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ABSTRACT

Type | interferon IFNP is a key regulator of the immune response, and its dysregul ated
expression causes disease. The regulation of IFN promoter activity has been a touchpoint of
mammalian gene control research since the discovery of functional synergy between two
stimulus-responsive transcription factors (TFs) nuclear factor kappa B (NF«B) and interferon
regulatory factors (IRF). However, subsequent gene knockout studies revealed that this synergy
is condition-dependent such that either NFkxB or IRF activation can be dispensable, leaving the
precise regulatory logic of IFNf transcription an open question. Here, we developed a series of
guantitative enhancer states models of IFN[ expression control and evaluated them with
stimulus-response data from TF knockouts. Our analysis confirmed that TF synergy is a hallmark
of the regulatory logic but that it need not involve NF«B, as synergy between two adjacent IRF
dimersissufficient. We found that a sgmoidal binding curve at the distal site renders the dual
IRF synergy mode ultrasensitive, allowing it only in conditions of high IRF activity upon viral
infection. In contrast, the proximal site has high affinity and enables expression in response to
bacterial exposure through synergy with NFkB. However, its accessibility is controlled by the
competitive repressor p50:p50, which prevents basal IRF levels from synergizing with NFkB,
such that NFikB-only stimuli do not activate IFNB expression. The enhancer states model
identifies multiple synergy modes that are accessed differentially in response to different
immune threats, enabling a highly stimulus-specific but also versatile regulatory logic for
stimulus-specific IFNP expression.

SIGNIFICANCE

Precise regulation of the immune cytokine IFNp is essential for human health. Classic studies
established that the transcription factors NFkB and IRF function synergistically in activating
IFNp expression. However, more recent data revealed that either factor may be dispensablein
certain conditions, leaving the regulatory logic of IFNf transcription an open question. In this
study, we evaluated several quantitative models to determine what regulatory logic can account
for the available data. We found that the enhancer exhibits multiple synergy modes with specific
transcription capabilities that are deployed in a condition-dependent manner. The resulting IFNf
regulatory logic modd reveals how stimulus-specificity is achieved, and may be tuned, thereby
overcoming a bottleneck in predictive modeling the control of innate immune responses.
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INTRODUCTION

Type | interferons are key regulators of the innate immune response. The most prominent
type | interferon, IFN, functions both as an autocrine and paracrine cytokine that has important
rolesin myriad aspects of health and disease. Its primary role isto activate the expression of
antiviral genes (1-3) but it also has broad roles in the adaptive immune response by regulating
inflammation (4), and the functions of antigen-presenting cells (5, 6), T cells, B cells, and NK
cells (7, 8). Conversaly, IFN[ dysregulation is associated with diseases (9, 10), asit can lead to
systemic activation of the immune response (11, 12), contribute to immunosuppression (2), and
impair cell growth and health by downregulating protein synthesis (13, 3). Consequently, IFNf
expression must be tightly tuned to the specific context and trigger stimulus such that it is
expressed only when and to the degree needed to overcome the immune threat.

The key regulatory step that controls IFNp production isthe initiation of transcription of
theifnbl gene. Its stimulus responseis primarily controlled by one kB site, which binds nuclear
factor kappa-light-chain-enhancer of activated B cells (NFkB) and two IRE sites, which bind
interferon regulatory factors (IRFs). NFkB and IRF are families of stimulus-responsive
transcription factors (TFs) which respond to pathogen-associated molecular patterns (PAMPs)
via pathogen recognition receptors (PRRs). Indeed, while PRRs are diverse and encompasstoll-
like receptors (TLRs), Nod-like receptors (NLRS), Rig-I-like receptors (RLRs), and cytosolic
DNA sensing receptors (CGAS) (14, 15), they all converge on the activation of NFkB and IRF
signaling via their respective MyD88, TRIF, MAV S and STING adaptors (16-19).

Foundational studies of the IFN enhancer reported functional synergy between NFxB
and IRF, i.e., that more IFNp is expressed when both NFkB and IRF are activated or transfected
than the sum of transcription with either factor alone (20, 21). Given the involvement of a
chromatin structural protein HMGL in bending the DNA, these findings led to a proposed model
of an IFNp “enhanceosome” (20), which recruits CBP (22) and requires the concerted activity of
NF«B and IRF to recruit remodeling factors to move a nucleosome blocking the transcription
start site (23). The IFN enhanceosome has been commonly understood to require two IRFs and
NF«B to be bound to the enhancer for maximal transcriptional activation of IFNf (20, 24, 25).

However, this model does not explain the regulation of IFNf in al conditions. While IRF
knockouts confirmed that IFNP expression is dependent on IRF regardless of the PAMP stimulus
or pathogen exposure (26—29), basal IRF may be sufficient in deregulated NFxB system
conditions (30). Further, while dependence on NFxB was found upon stimulation with TLR4-
inducing LPS (31, 32), NFkB isnot required for IFNf expression upon stimulation with TLR3-
and RLR-inducing PolylC or infection with Sendai virus (33, 27, 32, 34). Thus, it remains
unclear what regulatory logic governs expression of this key innate immune-coordinating
cytokine.

Here we devel oped a quantitative understanding of the regulatory logic by which IRF and
NF«B govern IFNp expression by evaluating alternate mathematical models of IFNJ regulatory
enhancer states with published and newly generated datasets from a variety of stimulus and
knockout conditions. We found that multiple synergy modes, each subject to particular dose-
response relationships, are accessed in a condition-dependent manner to provide versatile but
precise control of the IFN enhancer.

RESULTS
Defining a minimal combinatorial states model for | FNB
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To dissect the regulatory logic of the IFNB enhancer, we used a combinatorial state
ensemble model, which allows clear delineation of distinct regulatory modes (35, 36). To focus
on the proposed NFkB-IRF synergy, we first modeled only two binding sites: one for NFkB and
onefor IRF (Figure 1A, SI Methods). The resulting two-site state ensemble model has four
enhancer states: unbound, bound to IRF, bound to NFxB, or bound to both IRF&NF«B. The
activities of the corresponding proteins in max-normalized units (MNU) for each state can be
described by the functional state vector S and the transcriptional activity of each state by the
vector t. The unbound state has no transcriptional activity (t, = 0) and the IRF& NF«B state has
maximal transcriptional activity (t;y = 1), while the IRF state and the NFxB state have unknown
transcriptional activities (t, and t,, respectively). Each site has a binding equilibrium constant
for its cognate protein, together comprising the vector . As NFkB is an obligate dimer, we
assumethat it binds in one step with a binding equilibrium given by the parameter K. In
contrast, two IRF monomers may bind sequentially and thus show binding cooperativity (37, 38).
To account for this, we let the binding equilibrium for IRF be k,[IRF]™~*, where h; isaHill
coefficient that describes the potential cooperativity between IRF monomers. The promoter
activity (f) iscalculated fromthe S, t, and 8 vectors (Figure 1B).

To fit the model, we surveyed literature data on IFNp regulation to generate a data matrix
(Figure 1C, Table S1) quantifying response to double-stranded CpG DNA, which activates
NF«B but aimost no IRF and stimulates no detectable IFNp (16, 30), bacterial membrane
component LPS, which induces low IRF and maximal NF«kB and stimulates a medium amount of
IFNp (39, 40, 32, 31, 26), and viral analog PolyIC, which induces maximal IRF and stimulates
maximal IFN (16, 41, 32, 27, 26, 29) in WT and four genetic knockouts. IRF3/5/7ko cells with
PolyIC stimulus produce no detectable IFNf, while IRF3/7ko cells with PolylC stimulus produce
alittle IFN, though the weaker IRF-inducing stimulus LPS shows no IFN induction evenin
this double ko (26—29). In contrast, NFkBko cells, which lack subunits RelA and cRel, show
severely diminished IFN expression when LPS is the stimulus, while they show no decrease in
IFNP expression from WT when PolyIC is the stimulus (33, 27, 34, 31, 32).

To determine the regulatory logic that best explains the experimental data, we fit the
model parameters to the available data (Figure 1C) and selected the top 20 optimized parameter
sets (SI Methods), which all gave essentially the same predicted values for IFNp. For all h;
values, best-fit models correctly predicted IFN expression in WT cells (Figure 1D) and IRFkos
(Figure 1E). However, all models failed to predict the deficienciesin IFNp activation in
NF«Bko cells stimulated with LPS (Figure 1F). A high Hill coefficient allowed for more NFxB
dependence in response to LPS than in response to PolylC, but not to the extent observed
experimentally and at the expense of LPS-inducibility in WT cdlls (Figure 1D). We were able to
improve the fit to NFkB dependence by adding positive binding cooperativity (C parameter)
between IRF and NFxB (Figure S1A-B, Table $4), but biochemical assays have shown that
there is no such cooperativity (42). Additionally, we found that a NFkB Hill coefficient of 3
could also allow the model to fit the data (Figure S1C-D, Table S3)), but as NF«B is an obligate
dimer and thereis only one kB sitein the IFNp enhancer, this possibility is unlikely.
Consequently, we concluded that the two-site state ensemble model is insufficient to explain the
stimulus-specific NFkB dependence.

A three-site model can account for the experimental data
We next tested athree-site model (Figure 2A), comprising abinding site for NFkB, a
proximal IRF binding site (IRE;) and adistal IRF binding site (IREy). IRE; and IRE; have
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binding equilibriums of k, [IRF]"2~" and k,, [IRF]™="" for their respective bound IRFs, where
each k; isabinding parameter and each h; isaHill coefficient reflecting binding cooperativity
between IRF monomers. This model has eight states of binding: unbound, IRF bound to IRE;
(IRFy), IRF bound to IRE; (IRF,), NFkB bound, IRF1& IRF;, IRF1& NFkB, IRF.& NFkB, and
IRF1& IRF,&NF«B. The transcriptional activities for the NFkB alone state (ty) and the IRF
alone states (t;) are both unknown. New parameters are also defined for transcription from the
states with two sitesbound: ¢, ;, for the IRF1& IRF; state, t; y for the IRF1&NF«B state, and
t,n for the IRF&NFkB state. These new parameters alow for functional synergy (e.g.,

t,n > t;, + ty) or antagonism between the different TFs. We identified optimized parameter
sets for four different models, where IRF monomer cooperativity appliesto neither IRF (h, =
1,h;, = 1; i.e,the1&1 model), only the distal IRF (the 1&3 model), only the proximal IRF (the
3&1 model), or both (the 3& 3 mode!).

All models adequately fit the data of stimulus-specific expression in wild type cdlls,
though a high Hill coefficient for either IRF site improves the fit to PolylC (Figure 2B). All
models correctly predict deficienciesin IRFko cdlls, with ahigh Hill coefficient for both IRF
sites (the 3& 3 model) improving the fit (Figure 2C). Only the 1& 3, 3&1, and 3& 3 models
closdly recapitulate the NFkB dependence found in the literature (Figure 2D), showing a
decrease in IFNP in the NFkBko compared to WT under LPS stimulus not seen in the 1& 1
model or any two-site model (Figure 2E). An NFkB Hill coefficient (hy) of 3, whichisnot
supported by the known biochemistry, had minimal effect on the fits (Figure S2). We concluded
that the three-site state ensemble model with sigmoidal binding of IRFs to IRES sufficiently
accounts for the available IFNP expression data.

p50-homodimer tunesthe IRF-NFkB regulatory logic

We next tested the three-site model with the previously reported finding that the p50:p50
homodimer binds the IRE; binding site, competitively inhibiting IRF binding and IFNf
expression (30). In the absence of p50:p50, CpG, which does not activate IRF, is able to induce
substantial IFN expression. However, the deficiency in p50:p50 results in only a minor increase
in IFN with LPS (30). We added the pS0ko condition to our collection of data (Figure 3A).

We extended the three-site modedl to include p50:p50 vs. IRF competition for IRE;
(Figure 3B). p50:p50 may bind at the same time as IRF, and/or NF«B, but not IRF;, resulting in
four additional states of binding. p50:p50 does not contribute to transcription, such that
transcription is determined only by any other bound TFs. We introduced the binding affinity of
p50:p50 for IRE; (kp) as afree parameter to be determined by the available experimental data.
We fit parameters for four models (1&1, 1& 3, 3&1, 3&3) and selected the top 20 optimized
parameter sets. All models fit the WT data, though the 1& 1 model had a noticeably worsefit to
the WT PolyIC-stimulated condition (Figur e 3C). IRF-dependent conditions were fit well across
models, especially in the 1& 3 and 3& 1 models (Figure 3D). Again, the 1&1 model did not
exhibit as much stimulus-specific NFkB dependence as the other models (Figure 3E). In the
p50ko condition, while LPS expression was well-fit across all models, CpG expression was only
fit by the 1&1 and 1& 3 models (Figur e 3F). Consequently, we proceeded with the 1& 3 model,
asit satisfactorily captured all observations.

The optimized parameters demonstrate high levels of functional synergy, wheret; and ty
are approximately 0 and ¢; ,, and ¢,y are approximately 1 (Figure 3G, Ieft). Thereis somewhat

less synergy between NF«B and the proximal IRF, ast; y isaround 0.5. Consequently, five of
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the twelve enhancer states (IRF1& IRF,, IRF1&NFkB, IRF.& NFkB, IRF.& NFkB& p50, and
IRF& IRF,&NFkB) are transcriptionally active, four of which (IRF1&IRF,, IRF2& NFkB,
IRF,&NFxB& p50, and IRF1& IRF& NFkB) are maximally active.

We next examined binding affinity in the 1& 3 model. k;, is an order of magnitude higher
than Kp (300 MNU™ compared to ~25 MNU™), which may be crucial for IRF to compete with
p50:p50 when sufficient IRF is stimulated (Figur e 3G, right). The maximal binding affinity for
IRF, (K, [IRF]"2~"), around 30 MNU™, is likewise lower than k;, (Figure3H). Ky isnot well-
determined by the data, as arange of values from 5 to 10° MNU™ satisfy the observations
(Figure 3G, right). We concluded that the increased dynamic range of the IRF; binding affinity
is essential for capturing the high values of IFN in PolylC-stimulated WT and NFkBko
conditions. We conclude that a model where IRF; has a binding affinity high enough to compete
with p50:p50, IRF; has sigmoidal binding, and all TF pairs have high synergy can explain all
data.

Alter nate model conceptions show no improvement

We then investigated if binding cooperativity between IRF dimers would improve the fit
of the model. We added a parameter, C, to the binding equilibrium of the IRF:& IRF; state,
which specified positive (C > 1) or negative binding cooperativity (C < 1) between IRF dimers
at IRE; and IRE; (Table S8, SI Methods). While positive cooperativity slightly improved the fit
of the 1&1 modé, it did not affect thefit of the 1& 3 model, which remained the only acceptable
model (Figures S3A-B). We concluded that binding cooperativity is dispensable for fitting
functional synergy. Next, we considered that functional synergy may plausibly be only possible
between neighboring proteins and tested a model with ¢, y = t;, + ty (S| Methods). We found
that again only the 1& 3 model was acceptable (Figure S4A). With distal synergy disallowed,
t;,n isapproximately 1, so that all states yield either no transcription or maximal transcription
(Figure $4B). Asbefore, k; > kp and k; > k,, for all IRF activities (Figure SAC). Therefore,
the only differencein thismodel isahigher ¢, v, and neither alternate model improves thefit to
the data.

M odes of synerqgy explain stimulus specificities

Using the best-fitting 1& 3 model, we investigated the probabilities of the 12 enhancer
states under the 10 stimulus conditions (Figure 4A-D). In the inactive basal condition, the
enhancer is primarily in the inactive p50 (54%) and NFxB& p50 (32%) states (Figure 4A), while
upon CpG stimulation the NFkB& p50 state is dominant (81%) and probability of being in an
active state remains low (10%). However, upon LPS stimulation, the probabilities of enhancer
states are 25% for the highly active IRF1& IRF,& NFkB state, 46% for the partially active
IRF1&NF«B state, and only 15% for the inactive NFkB& p50 state. In response to PolylC, the
enhancer isamost entirely in the IRF1& IRF.& NF«kB state (82%). The differences in active state
probabilities explain IFNp stimulus-specificity.

Reducing IRF activity perturbs the state distributions. In LPS stimulated IRF3/7ko cells,
the probability of the IRF,& NF«B state decreases to 10%, leaving 82% for the NFkB& p50 state,
explaining why almost all transcription islost in this condition (Figur e 4B). When the IRF3/7ko
is stimulated with PolylC, the partially active IRF1& NFkB state is accessed (48%), allowing the
retention of some IFNf production. This due to the high k, alowing even low concentrations of
IRF to effectively compete with basally bound p50:p50. However, when all IRF activity is
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ablated in IRF3/5/7ko cells, the enhancer almost entirely occupies the inactive NFkB& p50 state
(87%).

In LPS-stimulated NFkBko cdlls, the enhancer shifts not only from the
IRF,& IRF,& NFkB state (25%) to the equally active IRF& IRF; state (26%) but also from the
active IRF1&NF«B state (46%) into the inactive IRF; state (49%), resulting in adecreasein
IFNp transcription (Figur e 4C). Because PolylC-stimulated WT cells specify primarily the
IRF& IRF,& NFxB state, NFkB-deficiency results in the equally active IRF,1& IRF; state (90%),
explaining the NFkB independence in this condition.

While CpG does not activate IRF, in p50ko cells, basal IRF binding to the high affinity
IRE; and CpG-induced NF«kB are sufficient for the enhancer to have a high probability (71%) of
occupying the partially active IRF1& NF«kB state (Figure 4D). However, in responseto LPS, the
probabilities of accessing the IRF1& NF«kB or IRF1& IRF.&NF«B states only increase moderately
over the WT condition (61% vs. 46% and 33% vs. 25%, respectively) given that LPS-induced
IRF is sufficient to overcome the p50:p50 blockade in WT cells. This moderate increasein
p50ko cellsis associated with the loss of the IRF,& NFkB& p50 state.

To further understand the contribution of each state to IFNJ transcription in each
condition, we examined the amount of max-normalized transcription units (TUs) contributed by
each state (Figure 4E). In response to CpG, all transcription comes from the IRF,& NF«B state
(0.04 TU), which increases in pS0ko cells (0.30 TU). In response to LPS, transcription comes
from IRF1& IRF,& NFkB (0.25 TU), IRF&NF«kB (0.19 TU), and IRF&IRF, (0.01 TU) states.
Transcription from each of these states increases moderately when p50:p50 is absent (0.26, 0.33,
and 0.02 TU, respectively), given that the IRF,& NFkB& p50 state is eliminated.

In NFkBko cells, the only available active state is IRF & IRF, (Figure 4E). In response to
LPS, transcription from this state increases (from 0.01 to 0.26 TUs), reflecting the sum of the
transcription from the IRF, & IRF; and the IRF1& IRF& NFkB statesin WT. However, this does
not compensate for the loss of the IRF,& NF«B state (from 0.19 TU to 0 TUs), causing an overall
decrease in transcription. In response to PolylC, most transcription is from the IRF,& IRF, (0.08
TU) and the IRF1& IRF,& NF«B (0.81 TU) states, which converges on the IRF,& IRF; state in the
absence of NFkB (0.90 TU). All other active states show only a negligible loss of transcription in
the NFkBko (0.08 TU). Overall, the probability distributions of active states explain the
stimulus-specific and knockout condition-specific transcriptional control of IFNS.

Using the model for forward predictions

To use the combinatorial states model for forward predictions of biological scenarios not
directly represented by the training data, we first asked whether the primary conclusions and
best-fit parameters were robust to variations in the training data due to uncertaintiesin
measurements. We generated 100 synthetic datasets with different levels of noise added to the
NF«B and IRF input values and optimized parameters as before to the synthetic datasets. When
noise corresponded to 1% error, best fit ¢t parameters matched those in the original data, and best
fit k parameters followed the same patterns as the original with a slightly wider range of values
(Figure S5A). With 10% (Figure S5B) and 20% (Figure S5C) error, al best fit ¢ parameters
continued to match the original data except for ¢, y, which had an increased upward spread
towards 1. Only with 40% error did t,,y and t;, , have high variation (Figure S5D). Importantly,
we found that even at 20% noise, synergy was still required between the two IRFs as well as
each IRF and NF«B (i.e., at least two sites must be bound to initiate transcription, Figure S5C).
We conclude that ¢; y isthe least robust parameter and that the synergy requirement of
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IRF1&NFxB may be less robust than that of IRF&IRF; or IRF&NF«B, but that NFkB is
always dispensable when IRF; and IRF; are bound. These studies indicated that our conclusions
are robust to error in the assembled data matrix, providing confidence in the reliability of
forward predictionsin conditions outside of the training dataset.

We next undertook comprehens ve dose response studies, predicting |FNf transcription
for arange of NFxB and IRF activities (Figur e 4F). With enough IRF (>0.2 MNU) and non-zero
NF«B, the IRF:1& IRF,& NF«B state produces alarge amount of IFNP transcription and the
IRF,& NFxB& p50 state contributes some IFNf transcription. With enough IRF and low NF«B,
the IRF& IRF, state produces moderate amounts of IFNf transcription. With low but non-zero
IRF, the IRF1& NF«B state produces most IFNp transcription. All other states contribute very
little to IFN transcription under any NFkB and IRF activities. We aso predicted IFNf
transcription in pS0ko cells (Figure $4D). The lower the concentration of IRF, the stronger the
repressive effect of p50:p50. We further explored stimulus specificity as a function of p50:p50,
finding that increased [ p50:p50] decreased the probability of and transcription from the
IRF,&NF«B state and increased the probability of the NFkB& P50 state under CpG and LPS
stimulus while mildly decreasing transcription from the IRF;& IRF2& NFkB state under LPS and
PolylC stimulus (Figure 4G). These analyses reveal how IFNJ transcription can be tuned by
different stimuli and cellular conditions that involve different IRF and NF«B activity levels.

DISCUSSION

We report here the development of a quantitative model of the regulatory logic that
governs IFNf expression. It recapitulates a variety of stimulus-response data exploring the
stimulus-specificity of IFNP expression, its dependence on IRF and NF«B activators, and the
role of the repressor p50:p50. We tested alternate models that are both qualitatively and
quantitatively distinct in how the three transcription factors function together, synergistically or
competitively, to control IFNf expression. Even with limited data, we rgjected many different
model formulations, including various two-site and three-site models, and converged on specific
regulatory insights. The resulting model reveals that each binding site and TF has a non-
redundant regulatory role that is governed by quantitative specifications of its dose-response
curve aswell as functional interactions with partnering TFs on the enhancer. The specific role of
each binding site explains why the enhancer sequence is so highly evolutionarily conserved and
has no single nucleotide polymorphisms with a prevalence above 0.03% on dbSNP (43).
Furthermore, the model had highly constrained parameters for IRF and p50 binding and for
transcription capability of each state that were robust to potential measurement error.

We found a higher binding affinity for IRE; than for IRE; in all acceptable models. This
isin line with biochemical studies, which have noted that the first half-site of IRE; is GAGA,
while IRE; contains the suboptimal AAAA (42) and a 2 bp spacing between half-sites (44). The
model also required a non-linear ultrasensitive dose response curve (i.e. a Hill coefficient above
1) at IRE,, but not at IRE;, where basal p50:p50 prevents spurious IRF binding. This agrees with
biochemical studies that determined that IRF monomers bind cooperatively with each other and
possibly with neighboring (constitutively present) APL at IRE; (37). This remarkable agreement
between the model inferred from stimulus-response data and biochemical findings not used for
mode fitting provides confidence in the model and offers support for the functional relevance of
prior biochemical studies.

Given that all known IRF3-inducing stimuli also activate NFkB, NFkB is active in every
WT pathogen-response condition. Each of these conditions yield NFxB bound to the enhancer,
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but whether NFxB binding is functionally important depends on context. Alone, it isunableto
drive transcription of IFNf, and when both IRF; and IRF, are present it is dispensable.
Therefore, NFkB plays a functional role only when a single IRF dimer is present. Given that IRF
has a higher binding affinity for IRE; than for IRE; and p50:p50 competes with IRF at IRE;, we
may speculate that only in the case of very high p50:p50 homodimer levels might NFxB
functionally synergize with the distal IRE, to activate IFNf expression. pSO homodimer
concentration is context specific; due to the feedforward loop regulating NFkB dimers (45), cells
pre-exposed to stimuli can contain higher levels of p50:p50 than naive cells, reducing the
contribution of the IRF,&NF«B state.

Previous research has not fully delineated the molecular mechanism that mediates
transcription factor synergy. The simplest explanation, that IRF and NF«B have cooperativity in
binding, is unsupported by the literature. In the atomic structure of the IFNf enhancer, the two
bound IRFs and NF«B do not have direct contacts (42, 37, 46). NFkB and the proximal IRF have
no binding cooperativity when measured by EMSA, and the two IRF dimers may even be anti-
cooperative (42). Instead, synergy may come from a subsequent mechanistic step, perhaps
involving the recruitment of the cofactor CBP/p300 (47). CBP has disordered, flexible regions
(48) and can adapt to different distances between the binding domains of IFNf (42), supporting
functional synergy between NFxB and either IRF. An alternate mechanism for synergy may be
kinetic in which different regulatory steps of pre-initiation complex formation and initiation and
elongation are determined by different TFs, but given that two IRFs are sufficient, such an
underlying mechanism is unlikely.

Extending the model in the future can address different biological scenarios. Our model
reflects pathogen sensing via PRR; future work could consider the regulation of IFNp half-life
(49), lower dependence on IRF3 and IRF7 (50), and roles of upstream enhancer elements (51)
that occur during live infection. Datafrom additional biological conditions would not bring back
models that were excluded by the present study, but it may add complexity to reveal intricacies
of IFNJ regulation that are not yet captured. Similarly, the present model considers only IRF and
NF«kB as the key regulators of IFNP expression, as early studies noted that AP1 and NF«xB
activation is always coordinated (52-55) and interdependent (56), and more recent studies
described APY’s function as a marker for open chromatin rather than atranscriptional activator
(57, 58). However, additional data may necessitate the explicit consideration of AP1 in the
regulatory logic of IFNJ expression.

The quantitative model of IFNf regulation presented here contributes to 40 years of
research into the regulation of the IFNP enhancer. Though models of immune-response gene
expression have advanced (59-64), IFNp has long been a bottleneck in the development of
interferon response models (65, 66). The present model for IFN promoter activity may therefore
be a building block for the development of more comprehensive models that connect pathogen
response signaling pathways with the large 1SG expression program, expanding their utility for
studies of IFNp-related diseases as well, as molecular mechanisms for many inborn IFNf
deficiencies have not yet been identified (10).

MATERIALSAND METHODS

Data collection is described in SI Appendix. Architecture of models and parameter sampling is
described in the SI Appendix. Parameters were optimized using the Scipy v1.11.4 (67)
implementation of the Nelder Mead algorithm.
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FIGURE LEGENDS

Figure 1: A two-site model does not account for the stimulus-specific NFkB requirement.
(A) Schematic of IFNp enhancer with two binding sites, one for each IRF and NFkB. Each
protein has a corresponding binding affinity and activity. Function for predicting IFNf mRNA is
shown on top left. o denotes elementwise multiplication. (B) Table of vectors for functional state
(S), binding equilibrium constants (), and transcriptional activity (t) for each state of the
enhancer. (C) Experimental data showing max-normalized activities (MNU) of NFkB and IRF
and max-normalized expression of IFNf. (D-F) Experimental and simulated IFNf} expression for
four models of h,, in the indicated conditions. Mean and standard deviation of the best 20
optimized parameter sets are shown for (D) WT, (E) IRF knockouts, (F) NFkB knockouts.

Figure 2: A three-site model accountsfor the data in specific requlatory parameter
regimes. (A) Left, schematic of three-site thermodynamic state model, with two IRE sites and
one kB site. Each protein has a corresponding binding affinity and activity. Right, table of
vectors for binding equilibrium constants (£) and transcriptional activity (t) for each state of the
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enhancer. (B-D) Experimental and simulated IFNp expression for four models of h;, and h,,, in
the indicated conditions. Mean and standard deviation of the best 20 optimized parameter sets
are shown for (B) WT, (C) IRF-dependent conditions, (D) NF«B-dependent conditions. (E)
Ratio of experimental and simulated |FN expression in NFkBko to WT for LPS and PolyIC
stimulus for all two-site and three-site models from best 20 optimized parameter sets.

Figure 3: IRF responsivenessistuned by the NFkB p50 homodimer. (A) Experimental data
showing max-normalized activities (MNU) of NFkB and IRF and max-normalized expression of
IFNP in p50ko conditions. (B) Above, schematic of the three-site thermodynamic state model
with competitive inhibition of IRF by p50:p50 homodimer at the proximal IRE site. Each protein
has a corresponding binding affinity and activity. Below, table of vectors for binding equilibrium
constants () and transcriptional activity (t) for each state of the enhancer. (C-F) Experimental
and simulated IFNp expression for four models of h;, and h;, inthe indicated conditions. Mean
and standard deviation of the best 20 optimized parameter sets are shown for (C) WT, (D) IRF-
dependent conditions, (E) NFkB-dependent conditions, (F) p50:p50-dependent conditions. (G)
Best 20 optimized ¢, k; , Ky, and K parameter values for all datapointsinh;, =1, h;, =3
model. (H) Best 20 optimized IRF, binding equilibrium as a function of IRF concentration in

h;, =1, h;, = 3 model.

Figure4: The enhancer state model revealsregulatory modes and can be used for forward
predictions. (A-D) Heatmaps of the state probabilities (blue color bar) determined by the best-fit
model. Bottom row (brown color bar) shows a heatmap of transcription capability (t) parameter
for each state. Column on right (purple color bar) shows a heatmap of IFNP f from mode fit.
State probability and f values are shown for: (A) WT in unstimulated and stimulated conditions,
(B) IRF-deficient and corresponding WT conditions, (C) NFkB-deficient and corresponding WT
conditions, (D) p50-deficient and corresponding WT conditions. (E) Bar plot of amount of
transcription contributed by each state in stimulus-specific NFkB- and p50-dependent conditions
determined by the best-fit model. (F) Heatmaps of the amount of transcription coming from each
state for arange of NFkxB and IRF input concentrationsin WT predicted by the best-fit model.
(G) Mean and standard deviation of predicted probability of the IRF,& NFkB and NFkB& p50
states (top) and IFNP produced by the IRF,& NFkB and IRF1& IRF,& NFkB states (bottom) for
different concentrations of p50:p50 under CpG, LPS, and PolyIC stimulus.
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