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The nuclear factor-kB (NF-kB) signaling pathway is one of the best understood
immune-related pathways thanks to almost four decades of intense research. NF-kB
signaling is activated by numerous discrete stimuli and is a master regulator of the
inflammatory response to pathogens and cancerous cells, as well as a key regulator
of autoimmune diseases. In this regard, the role of NF-kB signaling in immunity is not
unlike that of the macrophage. The dynamics by which NF-kB proteins shuttle between
the cytoplasm and the nucleus to initiate transcription have been studied rigorously in
fibroblasts and other non-hematopoietic cells, but many questions remain as to how
current models of NF-kB signaling and dynamics can be translated to innate immune cells
such as macrophages. In this review, we will present recent research on the dynamics
of NF-kB signaling and focus especially on how these dynamics vary in different cell
types, while discussing why these characteristics may be important. We will end by
looking ahead to how new techniques and technologies should allow us to analyze
these signaling processes with greater clarity, bringing us closer to a more complete
understanding of inflammatory transcription factor dynamics and how different cellular
contexts might allow for appropriate control of innate immune responses.
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INTRODUCTION

Transcriptional regulation of gene expression provides the basis for the responsiveness of cells
to external stimuli such as changing microenvironment, infectious interlopers, or chemokine
gradients. The bridge between stimulation and transcription is formed by a complex network of
signaling pathways that work to activate transcription factors, which translocate to the nucleus and
initiate discrete transcriptional programs. In the thirty-plus years since its discovery by Sen and
Baltimore (1), few (if any) inducible signaling pathways have been studied in greater detail than
that of nuclear factor-kB (NF-kB). First discovered in human B cells, it was quickly discovered
that NF-kB is expressed in nearly all cells across the animal kingdom, dating back to invertebrates
(2) and jawless fish (3). First shown to regulate the expression of the « light-chain of antibodies
in B cells, NF-kB was soon found to regulate an enormous range of genes in varying cell types
and contexts, opening up an exciting new era in the study of signaling pathways driving gene
transcription (4).

NF-kB signaling is crucial for a multitude of important immunological transcriptional
programs, including inflammatory responses to microbes and viruses by innate immune cells
(2, 5, 6), development and activation of adaptive immune cells (7, 8), as well as the development
of secondary lymphoid organs (9). In this review, we will focus on the innate immune aspects of

Frontiers in Immunology | www.frontiersin.org 1

April 2019 | Volume 10 | Article 705


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.00705
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.00705&domain=pdf&date_stamp=2019-04-09
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:fraseri@niaid.nih.gov
https://doi.org/10.3389/fimmu.2019.00705
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00705/full
http://loop.frontiersin.org/people/706762/overview
http://loop.frontiersin.org/people/617566/overview

Dorrington and Fraser

NF-kB Signaling in Macrophages

NF-kB signaling, especially in the mononuclear myeloid cell
compartment, where NF-kB regulates thousands of primary
and secondary response genes including cytokines, chemokines,
transcription factors, antimicrobial peptides, and interferon
(IFN)-stimulated genes (ISGs) (10-14). While NF-kB gene
knock-out (KO) studies, next-generation sequencing, and
advances in computational biology have provided us with a
wealth of information regarding the transcriptional outcomes of
NF-kB signaling, there is still much to be learned about the
signaling process itself, which is complicated by cell type-, tissue-
, and stimulus-specific variability in signaling components and
their spatio-temporal dynamics.

With this review, we aim to outline recent work on the
dynamics of NF-kB signaling in macrophages and other innate
immune cells, with an emphasis on pattern recognition receptor
(PRR) stimulation. First, we will describe the key findings of
the many studies on NF-kB signaling in cell-free conditions and
in non-immune cells such as fibroblasts and epithelial cells so
as to contrast these with macrophage-based studies. We will
also touch on how crosstalk between NF-kB and other signaling
pathways, thresholding of pathway activation, and feedback loops
can modulate the inflammatory response in macrophages by
altering NF-kB activation. We will then cover the much smaller
body of research on NF-kB signaling in other innate immune cells
before discussing new tools that are being used to gain better
spatio-temporal resolution of the NF-kB pathway, including
novel reporter-based assays and their use in the ever-expanding
field of computational modeling.

NF-kB SIGNALING DYNAMICS

The NF-kB signaling module consists of five NF-kB monomers
(RelA/p65, RelB, cRel, NF-kB1 p50, and NF-kB2 p52) which
can dimerize to form up to 15 unique transcription factors
and interact with the kB consensus motif found in many gene
promoters, as well as five inhibitory proteins (IkBa, B, €, y, and
3) that make up the IkB protein family. Although the specific
DNA sequence that constitutes a kB site is quite broadly defined,
sites associated with individual genes have been shown to be
highly evolutionarily conserved (15). Furthermore, unique NF-
kB dimers can induce disparate transcriptional responses based
on differences in these kB sequences that are as small as one
nucleotide (16). This should be considered when evaluating
the comparative functions of different NF-kB dimers activated
concurrently in the same cell, as certain sites may preferentially
bind specific dimers. Unlike the other NF-kB Rel proteins, NF-
kB1 p50 and NF-kB2 p 52 are translated as precursor proteins
(p105 and pl00) that are autoinhibited by their c-terminal
domains (also known as IkBy and IkB3, respectively), which
are homologous to the “professional” IkB proteins (17). In their
processed forms, p50 and p52 can form homodimers which lack
the transcriptional transactivation domain present in the Rel
proteins and can thus function in an inhibitory capacity. A subset
of the NF-kB and IkB proteins are constitutively expressed in
all mammalian cell types, including erythrocytes (18), with the
activity of the NF-kB dimers inhibited at low levels of pathway

activation through binding to one of the IkB proteins. The
IkB proteins inhibit NF-«kB transcription by occluding DNA-
binding sites on the Rel proteins and preventing the translocation
of the bulk of NF-kB dimers into the nucleus, resulting in
only small amounts of inactive NF-kB trafficking between the
nucleus and cytoplasm periodically (19). The particular dimer
combinations present in a given cell are dependent on multiple
factors, including cell type and tissue environment, which likely
contribute to differential outcomes of NF-kB signaling depending
on context.

Along with diversity in dimer repertoire, NF-kB signaling
is also governed by two separate activation strategies, known
as “canonical” and “non-canonical” signaling. Non-canonical
NF-kB signaling occurs upon stimulation of a subset of the
tumor necrosis factor superfamily receptors (TNFRs), and is
slower and longer-lasting than canonical signaling. In this case,
stimulation leads to the proteolytic processing of the pl00
precursor protein into its active form p52, releasing it from auto-
inhibition and leading to transcriptional activation by p52:RelB
dimers. As such, these two NF-kB proteins are often termed
“non-canonical NF-kBs” (7). While non-canonical signaling is
important (especially in lymphoid organ development), for the
bulk of this review we will focus on canonical signaling, as
this is the primary pathway initiated after the ligation of either
inflammatory cytokine receptors or PRRs. The canonical NF-kB
response is also much faster than non-canonical signaling (20),
making this pathway especially important during innate immune
responses in first-responder cells such as macrophages.

Canonical NF-kB Signaling

Studies in non-hematopoietic cells have provided a strong
foundation of information for our understanding of canonical
NF-kB signaling (Figure 1). Cytokine or PRR stimulation and
signal transduction result in the phosphorylation of the IKK2
complex, which is made up of IKKB and NF-kB essential
modulator (NEMO, also known as IKKYy). The activated IKKf
then phosphorylates IkB with NEMO acting as a scaffold
(21), leading to tagging of IkB for degradation via K48-linked
ubiquitin chains by the F-box-containing E3 ligase B-TrCP
[comprehensively reviewed in Kanarek and Ben-Neriah (22)].
IkB is then degraded by the proteasome, leaving the NF-«kB dimer
free to translocate to the nucleus and initiate the transcription of
primary response genes such as TNF and IL1B.

While seemingly simple, this classic NF-kB activation cycle
can lead to countless variations in gene expression depending
on a host of factors. The first level of complexity in NF-kB
signaling arises from the multitude of ligands and receptors that
stimulate this pathway. For example, NF-kB activation can arise
through the stimulation of many cytokine receptors like TNFRs
and IL1Rs (23), PRRs such as TLRs (24), MAVS (25), STING (26),
and NOD-like receptors (27), as well as T and B cell receptors
(28, 29), among many others. While macrophages do not express
all of these receptors (e.g., T and B cell receptors), there remain
numerous ways in which NF-kB can be stimulated in these cells.
For the purpose of brevity, we will focus mostly on PRRs such
as TLRs when discussing NF-kB signaling in macrophages. It
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FIGURE 1 | Canonical NF-kB signaling pathway. NF-«B signaling is initiated when a PRR or cytokine receptor recognizes its ligand, starting a signaling cascade (1)
that converges on the phosphorylation of the IKK2 complex. IKK2 then phosphorylates IkBa (2), leading to its polyubiquitination and (3) subsequent degradation by
the proteasome. This releases NF-«kB dimers from negative regulation and (4) allows them to translocate to the nucleus to (5) initiate inflammatory gene transcription.
(6) De novo synthesis of IkBa acts as a negative regulator of NF-kB-dependent transcription, limiting inflammation in the absence of further signaling events. (7)
Primary response genes include those encoding cytokines such as TNF. (8) Release of these proteins leads to autocrine signaling through cytokine receptors. This, or

(9) continued PRR ligation, create a positive feedback loop wherein NF-kB is periodically activated until these signals are eliminated.

should be noted however that the question of how variable NF-
kB dynamics in response to a wide range of input pathways
(often activated at different times during pathogen infection with
a multi-PAMP microbe) contribute to transcriptional outcomes
in the same cell type, remains an important topic for future study.

While the ligation of each of the receptors mentioned
above can directly activate NF-kB signaling, they also feed
into other signaling pathways that can interact, directly or
indirectly, with NF-kB pathway components. One of the best
studied examples of this regards the stimulation of TLR4 with
lipopolysaccharide (LPS). TLR4 signaling through the adaptor
molecule MyD88 leads to the activation of NF-kB, mitogen-
activated protein kinase (MAPK), and IRF5 pathways (30), while
subsequent endosomal TLR4 signaling through TIR-domain-
containing adaptor protein inducing interferon-p (TRIF) leads
to the activation of IRF3, and production of type I interferons

(IFNs) and other antiviral genes (31). Therefore, at least four
major signaling pathways are being activated by one stimulus.
However, this does not take autocrine signaling through cytokine
receptors into account. For example, triggering the TRIF-IRF3-
IFN pathway leads to the release of type I IFNs, which will
then bind to the type I IFN receptor (IFNAR) on the surface
of the same cell (32), modulating signaling events that are
still happening due to the original response to LPS or other
cytokines (33). Therefore, there is the potential for considerable
signal crosstalk after a cell is stimulated with one molecule.
Needless to say, these interactions need to be considered when
attempting to dissect seemingly “simple” pathways like canonical
NF-kB signaling.

A recent study in human nasopharyngeal epithelial cells
showed that the DNA binding sites of an NF-kB dimer are
highly stimulus-specific (34). This work demonstrated that
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stimulation of epithelial cells with four common stimuli [LPS,
TNE Pam2CSK4, and Poly(I1:C)] led to four significantly different
patterns of RelA binding. Interestingly, the genes where RelA
binding was enriched after stimulation with poly(I:C), a double-
stranded RNA analog, were associated with the antiviral program.
This shows that a stimulus from a specific class of pathogen
can lead to a response tailored to that pathogen, even though
RelA activation itself may appear to be stimulus-neutral in
terms of IkB degradation and RelA nuclear entry. It will be
interesting to see if future studies can determine the mechanism
by which NF-kB binding sites are altered in a stimulus-
specific manner. One possibility is that other stimulus-specific
transcription factors activated alongside NF-kB act to augment
or inhibit NF-kB chromatin binding and transcription at
particular loci.

Stimulus identity is not the only complicating factor in the
outcome of NF-kB signaling. Negative regulation of NF-kB
signaling through synthesis of new IkB proteins and subsequent
re-activation of the pathway can lead to a periodic oscillation
of active NF-kB translocation to the nucleus, modulating
subsequent gene expression dynamics. Because IkB genes are
primary response gene targets of NF-«kB transcriptional activity,
they represent a powerful negative feedback loop (Figure 1).
Newly synthesized IkB proteins bind to active NF-kB dimers,
removing them from DNA binding and shuttling them back to
the cytoplasm, where the complex can be reactivated and IkB
can again be ubiquitinated and degraded via the proteasome.
Some of the earliest studies on NF-kB activation dynamics
demonstrated that this activation and negative feedback cycle
can lead to periodic oscillations if two criteria are met (35).
Firstly, the strength of negative feedback must be sufficient to
exceed a threshold to favor cytosolic NF-kB sequestration, and
secondly, after the consequent reduction in IkB gene synthesis,
the input signal to the IKK complex must be sufficient to
initiate another round of IkB degradation. The period during
which the stimulus is sensed by the cells can therefore have
profound effects on the resultant transcriptional response (35-
37). Moreover, even in the presence of continued stimulation,
negative regulation via deubiquitinases like A20 can arrest
signaling by deubiquitinating both components of the IKK
complex (38) and important signaling proteins such as TRAF6
(39). Therefore, the balance of positive and negative feedback
signals has a profound impact on the transcriptional outcome of
NF-kB activation.

The period and amplitude of NF-kB nuclear-cytoplasmic
oscillations has been linked to differential gene expression in
fibroblasts and epithelial cell lines using single-cell imaging and
transcriptome analyses (40-42). Cell lines lacking individual or
multiple NF-«kB and IkB genes have reinforced these conclusions
and have formed the basis for computational models of feedback
dynamics and their effects on gene expression (43). However,
as discussed below, recent studies performed in immune cells
challenged with traditional immune stimuli have shown that
these dynamics can vary substantially in different contexts and
even change at different times in the cell cycle (44), and models
need to be adapted depending on the cell type and status, as well
as stimulus identity.

NF-kB SIGNALING IN MACROPHAGES

NF-kB signaling in macrophages follows many of the principles
elucidated using fibroblasts and other non-hematopoietic cells,
with some exceptions. Some of these differences are simple,
such as the increased importance of c-Rel in NF-kB dimers
in macrophages, whereas RelA/p50 dimers predominate in
fibroblasts. For example, c-Rel is especially important for the
transcription of IL12B (IL-12 p40) in macrophages (12), as well as
the resolution of inflammation via the transcription of an enzyme
important for melatonin synthesis (45). Additionally, mice
lacking both c-Rel and p50 NF-kB proteins have impaired innate
immune responses to bacterial sepsis, with macrophages being
deficient in phagocytosis, bacterial killing, and antimicrobial
peptide production (10). c-Rel is also a vital part of an NF-kB-
ATF3-CEBPS transcriptional circuit that allows macrophages to
scale the inflammatory response based on transient vs. persistent
TLR4 stimulation (46). This circuit prevents hyperinflammatory
responses to relatively miniscule LPS challenges. It should also
be noted, however, that not all macrophages are the same, even
when it comes to the effects of particular NF-kB proteins on gene
expression. For example, c-Rel activity has differential effects on
gene expression depending on whether the macrophage cells are
tissue-resident or elicited from the blood (11). Once again, the
complete context within which the signaling is occurring must
be considered when predicting the transcriptional outcomes of
NF-kB signaling.

NF-kB Dynamics

Much of the work described above provides a framework in
which NF-kB signaling specificity can be encoded by the period
and amplitude of NF-kB nuclear/cytosol oscillations upon TNF
stimulation of fibroblasts. However, work in our lab and others
has shown that NFkB oscillation is a relatively rare occurrence
in macrophages stimulated with TLR ligands (41, 47-50). While
oscillation is observed in a small proportion of cells (41), most
LPS activated macrophages show a single, longer-lasting NF-
kB nuclear translocation event. This is, in part, supported by a
positive feedback loop wherein RelA drives its own transcription
and favors sustained nuclear occupancy of NF-kB in an LPS dose-
dependent manner (50). This positive feedback and sustained
NF-kB nuclear occupancy may also be supported by cRel, which
is also dose-dependently induced by LPS (46). The sustained
nuclear occupancy of LPS-activated NF-kB can be correlated
with target gene transcription, as demonstrated by analysis of
single macrophage cells expressing both GFP-RelA and a TNF
promoter-driven mCherry reporter (50). The critical role of the
TRIF pathway in supporting LPS-driven TNF responses (14, 47—
49, 51-54), is also reflected in the NF-kB nuclear dwell time
as sustained nuclear NF-kB is diminished in TRIF-deficient
cells (47-49).

The duration of NF-kB nuclear occupancy in activated
phagocytes is also regulated by additional transcription factors.
Unbiased genome-scale gene perturbation screens have identified
a critical role for the transcription factor Ikaros in supporting
both RelA positive feedback and TNF production (50, 55,
56). Sustained NF-kB chromatin binding was shown to be
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severely diminished in Ikaros-deficient cells (55), which brings
up the possibility that not only do multiple transcription
factor pathways converge to support sustained NF-kB nuclear
activity after LPS challenge, but also that long-lasting NF-kB
chromatin binding is necessary to integrate signals from a
complex array of inputs onto a broad landscape of activated
enhancers and promoters.

The complex relationship between NF-kB dynamics and
transcriptional control in macrophages was recently investigated
further by coupling the dynamics of fluorescently labeled RelA
with single cell RNA-seq (41). In this study, cells were categorized
based on either transcriptome analysis or NF-kB dynamics and
it was found that a strong, long-lasting nuclear RelA signal
correlated with increased expression of inflammatory cytokine
genes, while oscillatory behavior was rare. This supports the
concept that robust cytokine expression in macrophages requires
sustained NF-kB nuclear occupancy. By analyzing single cells, the
authors were also able to show that the behavior of individual
cells did not necessarily reflect the population as a whole and
that different modes of activation existed in the population. This
echoes prior experiments showing that many of these distinct
dynamics (even to the same stimulus), and their resulting effects
on gene expression, are lost in population-based analyses (42).

While the amplitude of NF-kB translocation to the nucleus
can be correlated with inflammatory gene induction and
sustained expression, multiple recent studies hint at the
importance of the integration of multiple signaling processes
(47-49). Attempts at modeling NF-kB dynamics in macrophage
cell lines stimulated with LPS show that both the MyD88
and TRIF signaling pathways are necessary for robust TNF
production. Two of these studies argue that MyD88 is necessary
for the initiation of Tnf transcription by activating NEF-
kB through the canonical pathway (47, 48). TRIF activation
downstream of TLR4 signaling from the endosome then
contributes to sustaining this response via the activation of
the MAPKs p38 and Erk. These kinases subsequently act to
stabilize TNF mRNA via the phosphorylation of MK2, as well
as supporting the translation and secretion of TNF protein
(47). Further modeling of MyD88- and TRIF-associated NEF-
kB activity showed again that MyD88 signaling is indispensable
for initiating NF-kB shuttling to the nucleus while cell-to-cell
variation in nuclear occupancy after the initial translocation
depends primarily on TRIF activity (48). Whether IRF3
activation and nuclear occupancy downstream of TRIF signaling,
or a separate arm of the TRIF pathway, support NF-kB dynamics
remains elusive. However, a more recent study using dual TNF
promoter and NF-kB reporters showed that, while initial NF-
kB activation is independent of TRIF activation, Tnf promoter
activity depends greatly on TRIFs involvement downstream
of LPS stimulation (49). This suggests that TNF expression
may require co-operation between NF-kB activation and that
of AP-1, which is induced downstream of TRIF signaling
through the MAPKs (57). One possibility is that the relative
timing of MyD88- and TRIF-mediated signaling plays a critical
role and that significant TNF production requires a delayed,
but longer-lasting, TRIF-mediated signaling event leading to
synergism between NF-kB- and AP-1-driven transcription of

Tnf (Figure2). All told, these studies suggest that while the
dynamics of NF-«kB translocation to the nucleus are important
in determining the quality and quantity of the inflammatory
response in pathogen-challenged macrophages, the overall
outcome of NF-kB activation is substantially affected by crosstalk
with other signaling pathways and transcription factors.

There has been a great deal of work performed in an
attempt to accurately model NF-kB translocation dynamics in
stimulated cells. Many of these models are based on the idea of
recurrent NF-kB oscillations between the cytoplasm and nucleus,
with the period and amplitude of the oscillations being linked
to gene expression (37, 41, 58-60). The results of the above
studies in macrophages, however, imply that these oscillations
are rarer in innate immune cells than in non-hematopoietic
cell models (41, 50). Perhaps a more accurate model for how
NF-kB dynamics affect gene expression in macrophages would
replace amplitude and period of oscillation with “height” and
“width” of the single translocation peak observed in these cells.
A further simplification of these would be to integrate the area
under the curve when looking at RelA nuclear occupation over
time (Figure 3). A possible benefit of this simplified model of
NF-kB translocation could be that it is easier to integrate into
more complex models of signaling involving the engagement of
multiple pathways and transcription factors, as crosstalk among
multiple pathways has a significant effect on gene expression.

Long-lasting nuclear occupancy of RelA increases the chances
that significant numbers of NF-kB dimers are present in the
nucleus when kB sites become available for binding, while also
allowing time for other signaling pathways and transcription
factors to modulate chromatin accessibility, tailoring the
response to a particular stimulus or group of stimuli. For
example, NF-kB must be present in the nucleus in order for the
recruitment of the positive transcription elongation factor, p-
TEFD, to primary response genes such as TNF (61). These genes
are poised for transcriptional elongation before stimulation, but
cannot be expressed as coding RNAs until they are bound
sequentially by NF-kB, Brd4, and finally p-TEFb, releasing RNA
polymerase II from its paused state (62). NF-kB and Brd4 also
work together to establish super enhancers after TNF stimulation,
profoundly altering the transcriptional landscape of the cell.
In fact, chromatin binding of Brd4 at enhancer sites is nearly
abolished when NF-kB activation is inhibited (63). It is possible
that NF-kB translocation is extended in macrophages in part to
facilitate these processes during acute immune events, though
this has not been studied directly.

As we have mentioned, NF-kB dynamics vary greatly from
cell-to-cell within a population, making single-cell analyses
very important for analyzing how different signal kinetics
affect transcriptional outcomes (42). Single-cell-based analyses in
fibroblasts have shown that TNF stimulation leads to a quasi-
digital response at the cellular level. Put simply, a cell either
responds to the cytokine or not, with increasing dose leading
to more cells being activated, accompanied by single-cell level
increases in activation strength at higher concentrations of TNF
(37, 42). However, studies in macrophages stimulated with LPS
suggest a more analog phenotype, with almost all cells responding
across a dose range and individual cell responses strengthening at
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FIGURE 2 | Signal crosstalk in NF-«B transcriptional regulation. (Left) An example of a simplified NF-kB signaling model wherein a pathogen is recognized by a PRR
(e.g., TLR4), which (1) signals through MyD88 to (2) initiate NF-kB-mediated transcription and (3) subsequent cytokine production. (Right) A more accurate model of
NF-kB signaling wherein a pathogen is recognized by a PRR (e.g., TLR4) on the surface of the cell, leading to (2) NF-«B activation via MyD88. (4) Subsequently, the
pathogen is brought into a sub-cellular compartment where it is sensed by an alternate PRR (or, in the case of TLR4, the same PRR but in a new sub-cellular context)
which signals through a second adaptor TRIF (5), leading to the activation of more NF-kB dimers as well as other transcription factors, such as IRF3, leading to type |
IFN production, and AP-1, which is activated via the MAPK pathway. Upon translocation to the nucleus, these multiple transcription factors act to synergize or
antagonize each other, more precisely tailoring the inflammatory response to the pathogen. (6) In this example, NF-kB and AP-1, each activated by multiple inputs,
together produce significantly greater amounts of TNF than singly activated NF-kB on its own. (7) It should be noted that, while both MyD88 and TRIF are known to

activate MAPKs, it remains unclear what their relative contributions are in regard to AP-1 activation and TNF production in the context of LPS stimulation.

higher ligand doses (41, 50, 64). This discrepancy has important
implications in the macrophage response to infection wherein
stimulus concentration is highly heterogeneous throughout a
tissue. Analog responses that increase at the cellular level
with ligand concentration may allow for increased tuning of
an individual cell’s response to its immediate environment,
limiting bystander damage during inflammatory processes. This
alteration of response thresholds will be discussed in further
detail in the next section, but it is important to note that these
thresholds will change based on NF-«kB dynamics.

Signaling Crosstalk
As mentioned above, one of the biggest complicating factors
in NF-kB signaling outcomes is the fact that this pathway

interacts, directly and indirectly, with a multitude of other
signaling pathways during an immune response. As the
predominant initiators of the inflaimmatory response to
pathogens, macrophages must collect and integrate information,
not only from multiple PRR pathways, but also from released
host-derived mediators such as cytokines and interferons,
leading to significant crosstalk among signaling pathways
(Figure 2). In order to better simulate infectious stimuli, the
outcome of stimulating macrophages with combined TLR
ligands has been compared to single-ligand stimulations (65-
68). These studies show that crosstalk between multiple TLRs
simultaneously synergizes and antagonizes different gene subsets
when compared to simply adding up the responses to individual
TLR ligands alone. For example, stimulating macrophages with
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FIGURE 3 | Comparing models of NF-kB translocation dynamics in
macrophages vs. fibroblasts. (Left) NF-«kB activation in fibroblasts is
associated with periodic oscillations of NF-kB dimers between the nucleus,
where they initiate transcription, and the cytoplasm, where they exist in
complex with [kBa. Gene expression dynamics scale with the period (y1) and
amplitude (yo) of these oscillations, which are influenced by variables such as
signal strength, duration, and receptor identity. (Right) Conversely, NF-kB
shuttling in macrophages is better represented by a single, strong nuclear
translocation event which persists for as long as the stimulus remains and
tends to remain above baseline for an extended period of time. As such,
activation signals from additional pathways are likely integrated over this time,
and gene expression dynamics correlate with area under the resultant nuclear
NF-kB occupancy curve (yz).

the TLR3 ligand poly(I:C) and the TLR7 ligand R848 together
led to significantly greater production of IL-12p40 and IL-6
than that seen at saturating doses of either ligand alone (65, 69).
This synergy only occurred when combining TLR ligands in
such a way that both MyD88 and TRIF were utilized (i.e.,
triggering one TLR that signals through each adaptor), again
showing that connecting these two pathways leads to enhanced
inflammatory gene transcription likely by activating multiple
transcription factor classes. Interestingly, work performed
in fibroblasts stimulated with both TLR2 and TLR4 ligands
showed that these cells make a signaling decision between the
two pathways, depending on the relative dose of each of the
ligands (53). This study did not record gene expression outputs,
but rather looked at NF-«kB shuttling dynamics, so it is not
clear if dual-ligand stimulation leads to synergistic cytokine
production in these cells. The studies mentioned here focus on
combinatorial TLR stimulation but, as mentioned above, NF-kB
stimulation is governed by much more than just TLRs, so further
studies will be necessary to address how NF-kB signaling, and its
outcomes, are altered by the co-stimulation of different classes of
NEF-kB-inducing receptors.

So far, we have only discussed how host signaling pathways
interact to tailor the NF-kB-mediated immune response to a
particular pathogen. However, this ignores the other side of the
host-pathogen relationship. All pathogens have evolved ways in
which to alter the immune response to allow for their survival
and replication, and the NF-kB pathway is no exception. In
fact, targeting immune signaling molecules via virulence factors
is a very common strategy for pathogens as it allows them to
alter receptor signaling without the need to target each receptor

individually (70). For example, MyD88 and TRIF are common
targets of pathogen-encoded proteases, preventing TLR signaling
in infected cells (71-73). Other pathogens, such as pathogenic E.
coli and Clostridia spp. target the NF-kB proteins themselves (74—
77). Alterations in NF-kB signaling by pathogens have profound
effects on the ability to mount an effective immune response, and
the actions of pathogens on infected cells need to be considered
when studying NF-kB signaling in these contexts. For more in-
depth reviews of immune subversion by pathogens, please refer
to Roy and Mocarski (78) and Hodgson and Wan (70).

Much like signal thresholding, explained below, the ability for
macrophages to synthesize information from multiple stimuli in
order to tailor the inflammatory response to a particular level of
danger (in this case, a complex pathogen vs. a single stimulus)
likely creates a balance between mounting an effective immune
reaction and protecting the tissues from hyperinflammation.

Thresholding
Placing thresholds on signaling inputs is an important
determinant of the outcome of an inflammatory response.
In order to assure the survival of a host, it is imperative that its
immune system does not over-react to innocuous insult. For
example, a small number of dead bacteria entering a wound
should not elicit the same response as invasion of that wound
by millions of live, replicating microbes. The dead bacteria
can easily be disposed of by tissue-resident macrophages
without the need for a full-blown inflammatory response,
which could cause serious damage to the tissue. Similarly,
the commensal relationship many bacteria have with higher
organisms would be impossible were those hosts to mount a
significant inflammatory response to otherwise benign microbes.
As such, macrophages will not induce such a response unless
they reach a particular threshold of signal density from their
PRRs. This is supported by recent observations that different
signaling outputs are disparately induced depending on the
extracellular concentration of bacterial LPS (79). While NF-kB
signaling was induced by very low concentrations of LPS
(<0.1nM lipid A), many of the inflammatory genes associated
with the NF-kB pathway, such as Tnf, were not transcribed. Only
stimulation above a certain ligand threshold induced the bulk
of NF-kB-related genes, which correlated with input from the
MAPK pathway. Therefore, these two signaling pathways, which
are stimulated via the same receptor, have separate thresholds of
activation which will, in turn, affect the transcriptional outcome
of both of their gene programs. Importantly, this demonstrates
again that NF-kB signaling cannot be viewed in a vacuum,
separate from other signaling events occurring within a cell.
There are likely many other factors affecting NF-«B activation
thresholds in macrophages, including the activity of separate
receptors. For example, stimulation of a macrophage with
cytokines such as IFNs or TNF has profound effects on the
stoichiometry of NF-kB pathway components and PRRs (33, 80),
which will affect their relative availability to the signaling cascade.
Inflammatory disease states (including aging), autoimmunity,
and chronic infection will also alter signaling thresholds in
macrophages, possibly exacerbating the underlying condition. In
the case of aging, chronic stimulation of the NF-kB pathway leads
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to a shift in the inflammatory baseline of an individual, making
it more difficult to mount an effective immune response against
pathogens (81-83). The effects of aging on NF-«B processing and
nuclear occupancy is an important topic for future investigation.

Thresholds will likely also be altered upon stimulation of a
cell with a more complex ligand, such as a live bacterium, due
to the cooperation of multiple signaling pathways. For example,
it has been shown that signaling outcomes in macrophages
are significantly altered when stimulated with live vs. dead
bacteria (84-86). While these studies do not look specifically
at NF-«kB signaling, the effects of “vita-PAMPs” (or PAMPs
that are only found in live pathogens) can be easily linked
to alterations in signaling thresholds of common NF-«kB read-
outs. For example, bacterial mRNA, which is not found in dead
bacteria preparations, is necessary for the activation of IRF3
and subsequent type I IFN responses (87). As mentioned above,
IEN signaling can have a profound effect on NF-kB signaling
outcomes. Vita-PAMPs are also vital for the stimulation of certain
inflammasomes and the subsequent initiation of cell death (87),
which also has important implications for NF-kB signaling,
especially at the population level.

The threshold for activation of a macrophage also allows for
sub-tissue microenvironments to limit immune damage. The
probability that an individual macrophage reaches its threshold
for signaling is directly proportional to the concentration of
receptor ligand in its immediate vicinity (88). As such, cells that
are further away from a focus of damage or infection are less
likely to reach their inflammatory thresholds. If a small amount
of ligand were capable of instigating a maximal inflammatory
response from these cells, the immune-mediated damage to an
infected tissue would be uncontrollable, leading to death of
host tissues. Indeed, knocking out negative regulators of NF-
kB signaling, such as the A20 deubiquitinase which deactivates
the IKK complex, leads to lethal inflammatory diseases due to
uncontrolled inflammation associated with TNFR signaling (89).

Finally, thresholds for a cellular response and the transcription
of particular gene sets could also be dependent on the activation
state of an individual unstimulated cell. It has been shown in
HeLa cells that the amplitude and gene profile of a particular
transcriptional response to TNF can be determined by the fold-
change of nuclear NF-«B after stimulation, and not just on the
total nuclear occupancy (90). It will be interesting to see how the
nuclear NF-kB occupancy in a naive macrophage may alter its
signaling threshold.

OTHER INNATE IMMUNE CELLS

Reports on NF-kB signaling dynamics in other innate immune
cells remain rare, though some work has been performed looking
at cell-specific outcomes of NF-kB activation in neutrophils and
dendritic cells, as briefly outlined here.

Dendritic Cells

Dendritic cells (DCs) represent the bridge between innate and
adaptive immune responses, presenting antigens to T and B cells
in order to activate immunity to specific foreign invaders. The
maturation of DCs into professional antigen presenting cells

requires the NF-kB protein RelB (91). RelB-deficient DCs are
unable to induce antigen-specific T cell responses both in vitro
and in vivo (92). RelB-deficient mice suffer from spontaneous
allergic airway inflammation, though the adoptive transfer of
RelB+ DCs reverses this phenotype (93). RelB is considered a
“non-canonical” NF-kB protein, however studies have shown
that canonical stimuli and pathway components are essential
for RelB activity in DCs (94, 95). RelB activity in DCs has
been shown to be negatively regulated by the canonical IkB
proteins IkBa and IkBe, and a canonical pathway activation
mechanism is responsible for RelB-specific DC immune activity
(91). Interestingly, this study also provided evidence that RelB
may act as a downstream regulator of cRel. Whether cRel’s
importance in DCs is linked to their common lineage with
macrophages remains to be seen, and how activation dynamics
of the different Rel proteins in DCs compares to other cell types
is another important topic for future investigation.

Neutrophils

Neutrophils are tightly-regulated leukocytes that enter tissues
during inflammatory responses in order to seek out and destroy
pathogens. These highly inflammatory cells recognize PAMPs
and subsequently activate NF-«kB by the canonical pathway (96).
In order to limit the inflammatory potential of neutrophils, they
are very quick to undergo apoptosis after their activation. It
has been shown that neutrophils have abnormally high levels
of nuclear IkBa, which is responsible for dampening NF-kB-
mediated gene expression and inducing apoptosis more quickly
than in mononuclear cells (97). While this has not been tested
directly, this study would suggest that NF-kB dynamics in
neutrophils be characterized by cytosolic IkBo degradation, a
single NF-kB translocation event, followed by re-synthesis of
IkBa and subsequent apoptosis of the cell.

THE FUTURE OF NF-kB SIGNALING
PATHWAY ANALYSIS IS BRIGHT

A common thread running through current signaling research
is that we are now working in an era with greatly expanded
capabilities in regards to analyzing smaller cellular populations
in greater detail than ever before. To this end, new technologies
are being harnessed in order to gain highly granular insights
into signaling dynamics in single cells and in real-time.
Signaling dynamics and their effects on gene regulation cannot
be appropriately studied at the population level, nor with
traditional time course experiments, so it is imperative that
we keep harnessing new technologies to increase the resolution
of these readouts. CRISPR-based gene manipulation, coupled
with the single-cell transcriptional measurements and high-
content imaging already in use, should permit more direct
determinations of the causal relationships between NF-kB
activation and transcriptional outcomes in the same single cell.
Using these more accurate tools, single or multiple NF-kB,
IkB, and IKK genes could be monitored or perturbed to better
investigate how they interact to control gene expression in
macrophages and other immune cells. This can also be extended
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to other modulators of this pathway, such as deubiquitinases and
chromatin regulators. CRISPR can also be used to modify genes
at their endogenous loci with fluorescently-tagged versions for
imaging purposes. These fluorescent proteins can be tracked in
situ to gain a better understanding of their dynamics through
space and time, or to identify novel binding partners, filling in
gaps in our understanding of pathway regulation. Using these
techniques in multiple contexts (e.g., dose responses of ligand,
multi-ligand stimulation, acute infection) will help us tease
apart how signaling changes with these different parameters,
creating a more complete model of NF-«kB signaling responses
and transcriptional regulation.

Another thing that is clear, based on the studies reviewed
here, is that studying NF-«kB requires the concurrent study of
the many other signaling pathways that interact with it. Studying
how and when RelA enters and exits the nucleus has provided
us with a great deal of insight into the roles of this pathway,
but has also uncovered the need to study additional signaling
events simultaneously. To this end, the use of fluorescently-
tagged reporter molecules will permit measurement of the
temporal activity of multiple kinases, transcription factors, and
gene promoters in a single cell (98). By increasing the amount
of information we can capture from single cells, researchers
can more accurately model the signaling dynamics of members
of several signaling pathways concurrently. These models can
then be used to better predict how cells will react to single or
multiple stimuli or in different contexts. While we may never
achieve a “unified theory of inflammation,” more accurate models
of cell behavior will be a great benefit to drug discovery and
personalized medical interventions.

Mathematical modeling of NF-kB activation and translocation
dynamics is far more advanced than for most other signaling
pathways, with some of the earliest models appearing almost 20
years ago (99). These models have improved over time as we
have gained further understanding of the roles of the various NF-
kB and IkB isoforms (100). Later, modeling studies combined
with knock-outs for various NF-kB signaling proteins began
to describe multiple feedback loops via multiple IkB proteins
(101) as well as autocrine signaling through TNF receptors
(14). Currently, models exist that encapsulate an enormous
amount of information, including differences in NF-kB dimer
identity, positive and negative feedback loops, and interactions
between canonical and non-canonical signaling pathways (102-
105). Unfortunately, there has been little published regarding
NF-kB dynamic modeling in the past few years, despite the
amount of data we have on NF-kB signaling increasing at
pace. We hope that the current models of NF-kB-mediated
responses will be updated to encapsulate these important
studies expediently. Also, it will be important for future studies
to integrate these models with other technologies like those
described above so that we can see how applicable they
are to in vivo systems. With a combination of mathematical
modeling, genetic perturbation, and in vivo imaging, the power
of these tools to predict transcriptional regulation, druggable
targets, and the potential effects of genetic variation will
increase exponentially.

Finally, due to the multitude of endogenous and exogenous
factors that modulate NF-kB signaling in innate immune cells,

it is vital that the effects of tissue microenvironments on
inflammation are studied in much greater detail in the coming
years. With the advent and growth of in situ genetic perturbations
(106), multi-valent reporters (98), and in vivo imaging (107, 108),
researchers can now, theoretically, look in real-time at signaling
processes happening in animal models of inflammation and
infection. Though there remain significant technical challenges
in combining these technologies, the ability to look at specific
cell populations in vivo will provide us with an enormous
leap forward in how we understand signaling dynamics and
their outcomes in truly relevant contexts, making the necessary
investment worthwhile.

CONCLUSIONS

NF-kB is a master regulator of innate immune responses,
and vital to many of the roles that macrophages and other
innate immune cells play in orchestrating the inflammatory
response to pathogens. In this review, we have outlined the
many variables that influence the outcomes of NF-kB signaling,
including those that are cell-, tissue-, and stimulus-specific.
Over 30 years of research has illuminated the dynamics of
this signaling pathway and the genes that are regulated by it,
leading to many breakthroughs in how we understand NF-kB
function. However, much of this information has come from
studying non-hematopoietic cells or pathway components in
cell-free conditions. As new technologies and techniques have
been developed over the past decade, it has become feasible
to study NF-kB signaling in less tractable cell models such as
primary macrophages as well as in vivo. Recent studies, outlined
above, have highlighted differences in signaling dynamics in these
contexts which act to support the goals of the innate immune
system—that is, to regulate and tailor the inflammatory response
to pathogens in order to balance the destruction of invaders with
the limitation of potentially harmful hyperinflammation.

Macrophages are capable of integrating an impressive amount
of information regarding the identity and virulence of pathogens,
as well as endogenous cues present in their microenvironment,
in order to modulate the immune response to best protect the
host. Central to this ability are the many ways in which NF-kB
signaling is modulated based on shifting thresholds of activation,
the integration of information from various classes of PRR, and
tight regulation of transcription through rigorous positive and
negative feedback loops. How these components fit together in
different contexts, and how we may be able to modulate or
interfere with them to the benefit of patients, is an important field
of future research.

The differences between inflammatory signaling in fibroblasts
and macrophages (and other innate immune cells) allow for
the host to survive most infectious threats, and it is important
that we, as researchers, continue to study signaling in different
contexts in order to gain a more thorough understanding of
how these processes contribute to the immune response. By
combining new technologies, we now have the ability to study
these phenomena in greater resolution than ever before, even in
vivo or in primary human cells. The future of NF-kB signaling
research is bright—and perhaps fluorescent!
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