg/ml
leupeptin, 1 pM pepstatin A, 0.01 TIU/ml aprotinin, and 1:100 phos-
phatase inhibitor cocktail I+1II [Calbiochem]). Cells were scraped,
transferred to microcentrifuge tubes, and incubated on ice for 5 min.
NP-40 was added to a final concentration of 0.2%, followed by a 30
s incubation, 30s vortexing, and 40s centrifugation at 12,000 g.
After removal of the supernatant, the nuclei were incubated in 10 pl
nuclear extract buffer (20 mM HEPES pH 7.9, 420 mM NaCl, 1.5 mM
MgCl, 0.2 mM EDTA, and 25% glycerol, supplemented as above) for
10 min, with 5s vortexing every 2min. Nuclear extracts were
cleared of debris by centrifugation at 16,000g for 5min at 4°C.
EMSA was performed as described previously (Hoffmann
et al, 2002; Ngo et al, 2020). 2.5 pl of nuclear extract were incubated
with 0.013 pmole *2P-labeled double-stranded oligonucleotide probe
in 2x binding buffer (10 mM Tris-HCI pH7.5, 50 mM NacCl, 10%
glycerol, 1% NP-40, 1 mM EDTA, and 0.1 mg/ml poly-dIdC) for 10
min. The following probes were used: 5-GCTACAAGGGACTTTCCG
CTGGGGACTTTCCAGGGAGG-3', 5-CCTCCCTGGAAAGTCCCCAGC
GGAAAGTCCCTT GTAGC-3' containing two consensus kB sites for
NFxB binding; 5'-GATTTTTTCCTGATTGGTTAAA-3; 5'-ACTTTTAA
CCAATCAGGAAAAA-3' for NF-Y binding as a normalization con-
trol. DNA-protein complexes were resolved on a non-denaturing
5% acrylamide (30:0.8) gel at 200V for 1:45h. The gel was dried
and used to expose a storage phosphor screen. The signal was mea-
sured using an Amersham Typhoon Imager (GE Healthcare). NFxB
bands were quantified by measuring mean gray value using ImageJ,
deducting background value per lane, and dividing by background-
corrected NF-Y bands.

Flow cytometry

To measure cell surface expression of CD120a (TNFR1), CD120b
(TNFR2), and CD11b, BMDMs were replated on Day 4 at a density
of 22,000/cm? in a six-well format. On Day 7, cells were stimulated
as indicated. At harvest time point, cells were placed on ice, washed
in the plate with cold PBS, harvested by gentle scraping in cold PBS,
and passed through a 40 pm cell strainer. After Fc blocking for 15
min using «a-CD16/32 antibody (BioLegend 101301, 1:50), each sam-
ple was split to be incubated with APC a-CD11b (BioLegend 101212,
1:333), APC-a-CD120a (BioLegend 113005, 1:100), or biotin
a-CD120b (BioLegend 113403, 1:100) for 45min. The a-CD120b-
stained sample was further incubated with APC-Strepavidin (BioLe-
gend 405207, 1:500) for 10 min. 7AAD (BioLegend 420404, 1:100)
was added as a viability dye. Flow cytometry was performed on
CytoFLEX flow cytometer (Beckman Coulter). Data were analyzed
using FlowJo v10. Median fluorescence intensity (MFI) of unstained
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control was deducted from MFI of stained samples before calcula-
tion of relative expression levels. For measuring cell surface expres-
sion of CD120a after TNFR1 siRNA transfection, cells were replated
on Day 4 in a 12-well format, transfected with siRNA 24 h before the
experiment, and analyzed using a-CD120a antibody as above.

Single-cell RNA-seq by Fluidigm

For single-cell gene expression measurements, app. 300,000 BMDMs
were plated in 6 cm dishes. On Day 7, cells were stimulated as indi-
cated. After 4 h, cells were washed with PBS, detached using Accu-
tase, and placed on ice at a density of app. 350,000 cells/ml in PBS.
Then, the Fluidigm C1 system was used for single-cell RNA-seq
using 3 mRNA HT IFCs. Paired-end 2 x 100 reads were collected on
an Illumina HiSeq at the Broad Stem Cell Research Center sequenc-
ing core at UCLA. Reads were quality filtered and adapter trimmed
with cutadapt (Martin, 2011). Demultiplexing was performed using
the Fluidigm C1 mRNA HT demultiplexer Perl script. Ribosomal
reads were removed from read 2 FASTQ files by alignment with
bowtie2 (Langmead & Salzberg, 2012). Gene-level counts were
obtained using RSEM with an mm10 reference (Li & Dewey, 2011).
QC was performed using SinQC (Jiang et al, 2016). Gene symbols
were assigned to gene IDs using biomaRt (Durinck et al, 2009). Cells
were retained if all the following conditions were met: at least
100,000 mapped reads, a mapping rate of at least 0.6, library com-
plexity of at least 0.4, number of detected genes between 2,000 and
4,300, and a fraction of mitochondrial reads < 12%. This resulted in
545 high-quality cells retained. Seurat was used to log-normalize
counts, regressing out sequencing depth (Hao et al, 2021). UMAP
was performed using the uwot R package on the first 20 PCA com-
ponents, with 20 neighbors, a learning rate of 0.1, and a scaled PCA
initialization (Melville, 2022). Differential gene expression analysis
was performed with Seurat (min log fold-change threshold of 0.1
and min percent difference of 0.05). Average of all pairwise dis-
tances between gene expression in TNF- and P3C4-stimulated cells
was calculated by computing the Euclidean distance between cell
values along the first 20 PCA components.

H3K4mel ChiP-seq

For H3K4mel ChIP-seq, BMDMs were replated on Day 4 at a density
of 19,000/cm? in a 10 cm dish. On Day 7, cells were stimulated as
indicated. After 8 h, BMDMs were cross-linked with 1% formalde-
hyde, quenched with 125 mM glycine, frozen, and stored at —80°C.
Cell lysis, chromatin fragmentation, H3K4mel immunoprecipitation
using Abcam ab8895 antibody, RNAse treatment, crosslinking rever-
sal, DNA fragment purification, sequencing library preparation, and
Illumina sequencing at Technology Center for Genomics & Bioinfor-
matics at UCLA were performed as described (Cheng et al, 2021).
MACS?2 version 2.1.0 was used in broad mode to identify peaks for
each sample using pooled input samples as control, FDR < 0.01, and
extension size of average fragment length (Zhang et al, 2008). These
peaks were merged to generate a single reference peak file, and the
number of reads in each peak was counted using deeptools multi-
BamSummary with extension size of average fragment length.
edgeR was used to construct a negative binomial model, and induc-
ible peaks were identified in any stimulation condition compared to
unstimulated by FDR < 0.05 and log,FC > 1 (Robinson et al, 2010).
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Out of > 89,000 peaks, 1,515 were identified as de novo, stimulus-
inducible peaks. Read counts were normalized to counts per million
for each sample. Heatmaps were generated with the pheatmap R
package. Analysis of transcription factor motif enrichment was
performed using findMotifsGenome function in the HOMER suite,
using the entire width of differential peaks as foreground and all
detected peaks as background (Heinz et al, 2010).

Mathematical modeling

A well-established ordinary differential equations (ODE) model of
NFkB signaling was used to investigate the mechanisms responsible
for altered NFxB dynamics (Adelaja et al, 2021). The importance of
13 parameters within the TNF module in determining oscillations
was analyzed by parameter scanning, increasing or decreasing
default values by 10*%! to 10*! times (10 values spaced logarithmi-
cally). Five parameters were found to control the oscillatory poten-
tial: increase ksq, decrease kg;, increase kg, decrease kg3, and
increase kgs. To model the heterogeneity of cells, a (joint) log-
normal distribution of the chosen parameters (ks4, kg1, ko2, ko3, and
kss) was used with the variance specifying that 99% of the values
locate within a twofold range. To model Tnf/’ cells, the means of
parameter distributions were changed by 10¥*!. Single and paired
parameters were sampled. Oscillation power was calculated for each
simulated single-cell trajectory using FFT in the frequency band
0.33 to 1h™!. Cells were categorized as oscillatory if they passed a
threshold of 2x107*uM*h~'. To investigate whether increasing
NF«B abundance could rescue the oscillations in Tnf™/~, the total
amount of NFkB was changed from 0.08 pM to 0.1 pM (1.25%). A
total of 2,000 cells and 1,000 cells were simulated for the “WT” ver-
sus “Tnf/~” comparison and “I1x NFkB” versus “1.25x NFkB”
comparison, respectively. The ODE model was solved in Matlab
using odel5s. Simulations involved a first phase to establish steady
state, and then a second phase of TNF stimulation. All the results
are visualized in MATLAB.

Experimental design and statistical analysis

Unless otherwise indicated, biological replicates are reported,
which were produced using independent BMDM preparations from
different mice on different days. Experimental samples were
blinded by using numbering codes for sample tubes by which the
sample could be processed without awareness of its role in the
experimental design. The limited availability and high cost of pro-
curing samples determined the sample size for some experiments.
Statistical tests were performed as described in the figure legends.
In brief, differences in means and medians of read-outs were tested
using t-tests or Wilcoxon rank-sum tests, respectively, as appropri-
ate for the assumed underlying distribution shape and variance.
Differences in distributions were compared using the Kolmogorov-
Smirnov test.

Data availability
The code to perform the mathematical modeling simulations is

available here: https://github.com/signalingsystemslab/TNFKO_
NFkB_dynamics_modeling.
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The code for MACKtrack for automated cell segmentation, track-
ing, and quantification is available here: https://github.com/
signalingsystemslab/MACKtrack.

The code to calculate NFkB dynamics features is available here:
https://github.com/signalingsystemslab/nfkb_dynamic_features.

The single-cell NFkB trajectories are available as Source Data.

The scRNA-seq and ChIP-Seq datasets produced in this study are
available in the following databases:

« Single-cell RNA-seq by Fluidigm: Gene Expression Omnibus
GSE209565 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc =
GSE209565.

» H3K4mel ChIP-Seq: Gene Expression Omnibus GSE209565 https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE209565.

Other data are available upon request.
Expanded View for this article is available online.
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Expanded View Figures

Figure EV1. Supplementation of Tnf” BMDMs culture media with low-dose TNF only partially restores TNF-induced NFkB oscillations and co-culture with
WT BMDMs does not.

A-F Nuclear localization of mVenus-RelA upon stimulation with 10 ng/ml TNF was measured over time by fluorescence microscopy in Tnf '~ Rela””’V BMDMs cultured
for 4 days in the absence or presence of 250 pg/ml TNF (“preTNF”) (A-C) or 85% WT (Rela”") (non-fluorescent) cells (D—F). Nuclear mVenus-RelA was quantified by
automated image analysis. (A, D) Each row of the heatmap represents the NFkB signaling trajectory of one cell. Trajectories are sorted by maximum amplitude.
Example trajectories are shown below. Data from a single representative experiment are depicted. (B, E) Indicated dynamic features were calculated from signaling
trajectories. Violin plots depict pooled data from three biological replicates (total # of cells: 2,211/1,791) (B) or six biological replicates (total # of cells: 12,059/1,889)
(E). Marker indicates median of distribution. Statistical significance was determined by Wilcoxon rank-sum test. Number indicates logo(P-value). (C, F) Percentage
of cells with NFkB trajectories categorized as oscillatory based on a frequency threshold among all responder cells in each experiment. Data are represented as
mean =+ SD of three (C) or six (F) biological replicates. Statistical significance was determined by one-tailed paired-sample t-test. (D—F) For the co-culture experi-
ment, only NFkB trajectories with a max amplitude of > 2.6 were included in the analysis to avoid erroneous inclusion of WT (Rela*’*) cells that had taken up Tnf
'~ Rela"" cells by phagocytosis.
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Figure EV2. Potential mechanisms controlling the oscillatory content in TNF-induced NFkB dynamics.
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Total IKK levels in unstimulated WT and Tnf‘/’ BMDMs, determined by SDS—PAGE followed by western blotting. (Left) Western Blot of total IKK and p-tubulin (B-
tub.) of samples from three independent sets of BMDMs generation (M1-M3). (Right) For quantification, IKK levels in Tnf” cells were expressed as percentage of
IKK levels in WT cells. Data are represented as mean = SD of three biological replicates. Statistical significance was determined by two-tailed one-sample t-test
using a hypothesis mean of 100.

Levels of nuclear NFkB DNA-binding activity in WT and Tnf” BMDMs stimulated with 10 ng/ml TNF over 2 h, determined by EMSA. (B) One representative exper-
iment is shown. The kB-site probe binds NFkB. The NF-Y probe serves as normalization control. (C) Quantification of the NFkB-DNA complex was normalized to
the quantified NFY-DNA complex, and then to maximum WT value in each replicate. Data are represented as mean =+ SD of three biological replicates. Statistical
significance was determined by two-tailed paired-sample t-test for each time point. Data for Tnf/’ BMDMs are also shown in Fig 4E.

Quantification of p-ERK p44 (D) and p-p38 (E) levels in WT and Tnf“/‘ BMDMs stimulated with 10 ng/m| TNF over 2 h, determined by western blotting as in

Fig 2C. Basal levels (0 min) were deducted per genotype before normalizing to maximum WT value in each replicate. Data are represented as mean =+ SD of three
biological replicates. Statistical significance was determined by two-tailed paired-sample t-test for each time point.
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Figure EV3. Mechanisms regulating TNF receptor turnover and signaling control oscillatory content in TNF-induced NFkB dynamics.

A, B Distribution of parameters and parameter combinations that can mediate less oscillatory responses used to simulate heterogeneous single-cell NFxB trajectories
in “WT” and “Tn]“”” models in Fig 3B (A) or Fig EV3C (B). The “Tnf/”’ population was modeled by shifting the mean of the parameter distributions by 10%*x or
107%x.

C Simulated single-cell NFkB dynamics upon TNF stimulation over 8 h (heatmaps) in “WT” and “Tnf/”’ models (row 1, row 2) as in Fig 3B. Results using parameters
and parameter combinations that can mediate less oscillatory responses not shown in Fig 3B are shown here. Percentage of cells with oscillatory NFkB trajectories
among all simulated responder cells (row 3) and oscillation power of simulated NFkB trajectories (row 4) are shown below. A total of 2,000 cells were simulated.
Marker indicates median of distribution. Statistical significance was evaluated by Kolmogorov—-Smirnov test. Number indicates log,o(P-value).

D  Simulated average IKK activity over 8 h in mathematical models of TNF-induced NFxB dynamics in “WT” and “Tnf /=" cells, as in (C).

E Simulated mean TNF receptor levels at steady state in mathematical models of TNF-induced NFxB dynamics in “WT” and “Tnf/"’ cells, as in (C).

F TNF receptor 1 (TNFRL, left), TNF receptor 2 (TNFR2, center), and CD11b (right) cell surface expression in WT and Tnf“/’ BMDMs unstimulated or stimulated for
30 min with 10 ng/ml TNF, measured by flow cytometry. Data are represented as mean + SD of three culture replicates. One of three biological replicates is
shown. Statistical significance was determined by unpaired two-tailed t-test. MFI, median fluorescence intensity.

G Nuclear localization of mVenus-RelA upon stimulation with 10 ng/ml TNF was measured over time by fluorescence microscopy in BMDMs of indicated genotypes
pre-treated with TNFR1 siRNA, control (ctrl) siRNA, or untreated (—). Nuclear mVenus-RelA was quantified by automated image analysis. Each row of the heatmap
represents the NFkB signaling trajectory of one cell. Trajectories are filtered for responding cells and sorted by maximum amplitude. Data from one of three bio-
logical replicates are depicted.
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Figure EV4. NFkB EMSA in Tnf ~/~ BMDMs and
Tnf ~/~p100~/~ BMDMs.

Levels of nuclear NFkB DNA-binding activity in Tnf/~
and Tnf~/~p100~/~ BMDMs stimulated with 10 ng/ml
TNF over 2 h, determined by EMSA. One representative
experiment is shown. The kB-site probe binds NFxB.
NFY probe serves as normalization control.
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