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INNATE IMMUNITY

NF-kB signaling dynamics is controlled by a
dose-sensing autoregulatory loop

Mialy M. DeFelice'*, Helen R. Clark?3*, Jacob J. Hughey1*, Inbal Maayan’, Takamasa Kudo?,
Miriam V. Gutschow'’, Markus W. Covert'¥, Sergi Regot****

Over the last decade, multiple studies have shown that signaling proteins activated in different temporal patterns,
such as oscillatory, transient, and sustained, can result in distinct gene expression patterns or cell fates. However,
the molecular events that ensure appropriate stimulus- and dose-dependent dynamics are not often understood
and are difficult to investigate. Here, we used single-cell analysis to dissect the mechanisms underlying the stimulus-
and dose-encoding patterns in the innate immune signaling network. We found that Toll-like receptor (TLR) and
interleukin-1 receptor (IL-1R) signaling dynamics relied on a dose-dependent, autoinhibitory loop that rendered
cells refractory to further stimulation. Using inducible gene expression and optogenetics to perturb the network
at different levels, we identified IL-1R-associated kinase 1 (IRAK1) as the dose-sensing node responsible for limiting
signal flow during the innate immune response. Although the kinase activity of IRAK1 was not required for signal
propagation, it played a critical role in inhibiting the nucleocytoplasmic oscillations of the transcription factor NF-kB.
Thus, protein activities that may be “dispensable” from a topological perspective can nevertheless be essential in
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shaping the dynamic response to the external environment.

INTRODUCTION

Living cells encounter an overwhelming amount of biological,
chemical, and physical information that must be identified and
quantified appropriately to elicit an appropriate response (I). Un-
derstanding how cells process all of this information requires un-
covering the link between the organization of signaling components
(that is, the topology of the pathway) and their temporal patterns of
activity (that is, their dynamics) (2). Although cell population-based
studies have been critical to map the topology of signaling networks,
the complexity of the temporal patterns of signaling was underap-
preciated before the advent of live single-cell studies. Unsynchronized
oscillatory patterns of activity have been found in various pathways
including those involving the extracellular signal-regulated kinase
(ERK) (3-5), the tumor suppressor p53 (6-8), and the innate immu-
nity regulator and transcription factor nuclear factor kB (NF-«B)
(9-12). These pathways respond to a broad spectrum of stimuli and
execute specific gene expression programs by precisely regulating
the stimulus- and dose-dependent dynamics of kinase and transcrip-
tion factor activity (11, 13-15). However, these dynamics cannot be
predicted solely based on the topological organization of signaling
components. The signaling nodes and circuit patterns that ensure
appropriate dynamics are not often understood.

The innate immune signaling network displays oscillatory
dynamics in response to a wide range of cytokines and pathogen-
associated molecular patterns (PAMPs) (16, 17). These molecules
activate distinct cell surface receptors, including the tumor necrosis
factor receptor (TNFR), the interleukin-1 receptor (IL-1R), and
Toll-like receptors (TLRs). However, they signal through the same
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pathways, the stress-activated protein kinases c-Jun N-terminal
kinase (JNK) and p38, and the transcription factor NF-xB (18, 19),
to name a few. Mechanistically, NF-xB oscillations from the nu-
cleus to the cytoplasm in response to tumor necrosis factor o
(TNFa) are due to transcriptionally induced negative regulators,
such as IxBa or A20 (20). The oscillation frequency is highly vari-
able between isogenic cells and heavily influenced by both extrinsic
noise (for example, the availability of transcriptional and transla-
tional machinery) and intrinsic noise (for example, the probability
of transcription bursting) (17). This heterogeneity is important to
mitigate biological noise and increase robustness at the population
level (21, 22).

Differences in dynamic signaling patterns also lead to distinct
phenotypic outcomes (23). Moreover, multiple studies have suggested
that gene expression can be quantitatively and qualitatively regulated
by transcription factor dynamics (13, 24-26). We previously reported
a combined measurement of both signaling dynamics and global
transcription output in the same individual cells. This study demon-
strated that cells displaying different temporal patterns of NF-xB
activity execute distinct cytokine expression patterns (15).

It is therefore clear that developing an accurate, fundamental
understanding of the innate immune response will depend on eluci-
dating the factors that shape the dynamic response. However, the
molecular mechanisms dedicated to fine-tune NF-kB signaling
dynamics remain elusive. Here, we used live single-cell analysis, new
optogenetic tools, and CRISPR to describe the mechanistic basis of
NEF-«B signaling dynamics. Previous studies have used optical strate-
gies to model dynamic behaviors (14, 27, 28), and others have used
population-based studies to investigate mechanisms (29-33); here,
we bridged these studies by using optical tools to identify the mecha-
nistic basis of signaling dynamics in single cells.

RESULTS

TLRA4 elicits nonmonotonic dose-encoding NF-kB dynamics
The innate immune network is activated by multiple cytokines and
PAMPs, such as TNFa, LPS (lipopolysacharide), and IL-1p. These
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three molecules bind to different cell surface receptors (TNFR,
TLR4, and IL-1R, respectively) but signal through the same mitogen-
activated protein kinase (MAPK) kinase kinase (MAP3K) TAK1
(transforming growth factor B-activated kinase 1). TAK1 stimulates
the nuclear translocation of NF-kB through IxB kinase-mediated
degradation of IxBa and the activation of the MAPKs JNK and p38.
However, whereas LPS and IL-1 activate TAK1 through the same
complex, which involves the adaptor MyD88, IRAK4, IRAK1,
or IRAK2 and the E3 ubiquitin ligase TRAF6, TNFo uses a dif-
ferent set of upstream components, which include the adaptor
TNF receptor-associated death domain (TRADD), TNF receptor-
associated factor 2 (TRAF2), TRAFS5, and receptor-interacting
protein 1 kinase (RIP1) (Fig. 1A) (34, 35).

To determine the dose-response kinetics of NF-kB signaling in
response to different stimuli, we stimulated RelA (also known as
p65)-deficient mouse embryonic fibroblasts (RelA_/_) expressing
p65-DsRed with TNFa, LPS, or IL-1B and measured the dynamics
of p65 nuclear translocation at the single-cell level (Fig. 1B and
fig. S1). Our data showed that whereas increasing concentrations of
TNFo monotonically increased the number of NF-kB oscillations
per cell, increasing concentrations of either LPS or IL-1pB decreased
NF-«B oscillations (Fig. 1C). Additional analysis of NF-kB signal-
ing dynamics showed that other parameters such as area under the
curve, percentage of responding cells, or amplitude of the first peak
monotonically increased with TNFo or IL-1p concentration (fig. S2).
Furthermore, the LPS dose-encoding pattern showed a statistically
significant nonmonotonic behavior by which low and high concen-
trations stimulated fewer oscillations compared to intermediate
concentrations. These data suggest that a dose-dependent inhibition
of signal flow occurs during TLR and IL-1R signaling.

TLR and IL-1R stimuli render cells cross-tolerant to further
stimulation in a dose-dependent manner

Previous studies have shown that refractory periods within the
NF-«B signaling network exist (36). In addition, the qualitative
difference observed between the dose-encoding patterns of differ-
ent innate immune signaling molecules suggested that NF-«B acti-
vation may be temporarily inhibited after TLR and IL-1R signaling.
Thus, we performed sequential stimulation with all combinations
of TNFao, LPS, and IL-1f. Briefly, we stimulated cells with a primary
input for 30 min, which was followed by a 3-hour recovery period
and a secondary stimulation (Fig. 2A). Individual cells were tracked,
and NF-xB translocation dynamics were recorded throughout the
experiment.

We observed that cells that were stimulated first with TNFo
responded to any secondary stimulus. However, cells that were
stimulated first with high doses of LPS or IL-1B were refractory
(or “cross-tolerant”) to a secondary stimulus through TLR or IL-1R.
Furthermore, these same cells responded normally to a secondary
TNFa stimulus, indicating that the TAK1-NF-xB signaling axis
was fully functional (Fig. 2B). Whereas receptor inactivation (for
example, by endocytosis) might explain tolerance to the same stim-
ulus, the fact that cells were also refractory to other TLR or IL-1R
ligands suggests a common mechanism downstream of the receptor.
The cross-tolerance effect was dose dependent: Cells stimulated first
with a low dose of IL-1B or LPS were responsive to any secondary
stimulus (Fig. 2B and fig. S3A). These results confirm that a high
dose of TLR or IL-1R ligand renders the cells insensitive to a subse-
quent stimulus through these receptors.
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To test whether this negative feedback affected signaling down-
stream of TAK1, we used our previously described kinase transloca-
tion reporter (KTR) technology to measure JNK activity (37) in the
same sequential stimulation experiments. Specifically, JNK KTR
transforms JNK kinase activity into the nucleocytoplasmic translo-
cation of a single fluorescent protein that can be easily measured by
epifluorescence. Our results showed that TLR- and IL-1R-dependent
JNK activation was also abolished in cells previously stimulated with
high doses of LPS or IL-1 (Fig. 2C). In summary, these results sug-
gest that the mechanism responsible for the cross-tolerance effect
targets signaling upstream of TAK1 and downstream of the recep-
tors TLR4 and IL-1R.

Optogenetic control of signaling at the MyD88 and TRAF6
nodes identifies IRAK1 as the mechanism of dose-dependent
cross tolerance

To identify the molecular mechanism leading to dose-dependent
cross-tolerance, we aimed to develop molecular tools to control
signaling at different nodes in the network. TLR and IL-1R signaling
is initiated by receptor-mediated nucleation of the Myddosome, a
macromolecular complex composed of multiple subunits of MyD88,
IRAK4, and IRAK1/2 (38). Within this complex, IRAK4 activates
IRAKT1 to recruit the RING finger ubiquitin ligase TRAF6 that
mediates TAK1 activation (33, 39). The fact that multimerization
is a recurrent mechanism to activate signaling in this pathway
suggested that a light-induced aggregation of key pathway interme-
diates may be sufficient to elicit signaling. The flavoprotein crypto-
chrome 2 mutant (Cry2o) has previously been shown to aggregate
in response to blue wavelength light (40). We fused this protein to
MyD88 (OptoMyD88) (Fig. 3A) as well as the N-terminal ubiquitin
ligase domain of TRAF6 (OptoTRAF6) (Fig. 3B) and expressed these
in NF-kB reporter cells. We found that a brief pulse of blue light
[470/24-nm excitation coupled to a fluorescein isothiocyanate (FITC)
filter] caused robust nuclear translocation of NF-xB comparable to
cytokine-induced responses (Fig. 3, C and D).

Next, we tested whether optically induced signaling with OptoTRAF6
or OptoMyD88 renders cells cross-tolerant to further TLR or IL-1R
stimulation and vice versa. Our results showed that activation of
signaling at the MyD88 level with OptoMyD88 strongly inhibited
secondary TLR or IL-1R signaling (Fig. 3E), but not TNFR signaling
(fig. S3B). However, signaling at the TRAF6 level with OptoTRAF6 did
not inhibit further signaling (Fig. 3F). Conversely, OptoTRAF6 was
able to bypass TLR- and IL-1R-induced tolerance, and OptoMyD88
was not (Fig. 3, E and F).

These data suggest that the mechanism of tolerance originates and
acts upstream of TRAF6 and downstream of MyD88, leaving only
the IRAK proteins as potential candidates for the cross-tolerance
mechanism. To determine whether tolerant cells activate IRAK4
and/or IRAK1 in response to TLR or IL-1R stimulation, we performed
immunoblotting assays against the active phosphorylated form of
IRAK4 and total IRAK1 (Fig. 4A). These experiments showed
that IL-1PB induced IRAK4 phosphorylation in both tolerant cells
primed with cytokine stimulation and nontolerant cells primed with
OptoTRAF6 stimulation (Fig. 4B and fig. S4). As previously de-
scribed, IRAK1 levels appear to decrease upon TLR or IL-1R stimu-
lation (30), and these levels remain low at the time of secondary
stimulation (Fig. 4C). In contrast, cells stimulated with OptoTRAF6
(i.e., nontolerant cells) did not show any decrease in IRAK1 abun-
dance (Fig. 4C). Together, these data suggest that when cells are in
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Fig. 1. The TNFR and TLR or IL-1R elicit qualitatively
different dose-dependent NF-xB dynamics. (A) Sche-
matic representation of the innate immune signaling
network. TNFo, LPS, and IL-1f activate innate immune
signaling through different receptors and signaling pro-
teins. Although TLR4 (LPS) and IL-1R (IL-1B) share most
signaling components, TNFR (TNFa) signals through dif-
ferent proteins. Both cascades lead to activation of NF-xB
and MAPK signaling via TAK1. (B) Parental strain (PS) cells
(NIH3T3, RelA™"~, p65-dsRed, H2B-EGFP) were treated with
increasing concentrations (top to bottom) of indicated
stimuli, imaged, and quantified as described in Materials
and Methods (see sections on live-cell imaging and seg-
mentation and tracking). Five randomly selected traces
from >2000 are shown per condition. Traces have been
aligned to their first peak for clarity. (C) Peak counting
quantification (see Materials and Methods for details) of
the data presented in (B). Fractions of cells with more than
one, two, or three peaks are shown to highlight popula-
tion distribution. Data are representative of three indepen-
dent experiments. High versus Low, ***P < 0.001 by y? test.
For TNFa, LPS, and IL-1B, >6700, 9600, and 11,600 cells,
respectively, were analyzed across concentration.

a tolerant state, subsequent signaling can still
activate IRAK4 but not IRAK1. Previous studies
have shown that the apparent decrease of IRAK1
abundance in response to stimulation is revers-
ible by treating protein extracts with phospha-
tases and deubiquitinating enzymes, indicating
that IRAK1 is not degraded but heavily modi-
fied under stimulation (41). In fact, endogenous
IRAKT1 is heavily modified upon IL-1 treat-
ment (fig. S5A). Thus, one possibility is that
IRAK1 posttranslational modification is nega-
tively regulating IRAK1 function and render-
ing cells cross-tolerant to further stimulation.
To more directly test whether unmodi-
fied IRAK1 was able to bypass the tolerant
state, we infected a wild-type (WT) NF-xB
reporter—expressing cell line with a lentiviral
vector containing IRAK1 under the control
of a doxycycline-inducible promoter. This
strategy enabled us to test whether expression
of IRAK1 before or after the primary stimula-
tion is enough to bypass tolerance. We found
that doxycycline-induced expression of IRAK1
after the primary stimulation enabled cells to
respond to a secondary stimulation (Fig. 5A).
However, overexpression of IRAK1 before pri-
mary stimulation resulted in increased dura-
tion of the NF-kB primary response but did
not bypass tolerance (Fig. 5A). These data sug-
gest that IRAK1 levels are limiting the primary
response, which is, in turn, coupled to IRAK1
inactivation by posttranslational modification.
Thus, newly synthesized (i.e., unmodified)
IRAKT1 after the primary stimulus allows cells
to respond to the secondary IL-1B stimula-
tion (Fig. 5B). The ability of IRAK1 to bypass
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Fig. 2. TLR and IL-1R stimuli render cells cross-tolerant to further stimulation. (A) Schematic representation of the experimental timeline. During tolerance experi-
ments, cells were stimulated with a primary (1°) and secondary (2°) stimulation for 30 min with an intervening rest period of 3 hours. Traces of NF-kB activity during the
secondary response were converted to heatmaps, where rows indicate individual cells, columns indicate time, and the grayscale colormap represents nuclear to cyto-
plasmic median intensity ratio of p65-DsRed. (B and C) PS cells (RelA™~, p65-DsRed, H2B-EGFP) expressing JNK-KTR-mCerulean3 were stimulated with different combinations
of primary and secondary inputs as indicated [TNFa (10 ng/ml), LPS (5 ug/ml), IL-1B (1 ng/ml), IL-1BLow (0.1 ng/ml)] and monitored for NF-xB (B) and JNK (C) activity. Time
period for secondary stimulation only is shown for clarity. Purple lines over heatmaps indicate time period when cells were in secondary stimulus. Cells were filtered to
include only those responding to the primary stimulus. Data represent two independent experiments (n > 300 cells per condition, >9000 cells total).

tolerance is specific because cells overexpressing either MyD88 or
TRAF6 remained insensitive to a second stimulus (fig. S5, B and C).
Together, our data suggest that IRAK1 has a dual role in controlling
signal flow: IRAK1 abundance is required for signal propagation
(30, 39), and at the same time, its posttranslational modification
inhibits signaling after a primary stimulation.

We observed that IRAK1 formed aggregates in response to either
LPS or IL-1P (Fig. 5C). This IRAK1 aggregation was highly hetero-
geneous between isogenic cells and depended on TLR or IL-1R sig-
naling, because TNFa failed to aggregate IRAKI (fig. S6A). Because
IRAKI clustering occurred after NF-«B activation and persisted long
after stimulation, we hypothesized that it may be correlated with the
inhibitory function of IRAKI1 rather than the signal propagation func-
tion. Therefore, we further explored the relationship between IRAK1
clustering and signaling dynamics by stimulating cells expressing fluo-
rescently tagged IRAK1 with IL-1B or LPS and measuring both NF-xB
dynamics and IRAK1 clustering in each individual cell. Our results
showed a negative correlation between IRAK1 clustering and NF-xB
oscillations. In fact, grouping of cells based on the degree of IRAK1
clustering was able to predict oscillatory behavior (Fig. 5, D and E,
and fig. S6B). Moreover, the percentage of IRAK1 clustered cells in-
creased with IL-1P concentration as expected (fig. S6C). In addition,
varying the resting period between primary and secondary stimula-
tion showed that the percentage of responding cells inversely cor-
related with IRAK1 posttranslational modification and clustering
(fig. S6, D and E). These data suggest that IRAK1 cluster formation
regulates signaling dynamics in the innate immune signaling network.

DeFelice et al., Sci. Signal. 12, eaau3568 (2019) 30 April 2019

IRAK1 kinase activity is critical to regulate signaling
dynamics in the innate immune signaling network

To mechanistically understand the dual role of IRAKI1 in regulat-
ing NF-kB signaling dynamics, we aimed to uncouple the positive
and negative activities of IRAK1 using specific point mutations.
First, we generated an NIH3T3 Irakl knockout cell line with
CRISPR-Cas9 (Irakl-KO) and complemented it with WT IRAK1
or one of several IRAK1 mutants, including the nonphosphorylat-
able IRAK12%A and the kinase-deficient IRAK1K23S (IRAK1XP)
(29, 42). Irak1-KO cells were not responsive to IL-1B or LPS,
confirming that signaling in the complemented cell lines was exclu-
sively due to reconstituted IRAK1 (fig. S7A). Both NF-kB dynamics
and IRAKI1 posttranslational modification in response to IL-1B
stimulation were determined for each cell line (fig. S7, B and C).
Our results showed that only the IRAK1¥® mutant was able to
propagate the signal but unable to undergo posttranslational modi-
fication (Fig. 6A). Previous studies have suggested that IRAK1
kinase activity is dispensable for signaling; however, the lack of
posttranslational modification prompted us to ask whether these
cells could still activate tolerance or not. Because of the increased
duration of NF-xB response between the IRAK1-reconstituted
and WT cells, we increased the recovery period between glrimary
and secondary stimulation to 8 hours. Whereas IRAK1"' " cells
were still tolerant, IRAK1®P cells were responsive to a secondarg
stimulation of TLR or IL-1R (Fig. 6B), suggesting that IRAK1*
cells are capable of signaling but show impaired tolerance. To-
gether, these data indicate that the inhibitory role of IRAK1
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depends on its own kinase activity constituting a negative autoregula-
tion loop. Although these two roles appear to oppose, the inhibitory
function of IRAK1 is only present at high ligand concentrations,
allowing cells to tightly control the dose response of the pathway in

a single node.
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Fig. 3. Optogenetic control of signaling at
MyD88 and TRAF6 nodes maps the cross-
tolerance mechanism to IRAK proteins. (A and B)
Schematic representation of OptoMyD88 (A) or
OptoTRAF6 (B) activation of innate immune sig-
naling. Upon light stimulation, Opto tools acti-
vate their respective downstream proteins labeled
inlight green. (Cand D) Cells (NIH3T3, p65-mRuby,
H2B-iRFP) expressing OptoMyD88 (C) or OptoTRAF6
(D) under the Tet-responsive element third-
generation (TRE3G) promoter were incubated in
doxycycline (2 ug/ml) overnight and stimulated
with either IL-1B (1 ng/ml) or light (470/24 nm,
five 250-ms pulses with 5-min intervals). Repre-
sentative NF-xB localization images before and
after indicated stimuli are shown. Experiment
was performed with a 10x objective. Scale bars,
50 um. (E and F) Secondary response heatmaps
of NF-xB nuclear translocation in OptoMyD88
(E) or OptoTRAF®6 (F) cells with varied primary (1°)
and secondary (2°) stimulations (experimental
timeline as in Fig. 2A). Cells were incubated in
doxycycline (2 pg/ml) overnight and treated with
TNFa (10 ng/ml), IL-1B (1 ng/ml), light (470/24 nm,
250-ms pulses), or medium for 30 min (purple
bars). Data represent three independent experi-
ments (n > 100 cells per condition). Cells were
filtered to include only those responding to
the primary stimulus, except for those with no
primary stimulus.

Because IRAKI clustering is cor-
related with inhibition of NF-«kB oscilla-
tions and IRAKI1 kinase activity appears
to be important for the inhibitory role
of IRAK1, we hypothesized that IRAK1
kinase activity may be necessary to in-
duce clustering. To address this question,
we expressed a fluorescent IRAK1*P
and stimulated cells with TLR or IL-1R
ligands. As expected, IRAK1*P was
unable to aggregate after stimulation
(Fig. 6, Cand D, and fig. S8A). Together,
our data suggest that both IRAK1 post-
translational modification and clustering
depend on IRAKI1 kinase activity and
correlate with the inhibitory function of
IRAKI.

The ability to uncouple the positive
and negative functions of IRAKI1 further
enabled us to interrogate the role of
IRAKI1 autoinhibition in regulating sig-
naling dynamics. Thus, we expressed
IRAKIWT or IRAK1*? in our reporter
cell line (RelA™"", p65-DsRed) and re-
corded single-cell NF-xB dynamics

under multiple concentrations of IL-1B and TNFa. Results showed
that IRAK1XP-expressing cells had significantly more NF-xB oscil-
lations than IRAK1"" cells at high concentrations of IL-1p (Fig. 6E),
but not with high TNFo concentrations (fig. S8B). Therefore, we
conclude that the dual role of IRAK1 in innate immune signaling is
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Fig. 4. Low IRAK1 abundance correlates with the cross-tolerant state. (A) Schematic detailing of stimulation and sample collection timeline for Western blotting. Cells
were stimulated with primary stimuli as indicated [IL-18 (1 ng/ml), green; OptoTRAF6 (light, 488 nm), orange] and sampled at 0, 5, and 15 min after primary stimulation.
Cells were washed after 30 min of primary stimulation, allowed to recover for 3 hours, challenged with secondary stimulation of IL-1B, and sampled at 0, 5, and 15 min.
(B) Quantification of immunoblots for phosphorylated IRAK4 (pIRAK4) in cells treated with light (orange) or IL-18 (green) and subjected to a secondary IL-1 stimula-
tion. pIRAK4 abundance was first normalized to a B-actin loading control, and then fold change compared to the unstimulated condition (first time point) was calculated
for each sample and normalized between zero and one across all time points. Data are means + SD of three independent experiments. n.s., not significant by a t test.
Representative blots are shown for the last three time points for both IL-1p and OptoTRAF6 primary conditions. Full blots and additional stimulation combinations are
presented in fig. S4. (C) Quantification of Western blots for IRAK1, as described in (B). IRAK1 expression was first normalized to a B-actin loading control, and then fold
change to the unstimulated condition was calculated for each sample. Data are means + SD of three independent experiments. *P < 0.05 by a t test. Representative blots
are shown for the last three time points for both IL-1B and OptoTRAF6 primary conditions. In (B), full blots and additional stimulation combinations are shown in fig. S4.

dose dependent; low ligand concentrations trigger signaling depen-
dent on IRAKI abundance, whereas high concentrations trigger
IRAKI1 autoinhibition, which is critical to inhibit further signaling
(Fig. 6F). We note that even in IRAK1*P cells, the oscillatory dynam-
ics is reduced at high IL-1B concentrations, suggesting that other
mechanisms may be in place to terminate the signal. In addition,
these data suggest that although IRAKI1 kinase activity is not neces-
sary for signal propagation, it is important to terminate NF-«xB
pathway activity.

DISCUSSION

In higher eukaryotes, the innate immune network is activated by a
broad spectrum of cytokines and PAMPs. These stimuli must be pre-
cisely identified, quantified, and integrated because insufficient or
exaggerated immune responses can have devastating consequences.
Although the main components of the innate immune signaling net-
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work have been identified, the mechanisms and circuit topologies
that ensure appropriate stimuli- and dose-dependent signaling are
unclear. Here, we used live-cell biosensors combined with opto-
genetics to identify molecular determinants of innate immune
signaling dynamics.

Our data show that NF-«xB oscillatory dynamics depend on the
nature of the stimulation. Whereas increasing doses of TNFa mono-
tonically augmented the number of oscillations per cell, increasing
doses of either LPS or IL-1P decreased NF-«B oscillations. High con-
centrations of TLR or IL-1R ligands led to an abbreviated response
and rendered the cells insensitive to further stimulation. Moreover,
the effect of LPS concentrations on NF-kB dynamics was nonmono-
tonic; the signaling responses of greatest duration were elicited at
intermediate concentrations. Nonmonotonic behaviors have been ob-
served in transcriptional networks but are rarely found in signaling
networks (43-45). This innate immune nonmonotonic signaling may
help prevent the harmful effects of enhanced inflammation.
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Fig. 5. Expression of unmodified IRAK1 protein bypasses tolerance. (A) Induced expression of IRAK1 after primary stimulation. Cells containing TRE3G::IRAK1-Clover
were incubated without doxycycline (No dox), with doxycycline (2 pg/ml) at the time of primary stimulation (Dox), or 24 hours overnight (24 hour dox). Cells were stimulated
with IL-1B (1 ng/ml) and imaged as described in Materials and Methods. After 30 min, cells were washed and allowed to recover for 3 hours and stimulated again with
IL-1B (1 ng/ml). Red arrows indicate sample collection points for the Western blot shown in (B). Two-dimensional histograms show the distribution of peak amplitudes of
nuclear/cytoplasmic NF-kB median intensity during the primary versus secondary response in each cell. Black line indicates primary equals secondary NF-kB amplitude.
Data represent three independent experiments with n > 100 cells. (B) Western blotting for IRAK1 protein abundance between primary and secondary stimuli in cells
treated as in (A) was harvested at indicated times [S1 to S5, corresponding to those in (A)]. HSC70 was used as a loading control. Blot is representative of three indepen-
dent experiments. (C) Representative confocal images of IRAK1-Clover cluster formation after NF-«kB activation. Cells stably expressing IRAK1-Clover were imaged before
and after IL-1B stimulation (1 ng/ml). Scale bar, 50 um. (D) IRAK1-Clover cells were imaged for 8 hours and stimulated with IL-1B (0.1 ng/ml) 45 min into the time course.
NF-xB nuclear/cytoplasmic intensity ratio (left) and IRAK1-Clover clustering dynamics (right) are displayed in tandem. Heatmap rows are ordered from top to bottom on
the basis of increasing IRAK1 clustering (see Materials and Methods). Dashed red line represents an arbitrary IRAK1 clustering threshold (1.3-fold change). (E) Grouping of
cells by IRAK1 clustering separates oscillatory versus non-oscillatory cells. Irak1-KO cells expressing IRAK1-Clover were stimulated with IL-18 (0.1, 1, and 10 ng/ml) or
LPS (0.5 and 5 ug/ml). Peaks of NF-xB activity and IRAK1 clustering from single-cell traces obtained in (D) and fig. S6B were measured as described in Materials and Methods.
An arbitrary threshold of 1.3-fold increase in IRAK1 clustering was used in all conditions to group high versus low IRAK1 clustering cells. Within each group, fractions of
cells with more than one, two, or three peaks are shown to highlight population distribution (n > 100 cells; **P <0.01 and ***P < 0.001 by y? test). Additional clustering
quantification is provided in fig. S8A, and heatmaps of additional concentrations of IL-18 are provided in fig. S6B.
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Fig. 6. IRAK1 kinase activity is critical to regulate NF-kB signaling dynamics. (A) WT cells and Irak1-KO cells reconstituted with IRAK1"T or IRAK1*C were incubated
with or without IL-1B (1 ng/ml) for 3 hours. Lysate was collected and immunoblotted against IRAK1. Arrows indicate posttranslationally modified and unmodified IRAK1
protein. HSC70 was used as a loading control. Blot is representative of three experiments. (B) Secondary response heatmaps of IRAK1"T or IRAK1*® cells show reduced
tolerance in IRAK1¥C. Irak 7-KO cells reconstituted with IRAK1"T and IRAK1*® were stimulated with a 30-min pulse of IL-1B (1 ng/ml), washed, allowed to recover for 8 hours,
and stimulated again with a secondary pulse of IL-1B (1 ng/ml). Two-dimensional histograms show the distribution of peak amplitudes of nuclear/cytoplasmic NF-xB
median intensity during the primary versus secondary response in each cell. Black line indicates primary equals secondary NF-kB amplitude. Data represent three inde-
pendent experiments with n > 100 cells. (C) Irak1-KO cells expressing IRAK1*T-Clover or IRAK1*P-Clover were imaged before and 20 min after stimulation with IL-18 (1 ng/ml).
Representative images are shown. Scale bar, 50 um. (D) IRAK1 clustering was quantified as described in Materials and Methods in IRAK1""-Clover or IRAK1*P-Clover cells
stimulated with IL-1B (0.1 ng/ml) or LPS (0.5 ug/ml). Data represent n > 100 cells; ***P < 0.001 by a Kolmogorov-Smirnov test. AU, arbitrary units. (E) IRAK1 kinase activity
regulates oscillatory dynamics. PS cells expressing IRAK1"T-Clover or IRAK1XP-Clover were stimulated with IL-1B (0.1, 1, or 10 ng/ml) and imaged for 8 hours. Five randomly
selected single-cell traces are presented for each condition. Peak counting of NF-kB oscillations was done as described in Materials and Methods. Fractions of cells with
more than one, two, or three peaks are shown to highlight population distribution. Data represent three independent experiments with n > 100 cells (***P < 0.001,
%2 test). See fig. S8B for TNFa data. (F) Schematic model of the effects of IRAK1-dependent autoinhibitory loop in NF-kB signaling dynamics. When ligand is in low abun-
dance, TLR and IL-1R signaling is not inhibited after the initial activation and continues to signal in an oscillatory pattern. When ligand concentration is high, IRAK1 kinase
activity strongly inhibits signaling after the initial activation, and oscillations are not detected.
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By using sequential stimulation with multiple inputs, we demon-
strated that TLR and IL-1R signaling were strongly inhibited after
stimulation, rendering cells cross-tolerant to further stimulation.
Although we did not observe any tolerance with TNFa at 3 hours
after stimulation, a previous study described a refractory period
lasting for 1 hour after TNFa treatment (36). Thus, the presence of
heterogeneous tolerant states upon multiple activators of the innate
immune signaling network emphasizes the importance of balancing
innate immune signaling.

The discovery of light-regulated domains to manipulate signal-
ing has opened up the exciting possibility of simultaneously mea-
suring and perturbing signaling dynamics in single cells (27, 46). To
identify the molecular mechanisms leading to TLR and IL-1R toler-
ance and dose-response function, we used two new optogenetic tools,
OptoTRAF6 and OptoMyD88, to stimulate signaling at different
nodes in the network. These tools hold two main promises: (i)
enabling future research regarding the physiological consequences
of signaling dynamics by enabling fine temporal control of signal-
ing, and (ii) opening the possibility of interrogating paracrine com-
munication dynamics between immune cells by enabling spatially
restricted control of NF-«B signaling.

In this study, the use of optogenetic tools enabled us to control
signaling dynamics to identify IRAK1 as the dose-sensing node re-
sponsible for TLR and IL-1R signaling dynamics and that IRAK1
has a dual role in controlling signal flow. On the one hand, IRAK1
abundance was important for signal propagation, but on the other
hand, its kinase activity was responsible for an autophosphorylation
event that eventually switched the cell between active and tolerant
states. Whereas the activating role of IRAK1 was present at all con-
centrations, the effects of the autoinhibitory phosphorylation were
only seen at high concentrations, when the pool of active IRAK1
was depleted. In addition, we showed that the autoinhibitory loop
of IRAKT1 is critical to regulate NF-kB oscillatory dynamics.

Our results showed that NF-«B signaling is extremely sensitive
to IRAK1 abundance, suggesting that alternative mechanisms may
exist to regulate IRAK1 expression. Previous studies showed that
IRAKI mRNA translation is regulated by the microRNA miR-1464a,
which can bind to the 3’ untranslated region (3'UTR) of the mRNA
and inhibit its translation (47, 48). Moreover, patients carrying
mutations in the 3'UTR region of IRAKI mRNA have an increased
risk of rheumatoid arthritis (49). This extra layer of regulation rein-
forces the notion that IRAK1 is responsible for controlling innate
immune signal flow.

In addition to being linked to autoimmunity, IRAK1 mutations
have been linked to multiple cancers (50, 51). However, efforts to
use IRAK1 as a therapeutic target are based on dual-specificity IRAK4
and IRAK1 inhibitors. Our analysis of IRAK1 mutants demonstrates
that IRAK1 kinase activity is dispensable for signaling but critical to
regulate NF-kB dynamics. Thus, the assumption that dual-specificity
inhibitors against IRAK4 and IRAK1 cause similar effects to specific
IRAKI1 inhibitor may be incorrect. Because IRAK1 activity decreased
NEF-«B oscillations, a specific IRAK1 inhibitor may cause paradoxical
effects. Further investigation into the nature of cancer-driving
mutations in IRAK1 will determine whether the signaling or the
tolerance role of IRAK1 is linked to tumorigenesis.

In clinical immunology, the phenomenon of LPS tolerance has
been extensively studied (52). This phenomenon consists of a sub-
stantial inhibition of the immune function after a systemic exposure
to endotoxin, to the point where sepsis patients ultimately undergo
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fatal secondary infections. Although multiple mechanisms have been
connected to long-term tolerance, including epigenetic regulation
and cytokine production, the IRAK1 autoinhibition mechanism
shown here likely contributes to acute tolerance. We speculate that
further characterization of human IRAK1 homologs and the devel-
opment of specific inhibitors may help to relieve acute tolerance.
The identification of molecular mechanisms that serve to regulate
signaling dynamics reinforces the idea that signaling should be under-
stood as a continuous process composed of fluxes, equilibria, and feed-
backs loops, rather than discrete events. Moreover, the complexity of
signaling dynamics and its role in regulating cell physiology require
new approaches involving live single-cell analysis. These approaches
will be critical to define the molecular mechanisms responsible for
controlling signaling dynamics and quantitatively encode complex
environmental information. We anticipate that such understanding
will be critical to design efficient pharmacological intervention.

MATERIALS AND METHODS

Cell lines and cell culture

Cells were maintained in Dulbecco’s modified Eagle’s medium
(Gibco) supplemented with 10% fetal bovine serum (FBS) (Omega
Scientific), 2 mM L-glutamine (Gibco), and 1x penicillin-streptomycin
(Gibco) at 37°C and 5% CO,. OptoTRAF6- and OptoMyD88-
expressing cells were handled in minimal ambient light to avoid risk
of pathway activation.

Plasmid generation

All plasmids were generated using Gibson assembly (53) into a
PENTR vector, sequenced, and then recombined into a pLenti vector
using Gateway cloning. The OptoTRAF6 construct is based on the
previously described TRAF6-GryB fusion (31) and consists of the
N-terminal effector domain of TRAF6 (amino acids 1 to 359) fused
to the PHR domain of Cry2olig (Cry2o) (40) followed by a 2A pep-
tide and nuclear reporter H2B-iRFP. The OptoMyD88 construct is
full-length MyD88 fused to the PHR domain of Cry2olig (40).

Cell line generation

All cell lines were established with lentiviral infection. Lentivirus was
generated with lipofectamine transfection of third-generation viral
packaging plasmids and lentiviral construct into human embryonic
kidney (HEK) 293FT cells. Cells were incubated in viral supernatant
with polybrene (10 pg/ml) (EMD Millipore) for 48 hours before se-
lection. The PS cell line is RelA™~ NIH3T3 fibroblasts transduced
with p65-DsRed and H2B-EGFP nuclear marker (10). To construct
PS-JNK-KTR-mCer cells, PS cells were infected with lentiviral
JNK-KTR-mCerulean3 and selected with puromycin (2 ug/ml)
(Invivogen). To construct OptoTRAF6 and OptoMyD88 cell lines,
NIH3TS3 fibroblasts expressing p65-mRuby and H2B-iRFP were
transduced with a TRE3G-inducible lentiviral construct. Tet-inducible
IRAK1, MyD88, and TRAF6 cell lines were made in the NTH3T3
p65-mRuby, H2B-iRFP background with a TRE3G promoter fol-
lowed by IRAK1 (or MyD88 or TRAF6) and Clover (54). Irak1-KO
was achieved by ligation of guide RNA targeting exon 1 (target se-
quence: CTGGAACCACAGGCTCCC) of the mouse Irakl gene into
a CRISPR V2 neomycin-resistant vector (provided by A. Holland,
Johns Hopkins University School of Medicine) and transduced into
NIH3TS3 cells stably expressing H2B-iRFP and p65-mRuby. Cells were
selected for neomycin resistance (0.5 mg/ml) and clonally expanded.
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Genomic DNA was amplified by polymerase chain reaction across the
target site and sequenced to verify a successful frameshift mutation
(55). IRAKIWT and IRAK1XP constructs were expressed in three
backgrounds: the Irak1-KO, NIH3T3 p65-mRuby H2B-iRFP, and the
PS cell line. Cells were validated for expression and activity using
live-cell imaging or Western blotting.

Live-cell imaging

Cells were seeded on glass-bottom 96-well plates (Thermo Fisher
Scientific) coated with fibronectin (10 ug/ml) (Sigma-Aldrich) and
left to adhere overnight. The next day, the cells were washed and the
medium was changed to imaging medium (FluoroBrite, Thermo
Fisher Scientific) [10 mM Hepes, 1% FBS, 1x penicillin-streptomycin
(Gibco), 2 mM tr-glutamine (Gibco)]. Cells were imaged with a
Nikon Eclipse Ti-E inverted fluorescence microscope with an Andor
Neo 5.5 or Hamamatsu sCMOS camera and a Prime 95B camera for
confocal images, controlled by Micro-Manager or MetaMorph soft-
ware. Light-emitting diode (LED) excitation light source (SPECTRA X)
was used at 430/24 nm (mCerulean3), 470/24 nm [mClover or green
fluorescent protein (GFP)], 500/20 nm (mClover, used when imaged
with mCerulean3), 550/15 nm (mRuby?2 or dsRed), and 640/30 nm
(iRFP670). Unless otherwise stated, experiments were imaged with
a 20x objective. Exposure times for each light channel were limited
to 250 ms, and frequency of imaging acquisition was no higher than
5 min (unless otherwise stated) to preserve cell health. Temperature
(37°C), CO; (5%), and humidity were controlled throughout the
experiments.

Imaging of cells for peak counting experiments
Cells were imaged every 5 min with controlled temperature (37°C),
CO; (5%), and humidity over an 8-hour time course. Cells were
preimaged to establish a baseline and then stimulated with the indi-
cated concentration of TNFa (Roche), LPS (Enzo Life Sciences or
Thermo Fisher Scientific), or IL-1B (R&D Systems).

Tolerance experiment imaging

For tolerance experiments, cells were preimaged to establish a base-
line, then stimulated with the indicated primary stimulus for 30 min,
washed, imaged for 3 hours, and stimulated with secondary stimulus
for 30 min, washed, and imaged for another 1.5 hours. For OptoTRAF6
and OptoMyD88 experiments, cells were incubated in doxycycline
(2 ug/ml) (Thermo Fisher Scientific) for 15 hours before the experi-
ment, and all imaging media and stimuli thereafter contained doxy-
cycline. Cells were imaged every 5 min and received 30 min of
primary stimulations of either TNFa (10 ng/ml), IL-1B (1 ng/ml),
or light (470/24-nm excitation coupled with an FITC filter, five
250-ms pulses with 5-min intervals), washed, allowed a 3-hour resting
period, and then stimulated again with secondary stimulations as
indicated.

Segmentation and tracking

Image correction, segmentation, and cell tracking were imple-
mented by custom python scripts that combine existing packages
such as SimpleITK (56) using the image analysis pipeline outlined
by Kudo et al. (57). The nuclear images were preprocessed using the
histogram-matching standardization. This accounts for an overall
intensity change during time-lapse experiments and helps consist-
ent segmentation and tracking results. After the illumination bias
correction based on the improved N3 bias correction (58), the back-
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ground of the nuclear images and NF-«kB images was estimated us-
ing an iterative wavelet transform (59) algorithm and a block-based
estimation, respectively. In the latter method, the image was divided
into 100 blocks (10 grids for both x and y), and 0.1 percentile of each
block pixel was calculated to produce 10 x 10 matrix. This matrix
was then resized using bilinear interpolation, which produces the
estimated background generally more conservative than those pro-
duced by the iterative wavelet transform.

For the segmentation, the high-pass—filtered Laplacian of Gaussian
images were then computed and added to the log transform of
nuclear images to enhance separation of nuclei, and nuclei were
segmented by global thresholding followed by smoothing with
morphological operations including opening. Nuclei areas averaged
145 pixels.

For tracking, first, nuclei in consecutive frames were subjected
for linking with a linear assignment problem (60) framework that
minimizes a global linking cost based on squared distances between
objects. Unlinked objects were then attempted to be separated by a
marker-controlled watershed segmentation until one object is linked
to a nucleus in a previous frame based on changes in intensity and
distance. This enables an adaptive separation of two touching nuclei.
In addition, a gap closing algorithm was used to connect cells that
disappear for less than 6 frames, and cells that do not appear for more
than 20 frames were discarded from analysis. Once tracked nuclei
were obtained, cytoplasmic region is identified by making a ring
around each nucleus.

Analysis

For all NF-xB nuclear translocation analysis, NF-kB nuclear/
cytoplasmic median intensities were used. Outlier cells with NF-xB
expression outside a 95% range were rejected. Sharp increases in
nuclear/cytoplasmic intensity indicate division events. Thresholding
was applied to detect division events, the spikes were removed, and
the space between was interpolated. When indicated, a basic python
peak finder, PeakUtils (https://bitbucket.org/lucashnegri/peakutils)
was used to identify cells responding to a stimulus. For peak counting
quantification, data were exported to MATLAB, a Savitzky-Golay
filter was applied to reduce the chance of false-positive peak identi-
fication, and a more robust peak counter, findPeaks (T. C. O’Haver,
2014; Mathworks.com), was used. Additional image analysis was
performed using custom python and MATLAB scripts.

IRAK1 clustering analysis

For experiments involving IRAK1-Clover clustering measurements,
alocal SD filter (MathWorks, stdfilt) that calculated the SD divided
by the mean intensity in each 3 x 3 pixel square was applied to
IRAK1-Clover images. The mean intensity of the cytoring object in
filtered images was used to measure IRAK]1 texture and displayed in
boxplots (Fig. 6 and fig. S8A). IRAK1 traces were converted into a
fold change over the average of the first five (prestimulation) time
points. To threshold heatmaps, the 90th percentile of the fold change
stdfilt intensity trace was calculated to assign a value of IRAK1 clus-
tering per cell and avoid outlier time points. Cells with an IRAK1
clustering value lower than 1.3-fold were assigned “low clustering,”
whereas cells higher than 1.3 were labeled “high clustering.”

Immunoblotting
Cells were seeded at 80% confluence and left to adhere overnight.
The next morning, cells were stimulated as indicated, washed with
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phosphate-buffered saline (PBS), fully aspirated, and then flash-
frozen at —80°C. Cells were harvested, and proteins were extracted
in lysis buffer [50 mM tris (pH 7.4), 150 mM NaCl, 1% Triton, 0.5%
Na-deoxycholate, 1% SDS, 2 mM EDTA, 1x fresh Halt Protease and
Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific), and 1 mM
dithiothreitol]. Protein concentration was determined using a bicin-
choninic acid protein assay kit (Thermo Fisher Scientific). Protein
was boiled for 5 min in Laemmli sample buffer (Thermo Fisher
Scientific or Bio-Rad), resolved by SDS-polyacrylamide gel electro-
phoresis (PAGE), and transferred to a polyvinylidene difluoride
membrane (MilliporeSigma). Blocking and antibody dilutions were
done in Odyssey blocking buffer (LI-COR) and washed in PBS/Tween
20 (0.1%). IRAK1 (CST 4505), actin (CST 3700), pIRAK4 (CST 11927),
PJNK (CST 4668), and JNK (CST 9258) antibodies were from Cell
Signaling Technology; HSC70 (Sc-7298) antibody was from Santa
Cruz Biotechnology; GFP (ab290) antibody was from Abcam; and
all secondary antibodies were from LI-COR. Membranes were ana-
lyzed with a LI-COR scanner and quantified using Image Studio Lite
software and Image].

Light board construction

Western blot sample light stimulation was carried out on a cus-
tomized programmable LED board (Evil Mad Scientist), with blue
470-nm LEDs (Evil Mad Scientist). To ensure that the spread of light
was even, a diffuser (Bright View Technologies) was applied 5 cm
above the board attached to a custom three-dimensional printed
stage. Diffused light intensity was measured at 500 lux with a light
meter. Cell stimulation was confirmed with imaging.

Statistical analysis

Several statistical methods were used to test for significance in
different experiments. For discrete distribution data (such as total
number of peaks counted in single-cell traces), the % test was used.
For continuous distribution data (such as degree of clustering or
Western blot quantification), the Kolmogorov-Smirnov or ¢ test
was used.

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/12/579/eaau3568/DC1

Fig. S1. Graphical summary of the image analysis pipeline.

Fig. S2. Additional analysis and TNF concentration for data presented in Fig. 1.
Fig. S3. Additional stimulus combinations for Figs. 2 and 3.

Fig. S4. Full gels and quantification of Western blots in Fig. 4.

Fig. S5. Increased abundance of MyD88 or TRAF6 after primary stimulation cannot bypass
tolerance.

Fig. S6.IRAK1 modification and clustering with varied recovery periods.

Fig. S7.IRAK1 mutant screen and KO characterization.

Fig. S8. Additional IRAK1T WT and KD-Clover characterization.
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Keeping a check on the infection response

The innate immune system responds to various cytokines and other "danger signals” that occur during infection.
These must be properly identified and responded to; however, too much stimulation of the immune system can have
debilitating consequences and cause autoimmune disease. Using live-cell biosensors and optogenetics, DeFelice et al.
identified a regulatory feedback loop in one such immune signaling system mediated by cytokine receptors through the
protein NF-kB. They found that the protein IRAK1 acted as a sensor of the amount of cytokine stimulation such that a
high amount of stimulus elicited IRAK1-dependent inhibition of NF- kB activity, whereas low amounts of stimuli elicited
oscillatory patterns of activity. The findings place IRAK1 at the central controls of the overall immune response to
infection and may explain why mutations in IRAK1 are associated with rheumatoid arthritis.
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