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Summary

The innate immune system distinguishes low-level homeostatic microbial stimuli from those of
invasive pathogens, yet we lack understanding of how qualitatively similar microbial products
yield context-specific macrophage functional responses. Using quantitative approaches, we found
that NF-xB and MAPK signaling were activated at different concentrations of a stimulatory TLR4
ligand in both mouse and human macrophages. Above a threshold of ligand, MAPK were
activated in a switch-like manner, facilitating production of inflammatory mediators. At ligand
concentrations below this threshold, NF-xB signaling occurred, promoting expression of a
restricted set of genes and macrophage priming. Amongst TLR-induced genes, we observed an
inverse correlation between MAPK dependence and ligand sensitivity, highlighting the role of this
signaling dichotomy in partitioning innate responses downstream of a single receptor. Our study
thus reveals an evolutionarily conserved innate immune response system, in which ‘danger
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discrimination’ is enforced by distinct thresholds for NF-xB and MAPK activation that provide
sequential barriers to inflammatory mediator production.

Graphical abstract

AN
P

_C%nservetd Dis. Q)
UL microbial product AL 24
threshold robal proccty Sl

Microbe Sensing Responses  Inflammatory Responses

Introduction

Complex multi-cellular organisms employ a variety of immunological sensors to detect
microbial invasion and muster host responses to clear or contain infections (Takeuchi and
Akira, 2010). Among these, Toll Like Receptors (TLRs) are perhaps the best studied.
Located on the cell surface and in endosomes, these trans-membrane proteins generate
intracellular signals in response to engagement by conserved molecular patterns associated
with microorganisms, such as the lipopolysaccharide (LPS) and peptidoglycan components
of bacterial cell walls. At sites of infection, ligation of TLRs on innate immune cells induces
rapid production of inflammatory mediators including tumor necrosis factor (TNF) and
diverse chemokines. These factors facilitate host defense, but can also lead to inflammation-
associated tissue destruction (Croft et al., 2013; Sedger and McDermott, 2014). Indeed,
many chronic inflammatory conditions have been linked to dysregulated TLR signaling
(Huang and Pope, 2010; Maloy and Powrie, 2011). Aberrant production of TNF stands out
as a key driver of disease and blockade of this pathway is being used to effectively treat
rheumatoid arthritis, psoriasis and inflammatory bowel disease (IBD) (Croft et al., 2013;
Kaser et al., 2010; Melmed and Targan, 2010). Thus, strict regulation of TLR signaling
pathways in cells such as macrophages is critical to permit efficient inflammatory cytokine
responses toward pathogenic challenges while tolerating ongoing exposure to ligands from
commensal microbes or minor tissue damage.

Recent evidence indicates that innate immune cells are not ignorant of microbial stimuli that
typically do not induce robust inflammatory responses. Indeed, functionally relevant
processing of commensal microbial products is important systemically for efficient immune
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responses (Abt et al., 2012; Clarke et al., 2010; Ganal et al., 2012; lida et al., 2013). The
innate immune system is thus capable of discriminating between non-dangerous TLR
ligation and stimuli requiring potent inflammatory mediator production, reminiscent of
antigen discrimination by T lymphocytes, whereby sensing of self-peptide-MHC supports
homeostatic function while sufficiently strong T cell receptor (TCR) engagement activates
effector function (Morris and Allen, 2012; Stefanova et al., 2002) In contrast to T cell
activation, for which the consequences of TCR-ligand density and affinity on signaling and
downstream functional responses are well appreciated (Corse et al., 2011), the signaling
logic permitting context specific TLR-induced responses has not been delineated.

One variable that distinguishes inputs requiring strong inflammatory responses from those
that should be tolerated to avoid unnecessary immunopathology is the higher concentration
of TLR ligands sensed during invasive infection. Given the well-recognized requirements for
both NF-xB and MAPK in TLR induced inflammatory responses (Figure 1A), a major
challenge in understanding regulation of innate immunity is determining how these major
signaling pathways translate quantitatively different TLR stimuli into qualitatively distinct
responses. Computational modeling has been utilized to identify complex feedback
mechanisms that shape the kinetics of robust TLR4-induced NF-xB activity (Basak et al.,
2012; Lee et al., 2009; Sung et al., 2014; Werner et al., 2005) and to elucidate gene
regulatory circuits allowing cells to differentiate between transient and persistent TLR4
signals (Litvak et al., 2009). However, much less work has so far addressed the quantitative
linkage between TLR engagement, intracellular signaling, gene expression, and functional
protein production, although it is apparent that such studies are required to better understand
how the initiation of inflammatory responses is regulated on a background of homeostatic
TLR stimuli.

Here we have conducted a quantitative analysis of concentration-dependent TLR-induced
macrophage responses, seeking new insight into mechanisms yielding discrimination
between non-dangerous ligand exposure and the presence of stimuli requiring a robust
inflammatory response. This analysis revealed an evolutionarily conserved inflammatory
threshold controlled by switch-like MAPK activation. In contrast, NF-xB signaling
regulated non-inflammatory responses at TLR4 ligand concentrations below those required
for MAPK-dependent inflammatory cytokine production. Thus, distinct TLR activation
thresholds for NF-xB and MAPK partition concentration-dependent gene expression,
minimizing undesirable inflammatory cytokine production during processing characterized
by non-dangerous microbial stimuli, while robustly activating a protective response if
stimuli exceed the MAPK switching threshold. While the dual-requirement for NF-xB and
MAPK in inflammatory responses is well appreciated, these findings highlight a previously
unappreciated divergence in the sensitivities of NF-xB and MAPK pathway activation
downstream of TLR engagement, providing macrophages with discriminatory power not
possible if the pathways behaved in lockstep. Considering the cooperative roles of these
pathways in diverse biological systems, this may be a paradigm often used by cells to
achieve context specific functional responses downstream of a common input stimulus.
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TLR4 stimulation yields a switch-like inflammatory threshold

Lipopolysaccharide (LPS) is present in the serum of healthy individuals (Kelly et al., 2012),
but also plays a central role in pathologic inflammatory conditions (Brenchley et al., 2006).
To examine dose-dependent induction of potentially tissue-damaging inflammatory
mediators, we performed a detailed quantitative single-cell analysis of TLR4-stimulated
mouse macrophages, first measuring the dose response characteristics for production of TNF
and CCL3. Bone marrow-derived mouse macrophages (BMDM) were stimulated over a
concentration range of five orders of magnitude (0.01 to 100 nM) with the TLR4 ligand
Kdo2-Lipid A (KLA, the stimulatory portion of LPS) and BMDM expression of TNF and
CCL3 protein produced during the first 4 hours of stimulation was measured by flow
cytometry (Figure 1B). TLR4-induced production of inflammatory cytokines was switch-
like with regard to the frequency of TNF+CCL3+ cells. The majority of cells were found to
change from off to on within one order of magnitude of ligand concentration (Figure 1C—
1E). This response can be described as ultrasensitive, based on an observed Hill coefficient
greater than one (Figure 1E). A similar switch-like threshold for TLR-induced TNF
production was observed in peritoneal macrophages (Figure S1). As seen in other
immunological processes displaying ultrasensitivity (Altan-Bonnet and Germain, 2005), the
sharp nature of this response suggests that mechanisms are in place to allow the system to
filter out noise, minimizing inflammatory mediator production in the context of weak TLR4
stimulation.

The mean level of intracellular cytokine and chemokine expressed by positive cells varied
with supra-threshold inputs over a limited range of ligand (0.1 to 10nM of KLA, Figure 1C-
1E), representing graded TNF and CCL3 production. Thus, while the decision of cells to
make inflammatory cytokine is ultrasensitive, the quantity of cytokine produced is not
digital, as would be defined by an all-or-none response. Time course analysis of 77fmRNA
and intracellular TNF protein revealed similar dose-dependent kinetics, with TLR ligand
concentration impacting both the timing, duration, and amplitude of response peaks, while
concentrations below 0.1nM KLA were found to be insufficient to induce robust TNF
responses (Figure 1F-1G). Integration of these time course data by calculating the area
under the curve (Area) for each KLA concentration identified parallel mRNA and protein
dose responses, with mRNA detection being left-shifted (Figure 1H), consistent with
additional layers of post-transcriptional regulation affecting protein production (Anderson,
2010; Caldwell et al., 2014). Population-wide TNF mean fluorescence intensity (MFI)
measuring protein accumulated over 4 hours of stimulation provides a parameter that
integrates both the frequency of responding cells and amount of TNF per cell and
recapitulates dose responses calculated from time course data (Figure 1E and 1H). This
readout is highly reproducible (closed red circles, Figure 1E and 1H) and will be used to
represent the inflammatory threshold in subsequent figures. In addition to TNF and CCL3,
we observed a comparable sharp dose response for Cc/2, Cc/5and Cc/12 at the mRNA level,
and for IL6, CCL5, and CXCL1, measured in culture supernatants (Figure 11 and 1J). These
data strongly suggest the presence of a common, core inflammatory threshold.
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Sub-threshold TLR stimulation primes macrophages without increasing ligand

sensitivity

Recent reports have demonstrated that low-level exposure to TLR ligands enhances systemic
myeloid cell inflammatory responses (Clarke et al., 2010; Ganal et al., 2012; lida et al.,
2013). Furthermore, priming macrophages with low doses of LPS /n vitroresults in
enhanced inflammatory responses to subsequent stimulation (Deng et al., 2013; Hirohashi
and Morrison, 1996). Considering the tightly regulated nature of switch-like TLR-induced
inflammatory cytokine production, we sought to examine whether priming influences this
threshold. Pre-stimulation of BMDM for two or more hours with 0.03nM KLA, a ligand
concentration below the inflammatory cytokine production threshold (Figure 1H-1J),
increased the per cell magnitude of TNF generation upon re-exposure to a wide range of
KLA concentrations (Figure 2A and 2B). However, pre-stimulation had little influence on
the threshold for the concentration-dependent TNF response (Figure 2C): while responding
cells made more TNF if pre-stimulated, BMDM did not produce TNF until the ligand
concentration reached the same switching point, regardless of priming. These data highlight
the presence of a strict concentration-dependent barrier to TNF production, enforcing
consistent switch-like inflammatory response thresholds, and suggest that the pathways or
factors mediating this barrier are distinct from mechanisms facilitating priming.

Restricted gene expression is induced below the inflammatory threshold

To gain insight into mechanisms that uncouple inflammatory responses from sensing of low-
level microbial stimuli, we performed RNAseq analysis of BMDM stimulated with KLA
concentrations above and below the inflammatory threshold. This analysis showed that
transcripts of nearly a quarter of TLR4 response genes detected with the high 10nM dose of
KLA were statistically significantly upregulated at the sub-threshold concentration of
0.03nM KLA, though generally with a reduced fold-change from baseline as compared to
the high concentration of ligand (Figure 3A and 3B). To gain insight into genes with
transcripts upregulated by 0.03nM KLA, we used DiRE to identify transcription factors that
may be driving these responses. DIRE examines both proximal promoters and predicted
distant regulatory elements and calculates both occurrence and importance, which is the
product of occurrence and the specificity-based weight assigned to each motif (Gotea and
Ovcharenko, 2008); the ten motifs with the highest importance or occurrence are displayed
(Figure 3C and Figure S2). Considering the essential role for NF-xB in TLR-induced
inflammatory responses, we were surprised to find that NF-xB-p65 was highlighted as the
most important transcription factor for genes expressed below the inflammatory threshold,
(Figure 3C). NF-xB motifs also stood out as the most highly significant in 0.03nM induced
genes using the ToppGene Suite bioinformatics tool (Figure S2) (Chen et al., 2009). The
lack of transcription factors highlighted as highly important in the 10nM only gene set,
despite known critical roles for NF-xB, AP-1, and IRFs, may reflect the complexity of this
transcriptional response. These data suggest that NF-xB contributes to information
processing in response to low levels of microbial products, but that activation of this
pathway is not sufficient for inflammatory cytokine production. These findings are
consistent with /n vivo studies demonstrating that constitutive intestinal NF-xB activation
does not yield TNF protein production or associated tissue damage unless accompanied by a
stimulus leading to generation of active MAPK (Guma et al., 2011).
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Distinct NF-xB and MAPK signaling thresholds downstream of a common input

Given the enrichment of NF-xB motifs in genes induced by sub-inflammatory threshold
TLR stimulation, we assessed concentration-dependent, TLR-induced NF-xB signaling by
measuring levels of 1xBa, an inhibitor whose degradation reports upstream IKK activity and
results in the release of active NF-xB into the nucleus (Hayden and Ghosh, 2008). To allow
for a consistent comparison of dynamic signaling events across ligand concentrations, the
mean fluorescence intensity (MFI) for each response was plotted over time and the
maximum change in peak height (Peak) or cumulative signal as determined by the area
under the curve (Area) was extracted from the time course data (Figure 4A). Over a ligand
titration ranging from 0.01 to 1000nM KLA and a dense two-hour time course analysis, we
observed that the concentration of TLR4 ligand impacted both the timing and amplitude of
the NF-kB response, with lower doses resulting in delayed and decreased IxBa degradation
(Figure 4B). In contrast to the sharp dose curve for TLR4-induced inflammatory responses
and the reported digital nature of NF-xB responses in non-hematopoietic cells (Tay et al.,
2010), degradation of IxBa was more analog and was apparent at the lowest concentrations
of ligand tested (Figure 4B and 4C), including those failing to evoke inflammatory cytokine
production (Figure 4C, Figure 1). As expected, IkBa degradation at sub-threshold TLR4
ligand concentrations was coincident with increased nuclear localization of NF-xB p65
(Figure S3), consistent with previous evidence of analog NF-kB nuclear localization in
macrophages (Sung et al., 2014). Together with our transcription factor motif analysis
(Figure 3), these data suggest that NF-xB pathway activation occurs in response to weak
TLR4 stimulation, but that this sensitive response does not induce inflammatory protein
production to the same degree, pointing to the existence of additional concentration-
dependent regulation for this functional output.

NF-kB is necessary but not sufficient for TNF protein production, that, like other
inflammatory mediators, requires activation of MAPK to regulate cytokine expression
through a variety of transcriptional and post-transcriptional mechanisms (Anderson, 2010;
Arthur and Ley, 2013; Caldwell et al., 2014; Guma et al., 2011). The MAPK cascade has
been extensively studied in other signaling systems for its potential to set switch-like
thresholds for cellular responses (Huang and Ferrell, 1996). In light of this, we hypothesized
that distinct thresholds for NF-xB and MAPK activation could uncouple inflammatory
responses from NF-xB activation. To examine MAPK responses to KLA, we measured
phosphorylation of Erk and p38 on their activation loop residues (Thr202/Tyr204 and
Thr180/Try182 respectively), and found that, like IxBa degradation, decreasing
concentrations of TLR4 ligand resulted in delayed MAPK phosphorylation. However,
compared to 1xBa, these responses were more dampened at the lowest concentrations of
KLA (Figure 4D and 4F). Comparable phospho-Erk dose responses were observed by
Western blot analysis (Figure S3). Comparing the Peak and Area response measurements to
mediator production at each TLR4 ligand concentration revealed that the MAPK dose
response mirrored that of TNF production, with both increasing sharply above the same
threshold (Figure 4E and 4G). Similar results were observed in BMDM responding to
varying concentrations of heat-killed E. coli; IxBa degradation was detected a
concentrations below the shared threshold for detectable MAPK activation and TNF
production (Figure S4). Like inflammatory mediator expression, variable mean levels of
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MAPK activation were observed over a limited range of supra-threshold ligand
concentrations, representing output gradation beyond an all-or-none, switch-like response.
Together, these data demonstrate disparate sensitivities of the NF-xB and MAPK pathways
to activation by TLR4 ligation and are consistent with MAPK regulation both providing a
dose-dependent barrier to inflammatory mediator production and shaping the magnitude of
the response above this threshold.

MAPK dependence enforces a two-tiered functional response to TLR ligation

The divergence of signaling thresholds downstream of a common ligand-receptor input
provides a potential mechanism giving rise to selective responses to low ligand
concentrations in the absence of potentially damaging inflammatory cytokine production.
This model would predict that TLR-induced responses vary in their dependence on MAPK
activity, and that this dependence would determine their relative expression below the
MAPK threshold. To assess the relationship between ligand sensitivity and MAPK
dependence, we first performed kinetic analysis of mRNA expression for 40 TLR-induced
genes for eight ligand concentrations spanning five orders of magnitude using high-
throughput qPCR (representative time course data shown in Figure 5A). From these time
course data, ligand sensitivity was determined by plotting the area under the curve for each
ligand concentration (Figure 5B). Example genes with high or low relative expression at the
sub-threshold concentration of 0.1nM KLA are shown in the center and right panel,
respectively.

MAPK dependence was determined based on the percentage of maximum induction (seen at
10nM KLA) that was lost with MAPK inhibition, using a combination of MEK1/2 and p38
inhibitors that were previously titrated to determine optimal inhibitor concentration
(MAPKI, Figure 5C and Figure S5A). While all TLR-induced genes we examined were
influenced by MAPK inhibition (Figure 5C and 5D), genes varied with regard to their
magnitude of MAPK dependence, with a subset losing over 80% of expression with MAPKi
(Figure 5D). As predicted, these analyses revealed a statistically significant inverse
relationship between MAPK dependence and relative expression at concentrations of TLR
ligand below those required for robust MAPK activation; genes with lower induction at the
sub-threshold concentration of 0.1nM KLA were more dependent on MAPK activity for
TLR-induced expression (Figure 5D). Addition of a JINK inhibitor, thus dampening activity
in all three MAPK branches, resulted in increased evidence for MAPK dependence, while
yielding the same inverse relationship between gene MAPK dependence and relative
expression at low ligand concentrations (Figure S5B and S5C). Together these findings are
consistent with MAPK-dependent mechanisms shaping dose responses for a critical subset
of inflammation-related TLR response genes and suggest that tight control of MAPK
activation supports context-dependent NF-xB responses to TLR ligands, likely working in
concert with mechanisms tuning NF-xB-mediated transcription in a target-specific manner
(Lee et al., 2014).
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Aberrant dose-dependent Erk activation can shift TLR ligand threshold for inflammatory
cytokine production

The architecture underlying many MAPK cascades supports ultrasensitivity, whereby a
graded input is translated into a switch-like output (Huang and Ferrell, 1996); the
requirement for dual MAP2KK and MAPK phosphorylation, with concurrent de-
phosphorylation by constitutive phosphatases, prevents low concentrations of ligand from
activating downstream MAPK. Quantitative kinetic analysis of TLR4 ligand sensitivity in
RAW?264.7 (RAW) macrophages, a commonly studied mouse myeloid cell line established
by Abelson leukemia virus transformation and used in a wide variety of TLR signaling
studies (Raschke et al., 1978) (Kong et al., 2007; Sasai et al., 2010; Tang et al., 2014),
revealed loss of this tight regulation of Erk activation. In contrast to BMDM, KLA
stimulation of RAW macrophages resulted in prolonged Erk phosphorylation (Figure 6A).
Interestingly, the slower Erk de-phosphorylation in RAW cells allowed for increased MAPK
signal amplitude at low KLA concentrations compared to BMDM. The result was an Erk
response lacking ultrasensitivity, and instead resembling the more graded dose response of
IxBa degradation, which showed strikingly similar ligand sensitivity in both BMDM and
RAW cells (Figure 6A). In contrast to Erk, p38 activity in RAW cells displayed dampened
responses to weak stimuli, comparable to both Erk and p38 in BMDM (Figure S6A).

Consistent with NF-xB and more stringent MAPK activation forming sequential
concentration-dependent checkpoints for TNF production, simultaneous activation of both
pathways resulted in atypical TNF production by RAW cells stimulated with low KLA
concentrations (Figure 6B). To investigate whether this finding represented a causal
relationship, with enhanced Erk activity being required for this hypersensitive TNF
response, we treated RAW cells with a MEK1/2 inhibitor (MEKIi). Treatment with this
inhibitor blocked Erk phosphorylation, while IxBa degradation and p38 phosphorylation
remained intact and unchanged (Figure S6B). The result was a loss of TNF production at
low concentrations of KLA, largely restoring the ligand threshold seen in BMDM (Figure
6C). Inhibition of p38 (p38i) did not recapitulate this effect (Figure 6D), consistent with the
abnormally high phosphorylation of Erk but not p38 we saw at low KLA concentrations
(Figure S6). However, both MAPK pathways influence the magnitude of TNF expression at
supra-threshold concentrations of KLA (Figure 6E). These data suggest that in the context of
already-present NF-xB activity, heightened MAPK activity may be sufficient to allow for
aberrant TNF production in response to otherwise sub-threshold TLR stimulation.

We sought to evaluate whether the level of dysregulation seen /n vitro with RAW
macrophages could influence systemic responses. As a framework of reference, we injected
wild type mice intraperitoneally (i.p.) with doses of KLA ranging over 6 orders of
magnitude. At doses equal to, or less than 1ng of KLA, we did not detect TNF in the serum,
despite robust TLR4-induced neutrophil recruitment (Figure 6F and 6G). We then switched
to an assay in which RAW cells were challenged with KLA in an /n vivo setting, injecting
CFSE-labeled RAW cells i.p. with numbers adjusted to achieve frequencies comparable to
Tim4+ resident macrophages. Upon subsequent challenge, mice transferred with RAW cells
showed a shifted dose response, whereby substantial amounts of serum TNF was present at
doses otherwise not eliciting a detectable response in mock-injected mice (Figure 6H);
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responses in mock-injected mice were comparable to mice transferred with BMDM (Figure
S6D). These data highlight multiple dose-dependent thresholds for /n vivo inflammatory
responses such as local neutrophil recruitment versus systemic TNF levels and suggest that
the presence of cells with impaired control of TLR-induced MAPK activation could shift the
threshold for aberrant inflammatory responses.

TLR4 inflammatory threshold in human macrophages

The role of MAPK in gating TNF production was seen with BMDM from two strains of
mice differing in basal inflammatory propensity (Elson et al., 1996; Gueders et al., 2009),
with a very well-conserved overall dose-response for both cell sources (Figure 1C). To
examine whether the signaling control characteristics and tight regulation of the response
found for mouse macrophages would also govern those of human macrophage inflammatory
responses, we generated monocyte-derived macrophages from a set of 15 healthy donors,
not pre-selected based on age, gender, or other factors, and stimulated the cells from each
donor with a range of KLA concentrations ranging from 0.01 to 100nM KLA, as used in
mouse BMDM experiments. The switch-like characteristics of TLR4-induced TNF
production were similar in mouse and human macrophages (Figure 7A and 7B and Figure
S7 compared to Figure 1C). Notably, the specific ligand threshold for TNF production
showed little variability among individuals (Figure 7A and 7B and Figure S7); across
donors, minimal TNF production was first detected at 0.1nM of ligand, with 50% of cells
responding between the narrow range of 0.3nM and 1nM. As with mouse BMDM, Erk and
p38 phosphorylation mirrored the TNF dose response, while 1xBa degradation occurred at
sub-threshold ligand concentrations (Figure 7C). The conserved nature of the TNF response
to TLR4 ligand, across species and individuals, suggests the importance of strict MAPK
‘danger discrimination’, which may protect the host from undesirable and potentially tissue
damaging inflammatory responses during processing of non-dangerous microbial stimuli,
while robustly activating a protective response if stimuli exceed the MAPK-mediated
inflammatory threshold.

Discussion

Given the ubiquitous nature of TLR ligands and the variety of diseases associated with
aberrant TNF production, cells of the innate immune system must exhibit stringent control
of TLR-mediated induction of this and other highly inflammatory mediators. In this task,
NF-xB and MAPK have essential complementary functions; NF-xB is indispensible for
transcription of 7nfand other inflammatory genes, while MAPKSs regulate production of
these effector molecules through a variety of transcriptional and post-transcriptional
mechanisms (Anderson, 2010; Arthur and Ley, 2013; Caldwell et al., 2014). Here, we report
the existence of a previously unreported facet of this dual control operating through distinct
ligand sensitivities for TLR-induced NF-xB and MAPK signaling that yield sequential
barriers to inflammation, with MAPK ultimately shaping the inflammatory threshold. As a
result, MAPK activation and inflammatory mediator expression share a combination of
ultrasensitive and graded features, and TNF output is scalable by MAPK inhibition. Thus, in
the context of licensing by NF-xB, MAPK regulation both thresholds initiation of
inflammatory cytokine production and determines protein levels beyond this barrier. This

Cell Syst. Author manuscript; available in PMC 2017 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gottschalk et al.

Page 10

‘danger discrimination’ is reminiscent of antigen discrimination by T lymphocytes, whereby
robust adaptive responses are thresholded by switch-like MAPK activation induced by TCR
recognition of foreign ligand (Altan-Bonnet and Germain, 2005; Stefanova et al., 2003).

Our quantitative analysis has revealed the branching of TLR-proximal signals into distal
outputs possessing distinct sensitivities to ligand input amount, thus facilitating signal-
strength dependent partitioning of downstream functional responses. The TLR-proximal
events that lead to activation of NF-xB and the multiple MAPK branches are shared until
they diverge at the level of TAK1 (Banerjee and Gerondakis, 2007; Gantke et al., 2011).
TAKL is thought to directly phosphorylate MKK3 and MKKS®, leading to activation of p38,
and is also responsible for activating IKK, which subsequently phosphorylates IxBa and
p105 and tags them for degradation (Banerjee and Gerondakis, 2007; Gantke et al., 2011).
While IxBa degradation leads to release and nuclear translocation of NF-xB, the
degradation of p105 permits activation of TPL-2 that acts as the MAP3K upstream of
MEKZ1/2, and consequently Erk (Banerjee and Gerondakis, 2007; Gantke et al., 2011).
Despite these differences in TAK1 control of MKK or MEK activation, we find that p38 and
Erk showed comparably low responses to ligand concentrations eliciting substantial IKK-
mediated IkBa degradation. This suggests that while 1kBa degradation may reflect a more
graded upstream input, this same input is converted into a more switch-like output by
established architectural features of the MAPK cascade. Both MAP2K and downstream
MAPK require two separate phosphorylation events to be activated. Combined with
constitutive reversal of these events by phosphatases, this means that an increasing activating
signal is required at each level of the cascade. It has been previously demonstrated these
features allow MAPK cascades to filter out noise, responding less than a single-step enzyme
to weak stimuli, and then switch from off to on within a narrow range of stimuli (Huang and
Ferrell, 1996). This “digital’ behavior has been shown to be critical for cells making a “yes-
no’ decision concerning their differentiation, such as in the case of oocyte activation (Huang
and Ferrell, 1996), and applies here to the macrophage decision to make potentially
damaging inflammatory mediators.

In contrast to the tight regulation of inflammatory mediator production through MAPK,
more graded NF-xB responses to low concentrations of microbial products provide
macrophages with an opportunity for ligand-induced changes in phenotype and function that
may facilitate homeostatic “education” of myeloid cells by commensal TLR ligands. Indeed,
in the absence of commensal stimuli, inflammatory responses upon pathogen infection or
other challenge are impaired even at non-mucosal sites (Abt et al., 2012; Clarke et al., 2010;
Ganal et al., 2012; lida et al., 2013), consistent with steady-state systemic dispersion of low
concentrations of soluble microbial products, such as LPS and peptidoglycan (Clarke et al.,
2010; Kelly et al., 2012). We suggest that low-level TLR signaling involving NF-xB allows
macrophages to process these weak stimuli and ready themselves at the level of locus
accessibility. This idea is consistent with /n vivo findings showing that sensing of
commensals led to poised inflammatory genes ready for enhanced transcription factor
binding (Ganal et al., 2012); such sensing in the steady-state also results in expression of
transcription factors and other molecules less dependent on regulation by MAPK-mediated
mechanisms. In support of this model, macrophage priming at low concentrations of TLR4
ligand was coincident with expression of genes containing NF-xB binding motifs. The
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inverse relationship between gene induction at low concentration and the percent of
expression lost with MAPK inhibition, observed in the context of divergent signaling
thresholds, supports the a model whereby varying MAPK dependence facilitates partitioning
of genes into response categories with distinct ligand sensitivities. Thus, this sequential
barrier signaling logic supports context-dependent innate immune responses during
processing of ligand levels below or above the danger threshold. At the same time, various
features of NF-xB signaling such as extent of nuclear occupancy, fold-change of active NF-
kB, and oscillation dynamics in these two parameters, all previously reported in experiments
using NF-xB reporter cell lines, likely work across a range of microbial ligand
concentrations in concert with switch-like MAPK activation to facilitate context-specific
gene expression (Basak et al., 2012; Lee et al., 2014; Sung et al., 2014; Werner et al., 2005).

Ultrasensitive MAPK activation provides the host with protection against undesirable
inflammation in response to small degrees of TLR engagement, such as those that
presumably occur on a regular basis from systemic dispersion of ligands from the intestinal
microbiota (Clarke et al., 2010; Kelly et al., 2012). In response to TLR ligand concentrations
sufficient to trigger switch-like MAPK activation, mRNA half-life for 7nfand other
inflammatory mediators is increased due to MAPK-dependent mechanisms that block AU-
rich motif (ARE)-mediated message destabilization (Deleault et al., 2008; Hao and
Baltimore, 2009; Stoecklin et al., 2004). Mice engineered with myeloid-cell specific genetic
deletion of 7nfAREs succumb to spontaneous inflammatory disease (Kontoyiannis et al.,
2002; Kontayiannis et al., 1999), in accord with the idea that NF-xB signaling and
transcription of 7nfoccur in the steady state and that post-transcriptional regulation by
MAPK provides a critical second barrier to initiation of aberrant inflammation. GWAS have
linked genes for MAPK-regulating phosphatases in the dual-specificity phosphatases
(DUSP) family with IBD and colorectal cancer (Fernandez-Rozadilla et al., 2013; Houlston
etal., 2010; Jostins et al., 2012; Yang et al., 2014), which are also associated with aberrant
TNF production (Croft et al., 2013). It is interesting to speculate that impaired MAPK de-
phosphorylation by DUSPs, due to quantitative trait loci—related changes in protein
expression, may shift the MAPK dose-response towards the type of higher sensitivity we see
in RAW macrophages. Such a dose-response shift may allow for enhanced TNF production
in response to normally sub-threshold stimuli, thus contributing to human inflammatory
disease.

Here we have used quantitative approaches to gain greater understanding of pathways
known to be critical to inflammation but not previously placed in a context that explained a
fundamental aspect of innate cell biology—namely, discrimination between dangerous and
non-dangerous levels of microbial stimuli. Our findings point to a previously unappreciated
divergence in the sensitivities of NF-xB and MAPK pathway activation downstream of
single receptor engaging a single ligand. The highly conserved nature of these biochemical
and functional responses across species and amongst disparate human subjects emphasizes
the protective benefit offered by a signaling system generating multiple thresholds and the
need for tight control mechanisms regulating inflammation. Furthermore, our observations
offer a mechanism by which innate immune cells balance functionally relevant, homeostatic
information processing and the potential risk associated with persistent TLR signaling.
Considering the cooperative roles of NF-xB and MAPK in a variety of biological systems,
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this may be a common paradigm used by cells to achieve disparate functional response
sensitivities to a single ligand.

From a broader systems perspective, our findings emphasize the importance of quantitative
analysis of signaling in determining how common biochemical pathways are translated into
specific physiologic outcomes. Qualitative identification of the relevant kinases,
transcription factors, and biochemical interactions, while necessary to achieving such an
understanding, is not sufficient for gaining insight into complex decision-making within
cells. Such a quantitative view of biology is required to elucidate how potentially modest
differences in the expression or activity of pathway components give rise to a shift from
physiologic function to pathologic behavior, for example, in the case of disease-associated
quantitative trait loci.

Experimental Procedures

Additional methods are described in Supplemental Experimental Procedures

Macrophages and in vitro treatments

Mice were maintained in specific-pathogen-free conditions and all procedures were
approved by the NIAID Animal Care and Use Committee (National Institutes of Health,
Bethesda, MD). Bone marrow progenitors were differentiated into BMDM during a 6-day
culture in complete Dulbecco’s modified Eagle’s medium supplemented with 30ng/ml
recombinant mouse M-CSF (R&D systems), added at days 0 and 3. RAW 264.7 cells
purchased from ATCC were also maintained in complete DMEM. Human monocyte-derived
macrophages were differentiated in X-vivo 15 media containing 100 ng/ml recombinant
human M-CSF (R&D Systems). Kdo2-Lipid A (KLA, Avanti Polar Lipids) stimulation was
performed in 48 well plates. In some experiments Brefeldin A (BD Golgi plug) was added
30 minutes after KLA, while MEK inhibitor U0126 (10uM Cell Signaling Technology) or
p38 inhibitor SB203580 (10uM Cell Signaling Technology) was added 30 minutes prior to
KLA.

RNA isolation and microfluidic gPCR

After stimulation, macrophage cells were lysed in Qiazol (Qiagen) and stored at —80 until
RNA isolation. RNA isolation was performed using Direct-zol 96-well isolation column
plates (Zymo Research). Approximately 10 ng of RNA was reverse transcribed using
Superscript VILO cDNA synthesis system (Invitrogen). 1.25 uL of cDNA was combined
with 0.5 uL of a pool of 96 primer sets (Deltagene assays, Fluidigm) at 500nM concentration
each, 2.5 uL 2x Tagman Preamp Master Mix (Applied Biosystems), and made up to 5 uL
total volume per reaction with water, in a low-profile 96-well PCR plate (Bio-rad). Specific
Target Amplification was run on a CFX Connect thermal cycler (Bio-rad). Following pre-
amplification, unincorporated primers were digested by the addition of Exonuclease 1 (New
England Biolabs). Samples were analyzed by gPCR on the Fluidigm Biomark instrument
using 96.96 chips according to manufacturer’s instructions (Fluidigm). Data were exported
from Fluidigm Real-time PCR Analysis software version 3.1.3, using Linear (Derivative)
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Baseline method, a global threshold of 0.01, and a 0.65 quality threshold, parameters which
were found to exclude non-specific amplification and reduce plate-plate variation.

Flow cytometry and qPCR data processing and statistics

Flow cytometry MFI and percentage values and gPCR fold change values were further
processed in Excel (Microsoft) and in Prism (Graphpad). The percent maximum value was
calculated in Excel, with subtraction of the baseline value. Area under the curve analysis,
linear regression analysis, unpaired t tests, and ordinary one-way ANOVA were performed
using Prism. Data were plotted in Prism; unless otherwise indicated, data points represent a
single experimental value, with the exception of area under the curve data, for which each
data point is an integration of the five or more time points for the given experiment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TLR4 stimulation yields a switch-like inflammatory threshold
(A) TLR ligation induces inflammatory cytokine production via activation of NF-kB and

MAPK (p38, Erk, and Jnk). (B) BMDM, derived from C57BL/6 unless otherwise noted,
were stimulated with the indicated concentration of Kdo2-LipidA (KLA) and analyzed by
flow cytometry or gPCR. (C-E) BMDM were stained intracellularly for TNF and CCL3
after 4 hours in the presence of Brefeldin A (BFA). (D) TNF response profiles for multiple
KLA doses, with the TNF MFI for cells within the positive gate shown on the right. (E) The
normalized frequency of TNF+CCL3+ cells (%) or cytokine MFI for the entire population.
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Timecourse data for 77fmRNA and TNF protein are shown in (F) and (G) respectively and
these dose responses are compared by plotting the area under the curve (Area), plotted with
the 4 hour cumulative TNF protein MFI from two independent experiments (H). Dose
responses for the indicated inflammatory mediators are were determined using mRNA Area
(1) or protein from 4-hour stimulation supernatants (J). Data are representative of 3 or more
independent experiments. See also Figure S1.
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Figu_r(_a 2 Sub-threshold TLR stimulation primes macrophages without increasing ligand
sensmwty

(A,B) BMDM were stimulated with the indicated concentration of KLA for 4 hours in the
presence of BFA, with or without pre-stimulation with 0.03nM KLA, for 2h hours unless
otherwise indicated (light blue histograms and lines). (C) Data from (B) were re-plotted as a
percent of the maximum MFI measured across doses, for BMDM with or without pre-
stimulation. Data are pooled from two independent experiments and representative of 3
experiments.
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Figure 3. Restricted NF-xB mediated gene expression occurs below inflammatory threshold
(A-D) BMDM were stimulated with KLA and gene expression was assessed using RNAseq.

(A) Venn diagram shows number of genes significantly upregulated at 1 or 2 hours, relative
to OnM KLA stimulated cells (log2 fold change > 0.5 and 1% FDR). (B) DiRE transcription
factor motif analysis for the indicated sets of genes, upregulated by both KLA
concentrations or exclusively by 10nM (log2 fold change > 0.5 and 1% FDR); importance is
a product of motif occurrence (fraction of regulatory elements containing motif) and weight
score (motif prevalence compared to background gene list). (C) Relative expression for
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upregulated genes, significantly changed by both 0.03nM and 10nM KLA (log2 fold change
> 0.5 and 1% FDR). RNAseq was performed on pooled RNA from 3 biological replicates,
for 2 independent experiments. See also Figure S2.
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Figure 4. Distinct NF-xB and MAPK signaling thresholds downstream of a common input
BMDM were stimulated with the indicated concentration of KLA and signaling

intermediates were analyzed by flow cytometry. (A) Representative flow cytometry data
(shaded histograms represent OnM KLA stimulated cells) and schematic of data analysis. (B,
D, F) MFI are plotted for each concentration of KLA over time and (C, E, G) the peak/
maximum MFI (Peak) and area under the curve (Area) for each concentration of ligand was
extracted from time course data and plotted over the dose response for TNF. Data in (A, B,
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D, F) are from one of 4 independent experiments pooled in (C, E, G), showing mean and
standard deviation. See also Figure S3 and Figure S4.
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Figure 5. Sub-threshold gene induction inversely correlates with MAPK dependence
BMDM were stimulated with KLA and mRNA expression for 40 TLR-induced genes was

measured using high-throughput gPCR. (A) Example timecourse data showing fold change
in response to the indicated concentration of KLA, with area under the curve for 0.1nM
shaded in blue. (B) Ligand sensitivities were determined using the area under the curve from
timecourse experiments; plots show the distribution of forty genes (left plot) or responses for
example genes with high or low relative expression at 0.1nM KLA (middle or right plot,
respectively). (C) MAPK dependence was calculated based on the percentage of induction
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lost, comparing the 10nM fold change at peak timepoint (1h or 2h), with and without MAPK
inhibition (MAPKI), MEK1/2 inhibitor U0126 and p38 inhibitor SB203580. (D) The MAPK
dependence for the 40 genes assessed is shown as compared to relative induction at 0.1nM
for each gene. Statistical significance for the slope of the regression line was determined
using an F test and groups were compared using an unpaired t test, for the left and right plot
respectively, with a statistical significance cutoff of p<0.05. Data are representative of two
independent experiments. See also Figure S5.
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Figure 6. Dysregulated Erk activity is coincident with aberrant TNF production in RAW

macrophages

BMDM or RAW were stimulated with the indicated concentration of KLA and signaling
intermediates or TNF expression were analyzed by flow cytometry. (A) Erk phosphorylation
or IkBa degradation plotted as a percent of maximum response for each cell type. (B) The
peak/maximum MFI for each concentration of ligand was extracted from IkBa degradation
and Erk phosphorylation time course data, normalized, and plotted over the dose response

for TNF production. Select BMDM data are re-plotted from Figure 4, with curves

representing the mean of 4 or 3 independent experiments for BMDM or RAW, respectively.
(C-E) Duplicate wells of BMDM or RAW were stimulated for 4 hours in the presence of
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BFA, with or without MEK1/2 inhibitor U0126 or p38 inhibitor SB203580. All /n vitro data
are representative of 3 or more independent experiments. (F,G) C57BI/6 mice were injected
i.p. with the indicated dose of KLA, data are pooled from two independent experiments
(n=7). Serum TNF (F) was assessed at the indicated times and frequency of Ly6G+
neutrophils in peritoneal lavage was assessed at 2 hours (G). (H) Balb/c mice were injected
i.p. with 2.5x10% CFSE labeled RAW cells just prior to administration of KLA, as above,
and peritoneal macrophages and serum TNF were quantified 1h later; serum TNF levels
pooled from 3 independent experiments (n=7, 4, 6, 9 and 6, from left to right). Box and
whiskers represent 25t to 75™ percentiles, and minimum to maximum values, respectively,
and stars represent statistical significance based on ordinary one-way ANOVA, versus
control (* p<0.05; ** p<0.01; *** p<0.001, **** p<0.0001). See also Figure S6.
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Figure 7. Distinct TLR-induced NF-kB and MAPK signaling thresholds and tight dose-
dependent TNF regulation in macrophages from diverse human subjects

(A-B) Monocyte-derived macrophages from 6 independent healthy donors were stimulated
with TLR4 ligand KLA for 4 hours in the presence of BFA. The frequency of TNF positive
cells or % maximum MFI for TNF expression is plotted for each individual. (C)
Macrophages from two healthy donors were stimulated with varying concentrations of KLA
and signaling intermediates then analyzed by flow cytometry. The area under the curve for
each concentration of ligand was extracted from time course data of 1xBa degradation, p38
phosphorylation, or Erk phosphorylation and plotted over the dose response for TNF
production. TNF dose responses are representative of 15 individual donors tested in 3
independent experiments. Signaling responses are representative of 4 individual donors
tested in 2 independent experiments. See also Figure S7.
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