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Abstract

Temporal properties of molecules within signaling networks, such as sub-cellular changes
in protein abundance, encode information that mediate cellular responses to stimuli. How
dynamic signals relay and process information is a critical gap in understanding cellular
behaviors. In this work, we investigate transmission of information about changing
extracellular cytokine concentrations from receptor-level supramolecular assemblies of IkB
kinases (IKK) downstream to the nuclear factor kB (NF-kB) transcription factor (TF). In a
custom robot-controlled microfluidic cell culture, we simultaneously measure input-output
(I/0) encoding of IKK-NF-kB in dual fluorescent-reporter cells. When compared with single
cytokine pulses, dose-conserving pulse trains prolong IKK assemblies and lead to
disproportionately enhanced retention of nuclear NF-kB. Using particle swarm optimization,
we demonstrate that a mechanistic model does not recapitulate this emergent property. By
contrast, invoking mechanisms for NF-kB-dependent chromatin remodeling to the model
recapitulates experiments, showing how temporal dosing that prolongs IKK assemblies
facilitates switching to permissive chromatin that sequesters nuclear NF-kB. Remarkably,
using simulations to resolve single-cell receptor data accurately predicts same-cell NF-kB
time courses for more than 80% of our single cell trajectories. Our data and simulations
therefore suggest that cell-to-cell heterogeneity in cytokine responses are predominantly

due to mechanisms at the level receptor-associated protein complexes.
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Introduction
The typical body of an adult human has 10s of trillions of cells’, and in some cases, individual
cell behaviors can affect the entire organism. When cells are exposed to different biologic
cues in their microenvironment, such as inflammatory cytokines, they activate dynamic
signal transduction networks that mediate vital cell fate decisions. Deregulation of these
networks contributes to a panoply of autoimmune diseases and cancers?*. Variability and
nonlinearity are typical characteristics of cellular signal transduction that limit our
understanding of healthy and diseased cell behaviors and decisions processes. Variability
arises from intrinsic and extrinsic sources of biochemical noise associated with stochastic
molecular interactions that impact transcription rates, protein expression, among other
biological processes®®. Meanwhile, nonlinearity emerges due to complex biomolecular
networks that include a host of feedback and feedforward loops. Adding to this complexity,
the extracellular environment is dynamic, and cells are constantly exposed to multiple
signaling molecules with changing concentrations. The combined effects of variability,
nonlinearity, and dynamic input signals contribute to versatility of signaling pathways to
regulate a wide range of responses. Therefore, experiments that combine single cell
dynamics with computational modeling are important to reveal the capabilities of signaling
systems and understand their emergent properties®.

When inflammatory cytokines in the extracellular milieu activate transmembrane
cytokine receptors, clustered receptors recruit cytoplasmic adaptors and enzymes to form
a supramolecular protein assembly near the plasma membrane'™™. As the assembly

matures, polyubiquitin scaffolds form around the protein core. A hallmark of cytokine
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responses is recruitment-based activation of IKK kinase complexes to assemblies through
the ubiquitin binding domain of NEMO, the IKK regulatory subunit'?'s. Using fluorescent
protein (FP) fusions of NEMO, individual assemblies can be visualized by live-cell
microscopy as diffraction-limited puncta near the plasma membrane'®". The mature
protein assembly is a signal integration hub that activates IKK to coordinate downstream
inflammation-driven NF-kB signaling. Although the supramolecular assemblies, referred to
as ‘complex I’ (Cl)'>"", were first characterized for responses to tumor necrosis factor (TNF),
interleukin-1B (IL-1) and other cytokines produce Cl-like assemblies with cytokine-specific
receptors and adaptor proteins. Cl and Cl-like assemblies are reliant on different
combinations of ubiquitin chain scaffolds™'®. However, all regulate IKK activation via
induced proximity of IKK with other signaling mediators that reside on the assembly'e. For
simplicity, we refer to the family of Cl and Cl-like assemblies simply as ‘CI’.

IKK activity following induction of Cl promotes degradation of NF-kB inhibitor proteins
(IkB) in the cytoplasm, and nuclear accumulation of NF-kB transcription factors'. Temporal
properties of NF-kB in the nucleus encodes a dynamic transcriptional signal, regulating
diverse gene expression programs that promote cell survival and propagate inflammatory
signals. Live-cell tracking of FP fusions of the RelA subunit of NF-kB have provided
instrumental data to understand and model transcriptional mechanisms and emergent
properties that place the NF-kB pathway among exemplars of dynamical biological
systems?>?2, Key to these discoveries are negative feedback mediators, particularly IkBa,
that are transcriptionally regulated by NF-kB. Following NF-kB activation, newly synthesized

IkBa promotes nuclear export and cytoplasmic sequestration of NF-kB, restoring its baseline
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94  cytoplasmic localization. Combined experiments and models have revealed mechanisms

95 for dynamical regulation of nuclear NF-kB and transcriptional feedback; however, we have

96 limited understanding of how information from dynamic extracellular signals is encoded and

97 decoded within cells by the IKK-NF-kB sighaling axis.

98 Typically, cellular signaling pathways have been studied using dose-response

99 approaches that expose cells to continuous and unchanging extracellular stimuli. While
100 responses to static concentrations provide a foundational readout for investigating cell
101 behaviors, they are neither comparable to the dynamic signals observed in vivo nor sufficient
102  to fully probe the versatility of cellular responses. We and others have recently shown that
103 dynamic cell cultures can be achieved using PDMS- or acrylic-based microfluidic flow
104  devicesthatvary with trade-offs between complexity, precision, and multiplex capabilities®*
105 25, In most cases, single cell studies of signal transduction in dynamic microenvironments
106  have revealed unexpected emergent properties that have inspired significant refinement of
107 models that aim to predict and understand the underlying biological circuits?’-".
108 In this work, we investigate IL-1 induced signaling in U20S osteosarcoma cells to
109 understand how information for time-varying extracellular cytokines is encoded within cells.
110 The dual reporter cells were CRISPR-modified for endogenous FP fusions to observe active
111 receptor complexes through supramolecular assemblies of EGFP-NEMO, the regulatory IKK
112  subunit, and downstream dynamics of an mCherry-fusion of the NF-kB RelA subunit. Using
113 live-cell imaging in a custom robot-controlled microfluidic cell culture system, we
114  simultaneously measure upstream and downstream reporters in single cells exposed to

115 dynamic stimuli. By observing I/0 encoding of IKK-NF-kB signals and comparing cells
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116  exposed to a single cytokine pulse with varied duration, we show monotonicity between the
117  aggregate of activated receptor complexes and downstream TF dynamics. This result is
118  consistent with our previous investigation of cells exposed continuously to static cytokine
119 concentrations’. Remarkably, monotonicity of I/O encoding breaks down when cells are
120 exposed to a series of short cytokine pulses. We observe that dynamic TF responses to pulse
121 trains are significantly greater than expected from a single pulse, even when pulse trains are
122 compared to a bolus of a larger overall cytokine dose. Enhanced TF responses to a cytokine
123 pulse train can be attributed to marked alteration of nuclear export dynamics of NF-kB,
124  transitioning from first-order to sustained zero-order kinetics in cells where activated
125  receptor complexes persists for longer than 80 minutes. Using particle swarm optimization,
126  we demonstrate that a mechanistic model does not recapitulate this emergent property of
127  the IKK-NF-kB signaling axis and fails to switch to zero-order kinetics in response to a pulse
128  train. By contrast, adding mechanisms for DNA binding and NF-kB-dependent chromatin
129 remodeling, the resulting models recapitulate all the experimental findings. Our model
130 suggests that temporal dosing that prolongs IKK activation facilitates pseudo-zero-order
131 switching by two coupled mechanisms that prolong nuclear NF-kB retention without
132  requiring persistent or saturating conditions: i) by promoting permissive chromatin states
133 that expose new NF-kB binding sites; and consequently ii), by limiting the concentration of
134 free nuclear NF-kB available to regulate expression of negative feedback mediators.
135 Furthermore, simulations using the calibrated model to resolve experimental Cl time
136 courses from a complete set of single-cell validation data that were not used during

137  optimization, accurately predicts same cell NF-kB responses for over 80% of single cell time
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138 courses. Together, our results demonstrate that when overall cytokine dosage is limited,
139 temporal stimuli can encode distinct cellular behaviors, and that cell-to-cell variability in

140 cytokine responses is largely accounted for by variability of receptor-level mechanisms.
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141 Results

142  IL-1 pulse duration produces a monotonic correlation between same-cell IKK and NF-
143 kKB responses

144  We previously developed a CRISPR-modified U20S cell line that co-express FP fusions of
145 NEMO (EGFP-NEMO) and RelA (mCh-RelA) from their endogenous loci. These dual-reporter
146  cells were used to investigate the IKK-NF-kB signaling axis in cells exposed to continuous
147  stimuli’”. By simultaneously measuring time courses of fluorescence intensity for
148 supramolecular assemblies of EGFP-NEMO as a reporter for Cl and nuclear NF-kB in the
149 same cell, these studies revealed fundamental aspects of signal encoding in the pathway.
150  We reported that extracellular cytokine concentrations control the numbers and timing of
151 formation for Cl assemblies. Experiments that tracked EGFP-NEMO at individual CI
152  assemblies revealed that fluorescence intensity time-courses of single puncta are invariant
153 between different cytokine concentrations. Further experiments revealed cytokine-specific
154  encoding, where a quantized number of EGFP-NEMO molecules is recruited at each CI
155  structure. Here, TNF-induced receptor assemblies are shorter-lived and recruit
156  approximately 30% the peak amount of EGFP-NEMO when compared with brighter and
157 longer-lived IL-1-induced assemblies. Finally, we observed that activity from CI puncta is
158 pooled for downstream signal transmission where the aggregate area under the curve (AUC)
159  of Cl puncta numbers is a strong same-cell predictor of the AUC nuclear NF-kB response.
160 Our previous results helped define the rules of signhal encoding in terms of cytokine-
161 specificity and static cytokine concentrations. However, these experiments did not

162 investigate the orthogonal axis of how time-varying patterns of cytokines influence IKK-NF-
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163 kB signaling. We therefore set out to probe the pathway by first measuring the dynamics of
164 IKK and NF-kB responses as a function of cytokine pulse duration. To generate cytokine
165 pulses while simultaneously performing high magnification single-complex imaging, we
166 leveraged a recently developed dynamic stimulation system (DSS). The DSS consists of a
167 custom robotic gravity pump controller that coordinates laminar fluid streams in a paired
168  microfluidic cell culture device®*. The microfluidic device was simplified from the previous
169 DSSinstrumentation as a two-inlet cell culture chamber (Fig. 1a, Supplementary Fig. 1, and
170  Supplementary File 1). Here, one inlet is attached to a fluid reservoir with a mixture of
171 cytokine, indicator dye, and cell culture medium, and to the other, a reservoir with medium
172  only. Using the gravity pump to vertically relocate the fluid reservoirs generates hydrostatic
173  pressure differentials at the inlets of the microfluidic device and positions the laminar
174  cytokine-containing stream over the cells within (Fig. 1b). By varying the relative heights of
175 the cytokine-containing and medium-only reservoirs, the system can be used to generate
176  pulses in the experimental region of the cell culture device (orange boxes, Fig. 1b). In
177  principle, the automated system described here operates like a manually controlled system
178  we described previously?, but with enhanced precision, reproducibility, and constant flow
179  rates®.

180 Using our dual-reporter cell line, we investigated the same-cell dynamics of NEMO
181 assemblies and NF-kB nuclear translocation in a microfluidic device. We focused on cellular
182 responsesto 10ng/mL of IL-1, a non-saturating cytokine concentration that produces vibrant
183 NEMO assemblies and unambiguous nuclear NF-kB responses'. Consistent with our

184  previous results, dual-reporter cells in the device showed transient localization of EGFP-
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185 NEMO to Cl-like complexes, peaking in numbers by approximately 20 minutes, and robust
186 nuclear translocation of mCh-RelA (Fig. 1c, and Supplementary Movie 1). Next, we
187 measured single cell time-courses of EGFP-NEMO puncta and nuclear mCh-RelA in
188 response to a single IL-1 pulse across a range of durations. Previously, we showed that time-
189 integrated AUCs for trajectories of NEMO spot numbers and nuclear RelA fold change are
190 scalar descriptors of single cell time courses that encode the most information about
191  cytokine concentration®?33, Consistent with these results, AUCs of EGFP-NEMO spot
192 numbers and nuclear mCh-RelA in single cells show increasing responsiveness with pulse
193  duration and form a strongly monotonic continuum of same-cell correlations (Fig. 1d-f).
194 Previous works have shown that mammalian cell lines may follow an ‘area-rule’,
195  where the fraction of responsive cells and overall NF-kB activation strength is proportional
196  tothe product of concentration and duration of cytokine stimulation?***. Our current results
197 are consistent with the ‘area-rule’, showing that information about extracellular pulse
198 duration is also well determined when observed upstream via EGFP-NEMO puncta that
199 provide an estimate for Cl activation. Next, we asked if the area rule remains true for
200 increasingly complex patterns of dynamic cytokine stimulation.

201

202 Cytokine pulse trains produce significantly greater NF-kB responses than expected
203 from a single pulse

204  Cytokines typically have short half-lives in vivo, particularly for TNF and IL-1 that are rapidly
205 cleared from the bloodstream within minutes®*%. Since inflammatory secretions in the

206 vicinity of activated immune cells are also likely to be concentration and duration limited,

10
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207  with localized depletion effects®, cells may experience cytokines as a more rapid series of
208 short pulses. Pulses of inflammatory cytokines have been shown to selectively regulate long
209 lasting transcriptional programs. For example, in neuroblastoma cells, a single 5-minute
210 pulse of TNF can initiate transcription of NF-kB-regulated early response genes that persist
211 for hours, but not late response genes that require either constant or repeat cytokine
212  stimulation?'. We therefore asked whether a succession of short cytokine pulses in the
213  extracellular milieu is encoded distinctly by the IKK-NF-kB axis, or if responses to a pulse
214  train follows an ‘area rule’ equivalent to a single bolus of same overall dose.

215 We compared cellular responses between a single 6-minute pulse that produces an
216 intermediate response strength (Fig. 1c and d), and multiple shorter pulses with the same
217  cumulative IL-1 exposure but spread out in time. We partitioned a single 6-minute pulse
218 equally into either two, three or four short pulses, and compared inter-pulse gap durations
219 between 5 and 20 minutes (Fig. 2 and Supplementary Fig. 2). In comparison with a single 6-
220 minute pulse, time-courses for NEMO puncta numbers in response to pulse trains showed
221 lower peak values and longer spot persistence (Fig. 2a). Although in some pulse train
222  conditionsthere was a subtle overallincrease in AUC of NEMO puncta, these values typically
223 did not reach significance and remained smaller than exposure to a larger single 15-minute
224  pulse (Fig. 2 and Supplementary Fig. 2). Remarkably, despite only subtle and often non-
225 significant increases in the AUC of IKK responses, many of the pulse-train conditions
226  showed significant increases in the AUC of nuclear mCh-RelA time-courses (Fig. 2B). Even
227  though pulse trains produced comparable peak amounts of nuclear RelA with similar timing

228 to a dose-conserving single bolus, contributing to the stronger NF-kB AUC response was

11
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229 markedly slower nuclear export. Nuclear export of NF-kB following a pulse train appeared
230 almost linear, following zero-order kinetics. Nuclear export of RelA in response to a pulse
231 train contrasts with most single pulse responses less than 30 minutes, which exhibit
232  exponential nuclear export, as expected from first- and higher-order biomolecular reactions
233 (Fig. 2 and Supplementary Movie 2). The enhancement effect of linear nuclear RelA export
234 is exemplified by the condition with four 1.5-minute pulses of IL-1 separated by a 5-minute
235 gap (4x1.5), which showed a greater than 2-fold increase in overall AUC. The nuclear RelA
236 response strength for the 4x1.5 condition even surpassed responses to a 15-minute pulse
237 despite the former having less than half the total cytokine exposure (Fig. 2B and
238 Supplementary Movie 3). Finally, monotonicity of same-cell correlations between AUCs of
239 NEMO spots and nuclear RelA was disrupted for pulse train conditions (Fig. 2C).

240 The unexpected increase in the response strength of nuclear RelA to a pulse train is
241 an emergent property of the signaling pathway. We next asked whether the emergent
242  property is specific to cytokine or cell type and found that strongly TNF-responsive KYM-1
243 rhabdomyosarcoma cells that express FP-RelA%3® show similarly enhanced responses to
244  TNF pulse trains (Supplementary Fig. 3). Notably, some pulse train conditions diminish the
245 emergent property effect. For example, conditions with fewer pulse numbers and longer
246  inter-pulse gap lengths in the order of 10-20 minutes tend to have weaker nuclear RelA
247  responses for both cell types and both cytokines (Supplementary Figs. 2 and 3). Together,
248 these results suggest that cells can bypass the area rule in response to dynamic milieus and
249 encode more information through Cl assemblies than is represented by the scalar AUC of

250 NEMO puncta.

12
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251

252  Stimulation patterns that prolong NEMO puncta shifts the mechanism of NF-kB nuclear
253  export

254  Since the AUC of NEMO puncta could not explain enhanced nuclear NF-kB in response to a
255  pulse train, we asked if other quantitative features of EGFP-NEMO single cell time courses
256 reflect the emergent property. When temporal features were quantified from NEMO time
257  courses, distributions for both the timing of maximal (tmax) and time to adaptation (tagapt) Of
258 NEMO spot numbers showed trends like the AUC of nuclear RelA (Fig. 3a-c).

259 Next, we set out to establish quantitative features of EGFP-NEMO that correlate with
260 features of nuclear RelA. Because the maximum of nuclear RelA fold change did not show a
261 strong trend between pulse-trains and dose-conserving single-pulses, we focused on
262  scoring rates of nuclear RelA export (Fig. 3d and Supplementary Fig. 4a). As mentioned
263  earlier, we visually observed that dynamics for nuclear RelA export appeared to switch from
264  afirst order to a pseudo-zero-order reaction (Figs. 2a and 3d) in response to a pulse train. To
265 quantify this observation, single-cell nuclear RelA export dynamics were fitted to two
266 models that represent zero-order and first-order kinetics (Supplementary Fig. 4b; and see
267 methods). In the results, increasingly positive scores indicate a progressively stronger zero-
268  order exit rate, while negative values correspond to first-order exit rates. We observed that
269  single 6-minute and 15-minute pulse shows strong first-order dynamics and the responses
270  to pulse trains showed strong zero-order kinetics (Supplementary Figs. 1c¢, d and 4c). Finally,
271  we correlated features of EGFP-NEMO against the nuclear RelA export order score. Although

272  tmax of NEMO only correlated weakly, by contrast, taqap: Of NEMO showed a strong monotonic

13
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273  correlation with the nuclear RelA exit rate score (Fig. 3e, f). Based on our data, stimulation
274  profiles that prolong Cl assemblies beyond 80 minutes shift the nuclear export rate of RelA
275 towards a pseudo-zero-order process and thus enhance the AUC of the nuclear NF-kB
276 response.

277

278 A model with chromatin remodeling recapitulates the emergent property and nuclear
279 NF-kB export

280 Mechanistic models provide mathematical representations of biological systems, enabling
281 researchers to test hypotheses and synthesize their understanding of system-level
282  behaviors. Ordinary differential equation-based models of the NF-kB transcriptional system
283 have been deeply informative. Previous models parameterized to quantitative assays and
284  single cell data have been used to investigate nuclear translocation dynamics of NF-kB,
285 emphasizing negative feedbacks from IkB isoforms?® and A20%', as well as mechanisms for
286 fold change detection (called D2FC, derived from previous models)®2. Each of these models
287 has been built upon their predecessors to answer different questions. However, none of the
288 models have been parameterized to single receptor-complex data and dynamic stimuli.
289 To explore the possible biological mechanisms that contribute to zero-order
290 switching and enhanced nuclear RelA retention in response to a pulse train, we first asked if
291 the D2FC model directly recapitulates experiments. Since we have a compendium of single
292  cell data from dual-reporter cell lines, we modified the model to activate IKK directly from
293 experimental time courses of EGFP-NEMO puncta and simulate nuclear NF-kB responses

294  (Fig. 4a). We first tested the previously published parameterization of the D2FC model, using

14
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295 a fitted scaling parameter to interface experimental data for EGFP-NEMO puncta that
296 produces a best fit simulated NF-kB response (see methods). Although the naive D2FC
297 modelreplicates the AUC of NF-kB for responses to a single pulse, the model results did not
298 showincreased AUC of nuclear NF-kB nor switching to zero-order export mechanisms when
299  simulations were run using EGFP-NEMO pulse-train data as inputs (Supplementary Fig. 5).

300 Next, we tested if the topology of the D2FC model can reproduce the emergent
301 property using parameter optimization. Particle swarm optimization (PSO) is a bio-inspired
302 algorithm that searches parameter space for candidate solutions, using an objective
303 functionto measure the quality of fit for each*. Implementations of PSO often identify nearly
304 global optimal parameterizations in high-dimensional and rugged objective landscapes. To
305 decrease the computational time, we considered a minimal dataset of 4 experimental
306 conditions that manifest the emergent property (consisting of control, 1x6min, 4x1.5min,
307 and 1x30min pulse data; Fig. 4a top panel). Subsequently, we used PSO to simulate
308 responses to the average of EGFP-NEMO time-courses from each condition, using the
309 average of nuclear mCh-RelA for each condition as the objective function (Fig. 4A). PSO was
310 repeated 500 times to generate parameter sets that sample the model's best fits to data. For
311 the 500 parameter sets, we performed post-hoc analysis to evaluate three error criteria for
312 each: i) error in producing a nearly 2-fold increase in the AUC of nuclear NF-kB comparing
313  1x6minand 4x1.5min conditions, referred to as the ‘emergent property’ score; ii) the average
314  sum squared error (<SSE>) of fits to the 4 training conditions; and, (iii) the SSE of fits to
315 validation data consisting of 5 mean experimental conditions that were not used for PSO

316  (Fig. 4b). Remarkably, each of the optimized D2FC models had high error scores across
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317 evaluation criteria (Fig. 4b), failing to recapitulate the system's emergent property
318 (Supplementary Fig. 5c). Taken together, the results suggest that the topology of the D2FC is
319  missing critical circuitry that is necessary to explain the experimental observations.

320 Pseudo-zero-order processes are unusual behaviors in biological systems because
321 they appear to be independent of reactant concentrations. Typically, zero-order kinetics
322  result from systems where one of the reactants is greatly limited or scaffolded into a lower
323 reactivity state. Since NF-kB is well established as a transcription factor, we hypothesized
324  that NF-kB binding to broadly to DNA*** may be an essential mechanism that is not explicit
325 in the D2FC model. Furthermore, there is a growing body of literature that characterizes
326 chromatin remodeling capabilities of NF-kB. For example, NF-kB can bind to assembled
327 nucleosomes and flanking DNA, contributing to DNA unwrapping and nucleosome
328 displacement***’, Chromatin reorganization was found to decode the duration of nuclear
329 NF-kB, where prolonged nuclear TF contributes to stimulus- and gene-specific transcription
330 initiation by progressively revealing promoter sequences that are otherwise closed in basal
331 conditions*®. More recently, prolonged non-oscillatory nuclear NF-kB was shown to cause
332 cytokine-inducible alterations to chromatin accessibility near NF-kB binding sequences,
333 activation of latent enhancers, and epigenetic reprogramming®?. Therefore, additional
334 mechanisms were added to the model, to include NF-kB binding to DNA and chromatin
335 remodeling that reveals additional NF-kB binding sites via mechanisms akin to pioneering*®
336 (see methods). The modified D2FC model with chromatin remodeling is referred to as D2FC-
337 squared (D2FC?) henceforth (see methods, Supplementary Tables 1 and 2).

338 Using PSO, we again sampled 500 parameter sets with the D2FC? architecture. The
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339 D2FC? model produced high quality fits, significantly reducing scores of the 3 error criteria
340 (Fig. 4B). Parameterization sets of the D2FC? from PSO showed that the approach effectively
341 explored the prior distribution of acceptable parameters, and the top 10 scoring models
342 were able to achieve a similar quality of results despite being derived from distinct
343 combinations of parameters (Fig. 4B, and Supplementary Fig. 6). Taken together, the
344  topology of D2FC? enables the model to recapitulate the average behaviors of all
345  experimental conditions, with robustness to variation of parameters.

346

347 A model with chromatin reorganization accurately predicts single cell responses and
348 experiments

349 Training and validation simulations with the D2FC? model used averages of experimental
350 single celltime courses for each condition, both as inputs to simulations and to evaluate the
351 quality of fits. We next asked whether the D2FC? accurately predicts single-cell dynamics.
352  Using the 3 error criteria to rank the models, the top-performing parameter set in the D2FC?
353 was selected for further analysis (Fig. 4b, red asterisk). Single-cell EGFP-NEMO time-
354  courses from all the single pulse and pulse train conditions were as inputs to simulate
355 nuclear NF-kB responses. Visually, simulated single-cell time courses of nuclear NF-kB
356 appeared like experiments, showing both first-order and zero-order nuclear export kinetics
357 appropriate to each condition (Fig. 5a). AUCs of simulated nuclear NF-kB to single pulse
358 conditions showed dose-responsiveness, and consistent with expectations based on error
359 scores following PSO, D2FC? simulations for pulse trains recapitulated the emergent

360 property (Fig. 5b and c). Furthermore, interquartile ranges of boxplots were similar when
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361 comparing experiments and simulations, suggesting that cell-to-cell variability at the level
362  of Cl dynamics contributes significantly to variability of nuclear NF-kB dynamics observed
363 insingle-cell experiments.

364 Following, we moved away from population average data and evaluated the quality
365  forsingle cell fits by measuring the SSE between experimental nuclear RelA trajectories and
366 simulated NF-kB dynamics. An elbow plot was used to define the error threshold to classify
367 low- and high-quality fits, and a stricter threshold was applied to define a third class of
368 ‘excellent fits’ where experiment and simulations overlap almost perfectly (Supplementary
369  Fig. 7). When compared between experimental conditions, performance of the D2FC? was
370 consistent with most single cells showing high- and excellent-quality fits (Fig. 5d, left). The
371 single 15-minute pulse and the 3x2min were the conditions that showed the most low-
372  quality fits; nevertheless, even these weakest conditions still achieved excellent or high-
373 quality fits for approximately 70% of single cell trajectories. Comparing the top 10 D2FC?
374  parameter sets, all recapitulate single pulse dose-responsiveness and the emergent
375  property, as well as produce high-to-excellent predictions for over 80% of the single cell
376 nuclear RelA trajectories aggregated across all conditions (Fig. 5d, right; see also
377 Supplementary Table 3). These results demonstrate that many different parameterizations
378  of the D2FC? architecture can robustly resolve single-cell EGFP-NEMO time courses and
379  predict nuclear RelA responses across a heterogeneous population of cells.

380 Finally, we asked whether the D2FC? can predict the impact on nuclear RelA
381 dynamics in the presence of a chromatin perturbation. Azacitidine is cytidine analog that

382 incorporates into DNA and inhibits DNA-methyltransferase DNMT1, promoting
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383 hypomethylation and chromatin relaxation over timescales of days®. To model the effects of
384  azacytidine, the term representing basal DNA accessibility was increased and the model
385 was allowed to adapt to a new steady state before resolving the average EGFP-NEMO time
386 course for a 6-minute pulse. The simulations revealed two trends: first, that progressively
387 relaxed chromatin leads to increased basal abundance nuclear RelA; second, that fold-
388 change responses of nuclear RelA following cytokine stimulation are effectively reduced
389 (Fig. 6a and b). To test these model predictions, cells were cultured in the presence of
390 azacytidine for 3 or 6 days before exposure to a single 6-minute pulse of IL-1. Although 3 days
391 of culture with azacytidine appeared like untreated control cells, 6-day samples were
392  consistent with the model, showing significant enrichment of basal RelA prior to stimulation
393 and suppressed nuclear RelA dynamics in response to IL-1 (Fig. 6¢, d, and Supplementary
394  Fig. 8). Thus, chromatin organization influences cytokine-induced temporal profiles of
395 nuclear NF-kB.

396

397 Peak number and adaptation time of Cl fine tunes chromatin permissiveness and
398 nuclear NF-kB dynamics

399 Temporal profiles of IKK activity encode information about the abundance and type of
400 inflammatory factors in the milieu, regulating nuclear NF-kB and stimulus-specific gene
401  expression programs'°'. Our results here show that features of IKK at Cl assemblies also
402 encode information about temporal presentation of cytokines, such as their numbers and
403 timing, thatin succession regulate feedback pathways in the nucleus (Fig. 7a).

404 Based on single cell time courses of EGFP-NEMO from static cytokine
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405 concentrations', single cytokine pulses (Fig. 1), and cytokine pulse trains (Fig. 2), Cl-
406 encoding can be decomposed into a primary peak and a second slow-adapting distribution
407  (Fig. 7b). We leveraged the D2FC? to systematically evaluate the impact of Cl-encoding
408 features on downstream signaling (Fig. 7c). First, we considered nuclear NF-kB fold change,
409 which we showed previously to correlate strongly with NF-kB-regulated early response
410 genes*. Here, maximal nuclear NF-kB correlates with peak Cl numbers that saturate around
411 300, and adaptation time for the secondary distribution had negligible impact (Fig. 7c, top
412  left). Comparing rates of nuclear NF-kB export showed a non-linear relationship with ClI-
413  encoding features. A primary peak of approximately 50 Cl puncta and adaptation times of
414  greater than 80 minutes were both strictly required for conversion of nuclear NF-kB export
415 rates from a first order to pseudo-zero-order process (Fig. 7c, top right). Higher peak CI
416 numbers required even longer adaptation times to achieve zero-order NF-kB export kinetics,
417  possibly requiring greater Cl persistence to compensate for stronger first-wave transcription
418 negative feedback mediators, such as IkBa. Chromatin openness showed a similar pattern,
419  requiring a minimum peak CI of nearly 100 puncta, and prolonged activation to increase
420 overall permissiveness (Fig. 7c, bottom left). Even the highest peak Cl numbers failed to
421 enhance chromatin opening unless adaptation time also persisted for more than 60-80
422  minutes. Finally, since open chromatin reveals new NF-kB binding sites, both productive and
423 non-productive in regulating gene transcription, we measured the fraction of free nuclear
424 NF-kB as a function of chromatin status. Remarkably, even when concentrations of nuclear
425  NF-kB are at their highest, permissive chromatin can deplete free nuclear NF-kB (Fig. 7c,

426  bottom right). Therefore, despite high total concentrations of nuclear NF-kB, permissive
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427  chromatin at later times may only leave trace amounts of free nuclear TF to interact with
428 promoters of early response genes such as IkBa.

429 Studying I/0 relationships in dual-reporter cells exposed to dynamic stimuli, while
430 leveraging naturally occurring cell-to-cell variability, revealed features of Cl encoding that
431 regulate time profiles of nuclear NF-kB. Simulations with the D2FC? show that the primary
432  peak of Cl determines the fold change of nuclear NF-kB and the adaptation time facilitates
433 switching towards more permissive chromatin states with additional NF-kB binding sites.
434  Importantly, DNA-based sequestration of nuclear NF-kB is transient, and the model allows
435 nascent IkBa polypeptides to interact with DNA-bound NF-kB to facilitate dissociation, as
436  seenin experiments®?, Together, our experiments and simulations suggest that the transition
437  to a pseudo-zero-order export process results from the combined effect of sequestration

438 and feedback depletion on early gene promoters.
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439 Discussion:

440 On the surface of a human cell, the number of IL-1 and TNF receptors is relatively small,
441 estimated in the range of hundreds to low thousands per cell’”*3. Following cytokine
442  stimulation, ligated receptors are rapidly internalized and degraded °**°. Therefore, a limited
443 and depletable resource of surface receptors is available to encode information about the
444  inflammatory milieu into the cell via Cl assemblies. We reasoned that cytokine conditions
445  that spread out a stimulus in time may encode different signals from tonic and saturating
446  boluses that would rapidly deplete the available receptor pool. To this end, our result shows
447  that temporal properties of IKK encode information about time-varying extracellular
448 conditions that can be used by the cell in succession to regulate distinct temporal response
449  patterns of nuclear NF-kB.

450 We used dynamic stimuli, dual-reporter cells, and computational models to
451 investigate information encoding properties of the IKK-NF-kB signaling axis. Exposing dual-
452  reporter cells to a single cytokine pulse revealed that the aggregate AUCs of IKK and nuclear
453 NF-kBincrease withthe IL-1 pulse duration, forming a continuum of single cell /O responses
454  (Fig. 1f). In contrast, when a cytokine is presented as a series of short pulses, monotonicity
455  of the aggregate 1/0 response is disrupted with cells showing disproportionately enhanced
456  AUCs for nuclear NF-kB responses (Figs. 2 and 3). We determined that the aggregate AUC of
457  IKK puncta is not sufficient to predict same-cell NF-kB responses to dynamically presented
458  stimuli. Instead, orthogonal axes for peak numbers and adaptation times of Cl were
459 predicted to encode signals that enhance NF-kB responses by mechanisms that switch

460 nuclear export from a first- to pseudo-zero-order process. Although both features are
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461 important contributors, Cl adaptation times where EGFP-NEMO puncta persist for around
462 80 minutes or longer define a threshold for conversion to zero-order kinetics. This
463  observationis reminiscent of a previous computational prediction where a constant plateau
464  of low-amplitude IKK activity following can mediate long-lasting nuclear NF-kB time
465  profiles®’. Nevertheless, experiments differ from these predictions because Cl assemblies
466 and IKK kinase assays in wild-type cells'®'”5%¢ show adaptation, typically within 60-90
467  minutes following exposure to TNF or IL-1. Based on our experiments and model results, we
468 surmise that the tail of IKK activity that extends beyond 80 minutes is crucial to blunt the first
469 wave of IkBa-mediated feedback, subsequently facilitating nuclear remodeling that
470  supports zero-order export kinetics.

471 In contrast with experiments, and regardless of model parameterization, simulations
472  withthe D2FC model®*?to predict NF-kB responses did not show switching between first- and
473  zero-order nuclear export kinetics, and the emergent property with enhanced response
474  AUCs. The D2FC? modified the base model by invoking explicit DNA-binding and chromatin-
475 remodeling mechanisms for NF-kB. These were selected because they reflect increasingly
476  well-characterized mechanisms that can create reactant-limiting conditions necessary for
477  a pseudo-zero-order process. To illustrate this point, NF-kB binds to hundreds of non-
478 redundant sequences that are distributed with repetition throughout the human genome***’.
479  Early estimates predicted that there are significantly more binding sites in the genome than
480 the~10°NF-kB moleculesin a typical mammalian cell*'. Subsequently, tens of thousands of
481 NF-kB binding sites have been observed in macrophages and B cells, as well as enrichment

482  of NF-kB binding on the 5’ end of genes or other non-promoter sequences*>*4+45, More recent
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483  results using genetic knockout of IkBa in mouse BMDMs showed prolonged nuclear NF-kB
484  following TNF stimulation, along with disruption of nucleosomal histone-DNA interactions
485 in the vicinity of NF-kB binding sites?2. Since earlier studies did not use genetic or chemical
486  perturbations that are necessary to produce prolonged nuclear NF-kB responses and
487  chromatin reorganization in differentiated immune cells, they are likely to underestimate the
488  breadth of NF-kB-DNA interactions. Taken together, there is a vast abundance of productive
489 and non-productive NF-kB-DNA interactions that are basally accessible, and significantly
490 more following chromatin reprogramming®. Incorporation of these roles in the D2FC?
491 revealed that consequences of DNA-binding and chromatin are sufficient to switch nuclear
492  NF-kB export to a pseudo-zero-order process. Consequently, our results also suggest that
493 mechanisms associated with chromatin dynamics and epigenetic reprogramming are
494  selected via dynamic stimuli that control the timing and numbers of Cl. There is growing
495  recognition of multi-hit immune signaling where cytotoxicity is additive over multiple sub-
496 lethal interactions between immune and cancer cells®®®°. With these observations, our
497  results support that dynamic cytokine presentations, such as multi-hit pulses, may encode
498  distinct messages to receiving subpopulations of non-immune cells, including cancers.

499 By using PSO to fit averaged experimental data from four conditions that embody the
500 emergent property, families of model parameterizations were identified that successfully
501 recapitulate experiments. As discussed earlier, the D2FC? model architecture was modified
502 for chromatin permissiveness and DNA binding only, and did not invoke any additional
503 molecular species or mechanisms. Simulations in silico further demonstrated capabilities

504 of D2FC?to accurately predict single cell NF-kB responses from time courses of Cl, validated
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505 with a compendium of experimental trajectories from dual reporter cells. Given that there
506 werenosingle-cell data used during optimization, it was remarkable that a family of different
507 model parameterizations was found, each capable of accurately predicting same-cell NF-
508 kB responses from experimental EGFP-NEMO time profiles. The added mechanisms of
509 D2FC? are robust, allowing the resulting system to achieve consistent behavior without
510 requiring strict expression levels for all molecular species in the model that individually tend
511  to exhibitvariability when measured in single cells. Taken together, low numbers for cytokine
512 receptors and stochasticity of their interactions are among the chief contributors to
513 heterogeneity between single cell NF-kB responses, which can be accurately predicted from
514  Cl-level measurements.

515 Dynamics of nuclear NF-kB mount stimulus-specific adaptive responses through
516  selective regulation of gene expression programs, many of which cluster into early-, mid-,
517 and late-response categories?'®"¢°, Although late response genes are typically associated
518 with tonic and high-concentration inflammatory stimuli, this may not be strictly required.
519 Based on our experiments and model, we speculate that mid- and late-response genes can
520 arise from chromatin accessibility, and that certain temporal stimuli that distribute CI
521 numbers in time have the potential to reveal their promoters via chromatin remodeling.
522  However, follow-up studies to test this possibility will require further refinements to our
523  model. For example, the mechanism for chromatin remodeling in the D2FC?is likely to be an
524  oversimplification, lacking mechanisms for gene-specific promoter accessibility and other
525 DNA-binding proteins such as AP-1 that remodel chromatin in response to inflammation®"62,

526  Similarly, theoretical IKK distributions studied in the model may be difficult to achieve
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527  experimentally, and another layer of detail is necessary to accurately predict the distribution
528 of peak numbers and timing from complex environmental stimuli. Nevertheless, we expect
529 that forthcoming models will explicitly model Cl puncta and gene-specific promoters
530 relative to chromatin. Through a comprehensive model, we will understand how basal
531 conditions of different cell types encode and decode certain cytokine responses, and how
532 complex environments can select gene expression programs using Cl and IKK as signaling
533  hubs.

534 In summary, our results demonstrate that the number and timing of Cl assemblies
535 encode information about time-varying stimuli in the extracellular milieu. With limited
536 numbers of surface receptors to nucleate Cl assemblies, extracellular conditions that
537 prolongthe adaptation time of Cl disproportionately enhance the aggregate NF-kB response.
538 These observations are recapitulated in a model of NF-kB signaling by invoking mechanisms
539 for DNA-binding and chromatin reorganization. The resulting system reveals how IKK-
540 encoding of dynamic environmental conditions distinctly coordinate a range of potential NF-

541 KB responses through systems feedback and chromatin remodeling.
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542  Methods

543 Cell Culture

544  CRISPR-modified U20S cells expressing N-terminal fusions of EGFP-NEMO and mCherry-
545 RelA from their endogenous loci'’, as well as KYM-1 cells stably expressing mVen-RelA, were
546  cultured in McCoy’s 5A and RPMI medium respectfully at 37°C in a humidified incubator with
547 5% CO,. The medium was supplemented with 10% fetal bovine serum (FBS) (Corning),
548  penicillin (100 U/mL), streptomycin (100 U/mL), and 0.2 mM L-glutamine (Invitrogen). Cells
549  were routinely screened for mycoplasma contamination.

550

551 Live-cell imaging for pulse experiments in the microfluidic dynamical stimulation
552  system

553 A custom microfluidic system, as previously described?*, was used for single and repeat
554  pulse experiments. Briefly, two-inlet PDMS devices were fabricated from corresponding 3D-
555  printed molds, sterilized by autoclaving, washed with ethanol, followed by PBS and
556  subsequently incubated with a 0.002% (v/v) fibronectin solution in PBS for 24 hours at 37°C.
557 U20S double-CRISPR cells (~5 x 10° cells/mL) were seeded into the microfluidic devices
558 andincubated for at least 24 hours.

559

560 On the day of the experiment, the microfluidic device was connected using Tygon tubing to
561 fluid reservoirs on the gravity pump containing the appropriate treatments. FluoroBrite
562 DMEM medium (Gibco, A18967-01) supplemented with 10% FBS (Corning), penicillin (100

563  U/mL), streptomycin (100 U/mL), and 0.2 mM L-glutamine was used during imaging. IL-1 and
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564  TNF treatments were prepared with Alexa Fluor 647—-conjugated BSA (0.0025% v/v of a 5
565 mg/mL stock; Invitrogen) to visualize the cytokine containing stream in the device.

566

567 Images of EGFP-NEMO were acquired every 4 minutes using FITC filters, with a z-stack of
568 eight images at 0.5-pm intervals, using 0.04-second exposure and 32% transmission.
569 Similarly, mCherry-RelA was imaged every 4 minutes using the Alexa A594 filters, with 0.1-
570 second exposure and 50% transmission. Alexa Fluor 647-conjugated BSA was imaged every
571 1 minute using the CY5 channelwith 0.1-second exposure and 50% transmission. Allimages
572  were acquired in an environmentally controlled chamber (37°C, 5% CO,) on a DeltaVision
573  Elite microscope equipped with a pco.edge sCMOS camera and an Insight solid-state
574  illumination module (GE Healthcare) at 60x LUCPLFLN oil objective.

575

576  Treating cells with 5-azacitidine

577 U20Sdouble-tagged cells were treated with 5 uM of azacitidine (Sigma Aldrich, A2385) while
578 growingina 10 cmdish. Since azacitidine is reported to degrade rapidly in aqueous solutions
579 at room temperature, cells received fresh 5 uM azacitidine daily for 3 or 6 days before
580 imaging. The day before imaging, cells were seeded on a 96-well plate at 6,000 cells/well.
581 On the day of imaging, the media in the wells were replaced with FluoroBrite DMEM
582  supplemented with FBS, penicillin, streptomycin, and L-glutamine. A single 6-minute pulse
583 of IL-1 at 50 ng/mL was given to the cells. 50 ng/mL was chosen because it most resembled
584  the IKK profile of a single 6-minute pulse of IL-1 in a microfluidic chip. Cells were imaged to

585 measure the nuclear localization of mCherry-RelA for 3 hours, with 4 minutes intervals.
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586

587 Extracting EGFP-NEMO and mCherry-RelA time profiles from live-cell images

588  As previously decribed®®, dNEMO software was used to detect and quantify EGFP-NEMO
589 spots. The spot detection threshold in dNEMO was set between 2.1 and 2.4, and only spots
590 presentin at least two contiguous slices of the 3D images were considered valid. Individual
591 cells were manually segmented using dNEMO’s keyframing function. The mCherry-RelA
592  nuclear intensity trajectories were quantified using custom python scripts. Briefly, the
593 custom scripts allowed to identify regions of background and the nucleus across all frames
594 by defining regions by a box. Nuclear NF-kB was determined by calculating the mean pixel
595 intensity of the nucleus by the mean background intensity of the frame. Each cell trajectory
596 was manually tracked across all images. To calculate the fold change, mCherry-RelA
597 trajectories were divided by the initial nuclear fluorescence at time zero. The area under the
598 fold-change curve was calculated by first subtracting by 1 and setting any negative values
599 equal to 0. The trapezoidal function in MATLAB was used to calculate the area under the
600 curve from the data.

601 NFkBFC AUC = trapz(max(NFkBFC — 1,0))

602 Where NFKBFC represents the fold change nuclear NF-kB.

603

604  Mechanistic modeling

605 The mechanistic model of NF-kB activation through IKK, called D2FC, was used as
606 previously published®?. Briefly, the mechanistic model contains the key events from IKK

607 activation, degradation of IkB due to IKK, NF-kB translocation to the nucleus, and the up-
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608 regulation of IkB in the cell. To interface the single-cell measurements of IKK punctate
609 formation,the D2FC modelwas modified such that the activation of IKK from its neutral state
610 depended on the formation of IKK punctate structures. The rate of formation is:
611 IKK, - IKK
612 Rate = k, * IKKSpots(t) * IKK,
613 The parameter k, was optimized to reduce the sum of the squared error of the training data
614 and represents the parametrization of D2FC.
615
616 Theinput, IKKSpots(t), consists of experimental trajectories obtained from live-cell imaging.
617 These trajectories were fitted to a sum of four Gaussians using MATLAB’s fit function. To
618 ensure that the fitted curve started at zero, additional weight was placed on the initial value
619  during optimization. Finally, all simulated IKK trajectories were visually inspected to confirm
620 thatthey captured the basic trends observed in the experimental data.
o]

621 IKK(t) = Zaie i

i=1
622 The parameters for each single cell IKK trajectory and mean IKK trajectory can be found in
623 the ModeledIKKTrajectories.xlsx supplementary information.
624
625 The D2FC? model introduced an additional mechanism that was necessary to fit the
626 emergent property as described in the results. The new mechanisms involved NF-kB binding
627 and opening new DNA-binding sites in chromatin. This mechanism includes a new model

628 species, NFKBDNA, representing NF-kB bound to DNA. The binding rate of NF-kB to DNA is
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629 influenced by cooperative effects, where the presence of already-bound NF-kB increases
630 the likelihood of additional NF-kB binding. This phenomenon reflects a so-called pioneering
631 effect® in which the binding of NF-kB facilitates chromatin relaxation, opening more binding
632 sites and enhancing NF-kB recruitment where Ps, represents the basal nuclear openness

633 and was fixed to a value of 1:

634 NFkB - NFkBDNA
635 Rate = kald » DCoop * NPio
636
( NFkB )"2
637 DCoop = kdNFKB 3
14 ( NFkB )
kdNFKB
638
(NFkBDNA)h3
639 NPio = Psy + Ps « —1PNA_J__
1+ (NFkBDNA)
KDNA
640

641 NF-kB can dissociate from DNA either through direct binding of nuclear IkBa or via a basal

642 rate of dissociation. The two methods follow basic mass action kinetics

643 IkBa + NFkBDNA — IkBaNFkB

644 Rate = ka2a * [N.IkBa] * [N.NFkBDNA]
645

646 NFkBDNA - NFkB

647 Rate = kd1ld * [NFkBDNA]

648
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649 Emergent property score

650 The emergent property score was calculated by first simulating nuclear RelA trajectories for
651 each of the single cell trajectories of the single 6, single 15, and four 1.5-minute pulses.
652  Since Fig. 2 showed an increase in the median AUC of nuclear RelA (fold change) between
653 the single 6-minute and 4x1.5-minute pulses and between the single 6-minute pulse and

654  single 15-minute pulse, the emergent property score was defined as follows:

med(AUCax15) med(AU’c;Ls(e))) n (med(AUCixls) _ med(Aufjxls(e)))

655 Emergent Property Score = abs ( med(AUC1x¢) med(AUCyx16(6)) med(AUC1xg)  med(AUC1x16(0))

656

657 Where AUCT%(B), AU/(EH(G), AU(Z;5 (0) represents the data set of single-cell predictions
658  for the parameter set 6 for the AUC of the nuclear RelA (fold change) for the 1x6, 1x15, and
659  4x1.5-minute pulses. AUC, AUC1x15, and AUC .15 represent the area under the curve for the
660 experimental single cell trajectories.

661

662 Model simulations

663 D2FC and D2FC? were built using MATLAB 2023a. Associated code is available through the
664  supplement (Supplementary Files 2) and the following repository

665  (https://github.com/recleelab/D2FCSquared/) . SimBiology was used to generate ordinary

666  differential equations from the reaction rates. Models were simulated for 10 days without
667 cytokine stimulation to ensure a steady state was reached. Then the IKK profile
668 corresponding to the appropriate dose was simulated to get the simulated results. Particle
669 swarm optimization from MATLAB’s Global optimization toolbox was used to optimize the

670 parameter set to fit the average results from four scenarios used for fitting which included
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671 the control, 1x6 minute pulse, 1x30-minute pulse, and 4x1.5-minute pulse of IL-1. The global
672  optimization attempted to minimize the following equation where y; ; is the experimental

673 measurement for scenario i at time =t, and J; .(6) is the model estimate for parameter set

674 0:
N 2
675 ](9) = z z (yi,t - yi,t(e)) + NFkBHerusitiC(H)
it
676  Where:
0 if 0.01 < R% < 0.3
cyt
677 NFkBHerusitic(e) = 100 lf RZ—;E <0.01
kS * Rnuc if Rnuc > 0.3
cyt cyt

678 The NFkByerysitic Was designed to ensure proposed parameters had a basal nuclear NF-kB

679 described as the ratio of NF-kB in the nucleus to cytoplasm (Rnuc) within experimental
cyt

680 expectations. Model values going below the lower limit were strongly penalized whereas
681 models above were penalized proportional to ratio. The heuristic was set up to significantly
682  penalize the overall optimization score if the basal nuclear NF-kB conditions were not met.
683

684  Particle swarm optimization was run with a swarm size of 100 particles and ceased after 20
685 consecutive iterations to prevent stalling, where the system could not achieve a reductionin
686 the optimization score. Parameter values were optimized in log, format to help the optimizer
687  explore the full parameter space across multiple orders of magnitude. The prior distribution
688 of parameters ranges for optimization were carefully selected to represent biophysically

689 relevantranges around each parameter in the D2FC model (Supplementary table 4).
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690

691 Quantification of zero- vs. first-order nuclear export kinetics

692  Single-cell trajectories of nuclear NF-kB fold change were classified as having first- or zero-
693  order nuclear export kinetics by fitting two models to data at the point of nuclear NF-kB
694  exitingthe nucleus. A linear model was fit between the point of decay and the last data point.
695 The first order decay model was fitted by setting N, to the value of decay and finding the k
696 value that minimized the sum of squared error. To avoid parameters for the first order decay
697 rate that are linear, a minimum parameter exponential rate constant of k was set to 0.0167
698 min' which represents a first order decay rate where approximately 95% of the nuclear Rela
699  would exit the nucleus within 180 minutes. Defining a maximum value was essential to
700 create a single metric for differentiating first and zero order decay rates.

701

702  Zero-Order Decay Model:

703 y=mxt+b

704

705  First-Order Decay model:

706 y(t) = N, * ekt

707

708  For each single-cell trajectory, the time point of nuclear NF-kB exit rate was identified and
709 the first and zero order models were fit to the data, only considering points after NF-kB
710  started to exit the nucleus. The sum of squared error (SSE) was determined for both models

711 andthe nuclear RelA exit rate score is calculated to be the difference between the SSE.,, —
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712 SSER;:- Positive values indicate zero-order and negative values indicate first-order nuclear
713  export kinetics.

714

715  Benchmarking the quality of the single cell predictions

716  Single-cell IKK trajectories were used as input for the model to generate predictions for each
717  cell. The sum of squared errors (SSE) was calculated for each of the 194 single-cell model
718  predictions to assess their accuracy. To classify the quality of these predictions, we
719  established thresholds for 'excellent, 'high, and 'poor’ fits. The threshold for 'high' fits was
720 determined using an elbow plot. This was done by gradually increasing the threshold and
721 counting the number of unacceptable fits (see Supplementary Fig. 7). To identify the elbow
722  point, we first drew a line connecting the first and last points on the plot. We then measured
723  the perpendicular distances from each point on the elbow plot to this line. The point with the
724  maximum distance from the line was selected as the elbow point, which defined the optimal
725 threshold for high-quality fits. To further classify the single cell trajectories, we divided the
726  single cell trajectories between simulations that were considered excellent (which was
727  defined as half of the elbow point) and high-quality fits.

728

729 SimBiology model

730 A mechanistic model was constructed using SimBiology (MATLAB) by employing command-
731 line tools within an m-file, rather than the graphical interface. This approach enhanced

732  flexibility and automation in model development and simulation. SimBiology was used as a
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733  tool to automate the process of converting from reaction rate equations to a set of ordinary
734  differential equations (ODE).

735

736  Simulated CIl Trajectories

737  Simulated Cl trajectories were generated by first creating an zeros array with one value set
738 to 1, representing the peak time. The array had a length of 46, matching the number of
739 timepoints in our time-lapse imaging. The peak was positioned at 28 (index position 7)
740  minutes, and a linear interpolation filled in the values between timepoints 0-28 and 28 to a
741  variable adaptation time, resulting in trajectories with a triangular shape. To aid downstream
742  fitting to Gaussian equations, a rolling average with a window of 3 was applied to smooth the
743  trajectory. The smoothed Cl trajectories were then fit to the sum of four Gaussian equations,
744  for simulation in the model. To ensure simulation started at zero, additional weight was
745  added to t=0 to the optimization function. With the method, we can precisely control the
746  peak height, peak time, and adaptation time for the Cl trajectories.

747

748  Simulation of Chromatin Opening

749  Chromatin opening to simulate azacitidine treatment was done by increasing the basal
750 chromatin openness parameter, Ps,. To estimate the effect of chromatin permissiveness on
751  the fraction of free NF-kB, a sub-model was constructed that included only the binding and
752 unbinding of NF-kB to DNA. In this model, only free and bound NF-kB were dynamic, while
753 all other species, specifically IkBa, were held constant at the steady state value before ClI

754  formation. The rate of NF-kB binding to DNA was determined by the equation:
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Rateginging = kald x DCoop * NPiogons * [N.NFKB]
where NPiocnst Was held constant during the simulation but varied for generating the
heatmap in Fig. 7C (bottom-right). The rate of NF-kB unbinding from DNA was influenced by
both the basal dissociation rate and binding to IkBa. IkBa was set to a constant value, equal
to the steady state value after 10 days of simulation, to ensure the sub-model closely
resembled the full model. Parameters from the best-fitting D2FC2 model were used for the
simulations.

Rateynpinging = kd1ld * [N.NFkBDNA] + ka2a * [N.IkBaseaay-state] [N.- NFKBDNA]
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943  Figure legends

944  Fig.1: NEMO features determine same-cell NF-kB responses to a single cytokine pulse.
945  A.Schematic of atwo-inlet, one outlet microfluidic chip with fluid flow from left to right. Inlet
946 1 (1) contains a mixture of cytokine, dye, and medium, while inlet 2 (12) contains only media.
947  The fluorescent dye is used exclusively to establish the position of the cytokine-containing
948  stream. U20S cells are cultured and imaged within the central cell culture channel. On
949 average, 22 cells were imaged for each condition. B. Image of the custom gravity pump. Inlet
950 reservoirs 11 and 12 are connected to the orange basins and the outlet connected to the gray
951 basin. The gravity pump dynamically adjusts the relative heights of the basins to control fluid
952 flow. Whenthe I1 basinis positioned lower than 12, cells are exposed to media only (top) and
953 when 11 is higher, cells are exposed to cytokine (bottom). C. Time-lapse images of CRISPR-
954  modified U20S cells lines containing fluorescent protein fusions from their endogenous loci
955 (left; see also Supplementary Movie 1). Quantification of upstream activated receptor
956 complex measured through the formation and tracking of single EGFP-NEMO puncta (top).
957 Quantification of downstream activation of the NF-kB (RelA) transcriptional system
958 calculated by the fold change of mCh-RelA fluorescence in the nucleus (bottom). D. Single
959 celltime-courses for EGFP-NEMO spot numbers and nuclear mCh-RelA nuclear fold change
960 inresponse to a single pulse of IL-1 at 10 ng/ml with varying pulse durations. Light-colored
961 trajectories represent individual cells, while bold trajectories represent the average
962 response. E. The area under the curve (AUC) for the number of IL-1 induced spots (left) and
963 the fold change of nuclear RelA (right) increases with pulse duration. F. Same-cell

964  correlations from dual-reporter cells show the aggregate AUC of activated receptor
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965 complexes and downstream transcriptional activity display a monotonic relationship
966 (Spearman p =0.85).

967

968 Fig. 2: NF-kB responses to a dose-conserving cytokine pulse train are enhanced.

969 A. Single cell time-courses for EGFP-NEMO spot numbers and nuclear mCh-RelA nuclear
970 fold change responses to multiple short pulses. Single 6- and 15-minute pulses are shown
971 as reference points, representing equivalent and greater than twice the total cytokine
972  exposure, respectively, compared to the multiple short pulses (yellow highlighted
973 conditions; see also Supplementary Movies 1 and 2). On average, 20 single cells were
974 imaged per condition. B. The area under the curve (AUC) analysis of NEMO spot numbers
975 (left) shows no significant difference between single and multiple pulse stimulation
976  patterns. For comparison, the single 6- and 15-minute pulses do show a significant
977  difference (left). By contrast, the AUC for nuclear RelA fold change indicates a significant
978 difference between single and multiple pulse stimulation patterns (right). Median and
979 interquartile ranges are shown. **P<102, student’s t-test. C. The aggregate AUC of activated
980 receptor complexes and downstream transcriptional activity is not monotonic when
981 responses to multiple short pulses are combined.

982

983 Fig. 3: Temporal features of NEMO spot humbers correlate with NF-kB and zero-order
984  export kinetics following a cytokine pulse train.

985 A. Schematic of a typical NEMO spot trajectory highlighting features for the ‘time to

986 maximum’ (tmax) and ‘adaptation time’ (tasapr). B. Boxplots showing tmax for single-cell
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987  trajectories under 6-minute single and multi-pulse stimulation. C. Boxplots showing tagap: fOr
988  single-cell trajectories under 6-minute single and multi-pulse stimulation. D. Schematic of
989 atypical nuclear RelA fold change trajectory highlighting the max fold change and the area
990 under the curve (AUC). Additionally, examples for zero-order and first-order kinetics are
991 illustrated for nuclear RelA export. E. Same cell correlations for time-courses of nuclear
992  RelA exit rates scores and the tn.x of NEMO. F. Same cell correlations for time-courses of
993 nuclear RelA exit rates scores and the tagapt f NEMO (min)
994
995 Fig. 4: A model with DNA-binding and chromatin remodeling recapitulates emergent
996 properties of average cellular responses to dynamic stimuli.
997 A. Schematic of the mechanistic model fitting strategy. As input, the model uses
998 experimental averages of EGFP-NEMO time-courses from four conditions, chosen to tune
999 the model to the emergent property. Simulated NF-kB responses are compared against
1000 experimental results and used as a cost function for particle swarm optimization (PSO). B.
1001 Results of PSO from 500 replicates for each model architecture. Each model
1002 parameterization is evaluated based on the sum of squared error (SSE) to the 4 training
1003 conditions (x-axis), to the SSE of averages from the 5 validation conditions not used for PSO
1004  (y-axis), and emergent property error score (colorbar). D2FC optimized models were limited
1005 tothe quadrant highlighted in pink. The red star indicates the overall best D2FC? model.
1006
1007  Fig. 5: D2FC? accurately predicts NF-kB responses using single cell Cl data as inputs

1008 A. Simulated single-cell NF-kB predictions using the best-performing D2FC? model using
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1009 single-cell EGFP-NEMO as model inputs. B and C. Boxplots comparing the simulated and
1010  experimental AUC of nuclear RelA for single-pulse (B) and multi-pulse (C) dosing schedules.
1011 Between experiments and D2FC? simulations, the model shows remarkable similarity where
1012 only one condition has a statistically distinct difference (marked with *; p < 0.05, student’s
1013  t-test). D. Proportion of single-cell predictions classified as excellent, high, or low quality
1014  (see also, Supplementary Fig. 7) compared to experimental data across different dosing
1015 schemes for the best-performing model (left). Overall performance of the top 10 models in
1016  predicting single-cell trajectories aggregated across all experimental conditions (right). See
1017  also Supplementary Table 3.

1018

1019 Fig. 6: D2FC? accurately predicts cytokine-induced NF-kB responses following
1020 exposure to hypomethylating azacytidine.

1021  A. Simulated estimate of baseline nuclear RelA (relative to original) in response increasing
1022 basal chromatin opening. B. Simulated nuclear RelA (fold change) using the average EGFP-
1023 NEMO time course from a single 6-min pulse as an input. Different colors represent
1024 indicated amounts of basal chromatin opening. C. Experimental measurements of basal
1025 nuclear RelA of cells exposed to 5 uM of Azacytidine for 3 and 6 days, respectively. D. Single-
1026 cell trajectories of nuclear RelA fold change for cells exposed to a single 6-minute pulse of
1027 IL-1 following azacytidine exposure for 3 or 6 days (top and bottom, respectively). Bold lines
1028 represent the average trajectory, and the shaded region is +/- 1 standard deviation. On
1029 average 26 cells were imaged in each condition. See also Supplementary Fig. 8.

1030
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1031 Fig. 7: Features of NF-kB responses show different sensitivities to features of Cl

1032 A. Schematic illustrating how NEMO features encoded by temporal stimulation impacts
1033  binding site availability and the duration of NF-kB retention. B. Simulated IKK trajectories
1034  varying the peak of NEMO numbers (top, peak), adaptation time of NEMO numbers (middle,
1035  tagapt) independently. Combined features are used to generate simulated time-courses that
1036 scanthe encoding space of NEMO puncta (bottom). C. Heatmap of: simulated peak nuclear
1037 RelA (fold change) with varying peak NEMO and adaptation times (top-left); Nuclear RelA
1038 export scores for simulated responses, where positive values indicate increasingly zero-
1039 order scores and negative values indicating the strength of first-order scores (top-right);
1040 Relative chromatin permissiveness, where higher values represent more open chromatin
1041 (bottom-left); and, results from a sub-model used to simulate the steady-state fraction of
1042 free nuclear NF-kB changes with overall nuclear NF-kB and chromatin permissiveness
1043  (bottom-right).

1044
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