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ARTICLE INFO ABSTRACT

Keywords: MAPK and NF-kB pathways regulate macrophage responses to microbial stimuli. Repeated exposure to lipo-
LPS tolerance polysaccharide (LPS) induces endotoxin tolerance, a state in which inflammatory cytokine production is sup-
Macrophages pressed while antimicrobial functions are preserved. Although regulatory mechanisms of LPS tolerance is well
E];IiB established, how prior LPS exposure reshapes signaling dynamics downstream of TLR4 remains unclear. Using

biosensors and live-cell imaging, we quantified ERK and NF-kB signaling in RAW264.7 macrophages during LPS
tolerance. Tolerized macrophages produced less TNF-a and IL-6 and showed reduced ERK and NF-kB activity,
with lower amplitudes and areas under the curve than cells receiving a single LPS stimulation. Both pathways
also displayed delayed activation, reflected by a prolonged time to first peak. Inhibition experiments revealed
bidirectional crosstalk, as blocking ERK altered NF-kB signaling and NF-kB inhibition suppressed ERK dynamics.
These findings show that LPS tolerance involves coordinated changes in the strength and timing of ERK and NF-

Signaling dynamics

kB signaling.

1. Introduction

The innate immune system is the first line defense mechanism
against infections [1]. It has long been known that only adaptive im-
munity has memory that mediates effective response to repeated expo-
sure to the same pathogens. Recently, evidences show that innate
immunity also possesses memory [2]. Innate immune memory manifests
as either tolerance or trained immunity, whereby innate immune cells
exhibit altered responses upon re-stimulation with unrelated stimuli
compared with the initial exposure. Innate immune memory is mediated
in part by metabolic reprogramming and epigenetic modifications that
influence the expression of genes involved in inflammatory response
[3]. Innate immune memory is reported in various types of innate im-
mune cells, including monocytes, macrophages, natural killer cells and
innate lymphoid cells [4].

Endotoxin tolerance refers to the diminished inflammatory respon-
siveness of innate immune cells, particularly macrophages and mono-
cytes, upon repeated stimulation with bacterial endotoxin [5].

Lipopolysaccharide (LPS), is a well-characterized pathogen-associated
molecular pattern (PAMPs) that induces strong inflammatory responses
via the pattern recognition receptors (PRRs), Toll-like receptor 4 (TLR4).
Engagement of LPS with the CD14-TLR4 complex triggers an acute in-
flammatory response characterized by rapid and robust production of
pro-inflammatory cytokines, as well as the induction of additional
effector functions, including antimicrobial molecules [6]. Upon
re-stimulation with LPS or other PAMPs, macrophages enter a tolerant
state characterized by attenuated inflammatory responses while anti-
microbial effector functions are preserved [7]. The interval between the
first and second rounds of stimulation is critical, as it permits cellular
recovery and the restoration of activated signaling pathways to baseline
levels prior to the second encounter [8].

The signaling pathways involved in primary activation through LPS/
CD14/TLR4 are well characterized, especially the key signal pathways
via the mitogen-activated protein kinase (MAPK) and NF-«xB pathways.
In contrast, the mechanisms underlying LPS re-stimulation-induced
tolerance remain incompletely understood [9]. Successive LPS
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stimulation attenuates downstream signaling events, including
MyD88-TLR4 association, activation of NF-kB and MAPK pathways, and
IkBa degradation[9]. The reduction of downstream TLR signaling causes
dampened pro-inflammatory cytokine production [10]. In sepsis pa-
tients, LPS tolerance plays important roles in preventing severe tissue
injuries due to massive cytokine productions but preserve anti-microbial
functions [11]. However, prolonged LPS tolerance may progress to im-
mune paralysis, thereby increasing susceptibility to secondary infections
and adverse clinical outcomes, including increased mortality [10,12,
13].

Extracellular signal-related kinases 1 and 2 (ERK1/2) are elements in
the MAPK pathway that play important roles in, for example, cell growth
and cell survival downstream of TLR4 [14]. On the other hand, the
NF-kB pathway also plays vital functions in an inflammatory response
that transmits the signal from surface receptor TLR4 to regulate key
pro-inflammatory and anti-microbial related gene expression upon in-
fections. The inflammatory responses initiated by both pathways drive
the expression of pro-inflammatory cytokines, including tumor necrosis
factor-a (TNF-a) and interleukin-6 (IL-6), via the activation of tran-
scription factors such as AP1 in the ERK1/2 pathway and p65/p50 in
NF-kB activation [14-16].

The signal transduction and the dynamics of NF-xB during activation
in macrophages have been documented [17-21]. To elucidate the
signaling dynamics, the MAPK sensor and NF-kB reporters were devel-
oped to track signaling oscillation in stimulated cells [22,23]. Both
MAPK and NF-kB signaling pathways in macrophages display dynamic
response patterns during bacterial infection [24]. Wang et al. reported a
microfluidic-based compound screening platform that induced LPS
tolerance in macrophages, revealing innate immune memory dynamics
mediated by NF-kB signaling pathways [25]. In the studies of the tran-
scriptomic and epigenetic profiles of LPS tolerance and inhibitor
screenings, the results convincingly demonstrated the involvement of
metabolic reprogramming and epigenetic reprogramming [7,26-28].
Furthermore, detailed signaling investigation identified PI3K, Akt, and
phosphatase SHIP1 as important regulators of endotoxin tolerance [29].
Although MAPK and NF-kB signaling pathways have been extensively
studied in response to acute LPS stimulation, detailed analyses of their
dynamic regulation during LPS tolerance, particularly at high temporal
and single-cell resolution, remain limited.

In this study, we dissected the signaling dynamics of the ERK1/2
MAPK and NF-kB p65 pathways during LPS tolerance, in comparison
with LPS priming, using RAW264.7 macrophages stably expressing an
NF-kB p65 reporter and an ERK1/2 kinase translocation reporter (KTR)
sensor [23]. The cross-regulation of these two keys signaling pathways
were also examined using specific inhibitors. Because endotoxin toler-
ance depends on prior LPS exposure, studying how key signaling path-
ways change over time is crucial for understanding how inflammation is
restrained while antimicrobial functions are preserved. Defining how
signaling dynamics are rewired during LPS tolerance may inform stra-
tegies to prevent immune paralysis while preserving host defense in
conditions such as sepsis and chronic infection.

2. Material and methods
2.1. Plasmids preparation

The reporter plasmids, ERK1/2 kinase translocation reporter
(pLentiCMV Puro DEST ERKKTR Clover) and NF-kB p65 reporter
(pLenti_Blast DESTmouse_p65promoter_mouse_p65-mRuby2), were ob-
tained from Addgene, USA (catalog numbers #59150 and #124903,
respectively).The NF-kB p65-mRuby2 reporter was constructed as a C-
terminal fusion, where the mRuby2 fluorescent protein was linked to the
C-terminus of the mouse NF-kB p65 protein. The Histone 2B reporter
was obtained by combining pCDH-CMV-MCS-EF1-Hyg and PB533_H2B-
Halo. For packaging plasmids, the 2nd generation lentivirus packaging
plasmid consisting of psPAX2 and pMD2.G were used (Addgene, USA).
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All plasmids were prepared and purified by the ZymoPure II plasmid
midiprep kit (Zymo Research, USA).

2.2. Generation of stable reporter cell line

Reporter constructs in lentiviral plasmids were transfected into the
HEK293T cell line together with the 2nd generation packaging plasmids
using Lipofectamine 3000 (Thermo Fisher Scientific). The packaged
lentivirus was used to perform spinfection (2200 rpm for 30 min) using 8
ug/ml polybrene to RAW264.7 (ATCC TIB-71™). The transduced
RAW264.7 was rested for 24 h prior to a drug selection using blasticidin
(6 pug/ml) for 3 days. RAW264.7 cells stably expressing NF-kB p65 re-
porter was sorted by fluorescence activating cell sorter (FACS) and
subjected to serial transduction with the lentiviral plasmids for histone
2B Halo and ERK KTR. The stable reporter cell line was selected by
hygromycin B (140 pg/ml) and puromycin (4 pg/ml) and further sorted
by FACS. All cell lines in this study were maintained in Dulbecco's
modified Eagle's medium (DMEM, HyClone, USA) augmented with 10%
(v/v) fetal bovine serum (Gibco, USA), 1% (w/v) of sodium pyruvate,
1% (w/v) of HEPES, and 100 U/ml penicillin/streptomycin.

2.3. Enzyme-linked immunosorbent assay (ELISA) for IL-6 and TNF-a

The stable reporter cell line was seeded at 1 x 10* cells per well in
96-well plates for 16-18 h before stimulation. After LPS stimulation or
repeated LPS stimulation (LPS tolerance) as indicated, the culture su-
pernatants were harvested to assess cytokine production. IL-6 and TNF-a
levels were quantified using mouse IL-6 ELISA and TNF-a ELISA kits
(BioLegend, USA) in accordance with the manufacturer's instructions.
Absorbance at 450 and 620 nm was measured by a microplate reader
(Thermo Fisher Scientific).

2.4. Reverse transcription-quantitative polymerase chain reaction (RT-
qPCR)

The stable reporter cell line was harvested after 3 h of LPS stimula-
tion or repeated LPS stimulation, and the total RNA was collected by
TRIzol (Invitrogen, USA) by following the manufacturer's protocol. The
extracted RNA was treated with DNase by RQ1 RNase-free DNase
(Promega). Treated RNA was cleaned up in an RNeasy Mini Kit (QIA-
GEN, USA). Hundred nanograms of total RNA were converted to cDNA
by using SuperScript III reverse transcriptase, random hexamer (Thermo
Fisher Scientific), ANTP mix (Takara Bio, Japan), and RNaseH (Thermo
Fisher Scientific) and the obtained cDNA was treated again with the
MinElute PCR Purification Kit (QIAGEN, USA). The purified cDNA was
combined with PowerUp SYBR Green Master Mix (Thermo Fisher Sci-
entific) and specific primers (Table 1). The qPCR was performed with
Mx3000P (Agilent Technology). The 2722 method was used to
normalize the data with Gapdh.

2.5. Live-cell imaging

RAW264.7 stable reporter cell line was seeded at 1 x 10° cells in the
8-well chambers (MATSUNAMI, Japan) in 10% FBS DMEM. To syn-
chronize cells, the media 10% FBS DMEM was replaced with 1% FBS

Table 1
List of primers utilized in this research.
Gene name sequence reference
Tnf F: 5- ACCCCTTTATTGTCTACTCCTC-3' [30]
R: 5'- GTCCCAGCATCTTGTGTTTC-3'
16 F: 5'- CAGAAACCGCTATGAAGTTCC-3' This study
R: 5- CTCTGTGAAGTCTCCTCTCC-3'
Gapdh F: 5'- TCGGTGTGAACGGATTTG-3' [31]

R: 5- GGTCTCGCTCCTGGAAGA-3'
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DMEM six hours before the imaging session. For nuclear labeling, 2 nM
Janelia Fluor 646 Halo Tag Ligand (Promega, USA) was added to bind
with H2B Halo one hour before the start of the imaging session. Cells
were washed with 1X phosphate buffer saline (PBS) and replaced with
10% FBS DMEM. Images of the cell were collected according to the
indicated stimulation and imaging timelines (Fig. 2A). The temperature
and humidity of cell cultures were strictly controlled by a control system
(Tokai Hit, Japan) to be under 37 °C. The carbon dioxide was used at
5%, which was controlled by a CO, control system (Tokken). Heat,
humidity, and gas were installed in the confocal microscope (Nikon
Eclipse Ti), which operated under fusion software (ANDOR, Oxford In-
strument). All images were acquired using a 100x/1.4 oil immersion
objective lens with a resolution of 1024 x 1024 pixels. A multi-field
procedure was utilized, incorporating 488-nm, 561-nm, and 637-nm
lasers to excite Clover, mRuby2, and HaloTag-JF646, respectively.
Laser intensities were set at 30%, 30%, and 20% with an exposure time
of 300 ms. For overnight live-cell imaging, an autofocus called a perfect
focus system (PFS) was used to avoid focus drift. A previous study has
reported that LPS-stimulated macrophages' MEK/ERK phosphorylation
starts from 5 min to reach 15 min [32], and then we decided to collect
image data at the first hour with 5-min intervals. For the imaging session
of twenty-three hours, the time interval was changed from a 5-min to a
10-min interval to prevent the effect of phototoxicity. The capture
strategies were baseline (4 frames, 5 min interval), 1-h experiment (12
frames, 5 min interval), and 23-h overnight experiment (140 frames, 10
min interval).

2.6. Image processing

An image file from a confocal microscope was processed in the
ImageJ v1.54p software (USA) to convert it into an 8-bit with .tif format.
To enhance H2B tracking performance, we used StarDist2D in ImageJ to
detect the nucleus before tracking and cell segmentation. For file names,
the tif file images were converted to the name format 001001-1-
001001001, representing row, column, field, time, plane, and channel,
respectively. This study only focused on the last three digits, which were
001 for ERK or NF-kB p65 and 002 for H2B. Converted files were used to
track the cells using custom MATLAB R2024b (MathWorks) from Heng’s
CellTracking open source [33]. Tracking data was exported into an .h5
file. For cell segmentation and object quantification, the CellProfiler
(USA), an open-source software for cell analysis, was utilized [34,35].
To accurately resolve individual cells within high-density populations,
the seeded-watershed approach was employed. The nucleus (primary
object) was defined by using the H2B-fused fluorescent protein signal to
conduct single-cell segmentation using a global Otsu thresholding
method combined with a clump-splitting algorithm to distinguish
touching nuclei. To facilitate the quantification of fluorescence in-
tensities across all imaging channels, a cytoplasmic ring (cytoring) was
subsequently generated around each nucleus, with a fixed width of five
pixels [23]. This secondary segmentation was achieved by expanding
the nuclear outlines using a distance-based propagation algorithm,
which effectively defines cellular boundaries even when cells are in
close proximity by preventing the merging of adjacent cytoplasmic re-
gions. The image data from quantification, such as mean intensity of
cytoring and nucleus and cell coordination, were used to calculate the
ratio. Both tracking and segmented information were matched by image
number and XY coordinates in RStudio Desktop v4.3.1. The matched
data were transformed to cytoplasm/nucleus ratio (ERK activity) and
nucleus/cytoplasm (NF-kB activity). Activity data was normalized by
subtracting the average of 4 time points (20 min at baseline, 4 time
points, 5 min each) before stimulation from every data point (Fig. 2A).

2.7. Single-cell signaling feature quantification

ERK and NF-kB activity was quantified as the signaling feature that
was composed of area under the curve (AUC), time to first peak, and
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amplitude. AUC was defined as the sum of the C/N or N/C ratios from
the time points 5 onward, corresponding to 20-380 min (6 h) post-
stimulation for the early overnight experiment period. The time to
first peak was determined as the interval between LPS administration
and the first identified signaling maximum. Peaks were identified using
the findpeak function in the R package. They could also be manually
identified based on their slope and relative amplitude thresholds. The
relative amplitude threshold was defined as the C/N or N/C ratio of a
cell at a given time point that exceeded the average C/N or N/C ratio
after stimulation within the same experiment. Individual signaling fea-
tures from each cellular response were visualized using violin plots to
compare responses between single LPS stimulation and LPS tolerance
conditions.

2.8. Analysis of cross-inhibition quantification

Cross-inhibition activity was determined by subtracting the control
activity (mock treatment in LPS tolerance) from the activity of the in-
hibitor effect (inhibitor with LPS tolerance) as described by Miura et al.
[36]. For a schematic of quantification in terms of ANF-kB Tolerances
/ANF-kB gRK inhibitors ZAERK Tolerance; and /AAERK NF.B inhibitor» the details
are shown in Fig. 4D, E.

2.9. Statistical analysis and data reproducibility

For statistical analysis, an unpaired Mann-Whitney U test and one-
way ANOVA were performed, with the Mann-Whitney U test used for
signaling features (BioRender) and one-way ANOVA (multiple com-
parisons) used for all graphs (PRISM GraphPad). All experiments were
performed at least in three biological replicates with two independent
experiments.

3. Results

3.1. Dampened IL-6 and TNF-a production upon repeated LPS
stimulation (LPS tolerance) in RAW264.7 Trio reporter cell

To accurately monitor signaling dynamics during LPS tolerance, we
constructed RAW246.7 Trio that stably expressed NF-kB p65 mRuby2,
ERK kinase translocation (KTR) Clover, and H2B Halo Tag for nuclei
tracking. To establish LPS tolerance, RAW264.7 Trio cells were first
stimulated with 100 ng/mL LPS for 24 h, allowed to rest for 24 h, and
subsequently re-stimulated with 10 ng/mL LPS (Fig. 1A). Cytokine
production was assessed by measuring TNF-a and IL-6 levels in the
culture supernatants using ELISA, and responses to repeated LPS expo-
sure were compared with those from a single LPS stimulation. Consistent
with the induction of LPS tolerance, repeated LPS stimulation signifi-
cantly decreased IL-6 and TNF-o productions compared with cells
exposed to a single 10 ng/mL LPS stimulation (Fig. 1B, C; p < 0.05).

Next, RT-qPCR was performed to quantify 116 and Tnf mRNA levels.
Consistent with the ELISA results, repeated LPS stimulation significantly
reduced the transcript levels of both Il6 and Tnf compared with cells
exposed to a single 10 ng/mL LPS stimulation (p < 0.05) (Fig. 1D, E).
Collectively, these findings demonstrate that the RAW264.7 Trio re-
porter cell line established in this study can be successfully rendered
LPS-tolerant through repeated LPS stimulation. The effect of LPS
restimulation on cell viability was tested using MTT and the results
showed that repeated LPS stimulation did not affect cell viability
compared to untreated cells or cells with single LPS exposure (Supple-
mentary Figure S1A, B). Thus, this stimulation scheme will be used to
study signaling dynamics in further experiments.

3.2. Dynamics of ERK and NF-kB p65 response during LPS stimulation
and re-stimulation

Next, the signaling dynamics in RAW264.7 Trio were monitored
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Fig. 1. Stimulation scheme and cytokine responses during LPS priming and re-stimulation (LPS tolerance) in RAW264.7 Trio reporter cells

(A) Schematic illustration of LPS stimulation and re-stimulation in RAW264.7 Trio reporter cells. (B-C) Levels of IL-6 and TNF-« in the culture supernatant were
measured by ELISA at 24 h after LPS stimulation or re-stimulation (D-E) The mRNA levels of 116 and Tnf was measured by RT-qPCR at 3 h after stimulation or re-
stimulation with LPS. Different letters (a, b, and c) indicate statistically significant differences among groups, as determined by one-way ANOVA (p < 0.05).

during single LPS stimulation (LPS 1°) for the duration of 24 h. In the
absence of stimulation, the ERK KTR-Clover biosensor was predomi-
nantly localized in the nucleus. Upon LPS treatment, the sensor rapidly
translocated from the nucleus to the cytoplasm. In contrast, NF-
kB-mRuby2 was primarily cytoplasmic under resting conditions and
translocated to the nucleus following LPS stimulation (Supplementary
Movie). The experimental timeline was stated in the materials and
methods (Fig. 2A).

3.2.1. NF-xB response

To assess the NF-kB signaling dynamics, reporter activity was
quantified as the ratio of nuclear to cytoplasmic fluorescence (N/C). The
NF-xB p65 dynamic profile revealed two distinct peaks immediately
following LPS stimulation under both single-dose LPS exposure and LPS-
tolerant conditions (Fig. 2B). The peaks were rapidly induced and
declined to baseline by 3 h. The amplitudes of both peaks differed
markedly between primary LPS stimulation (LPS 1°) and LPS tolerized
conditions (LPS 2°). Single-cell responses visualized as heatmaps
revealed that cells contributing to the second peak were more distinct
and formed tighter clusters under primary LPS stimulation (LPS 1°) than
under LPS tolerized conditions (LPS 2°) (Fig. 2D, E, left panel).

3.2.2. ERK response

As shown in Fig. 2C, the results indicated that the signal was clearly
activated with the LPS 1° 10 ng/ml and subsequently decreased after 5
h. In LPS tolerance groups, ERK response was similarly elevated as in
LPS 1°, but the activity was swiftly blunted after 3 h (Fig. 2C). To
monitor the single-cell response in ERK pathway, the data were
extracted and presented into a heatmap as one cell response in terms of
cytoplasm/nuclear (C/N) intensity ratio. The comparison of a heatmap

at LPS 1° and LPS tolerance revealed that there were small cluster of
cells with sustained reporter signaling in LPS tolerance than LPS 1°
(Fig. 2D, E, right panel) that was presented in the middle row of the
figure. This result confirmed that repeated LPS exposure altered ERK
activation, which was more attenuated and heterogeneous than that
observed with primary LPS stimulation, yet still showed ERK activity.

To investigate the coordination between NF-kB and ERK signaling,
we generated paired time-series heatmaps. The individual cell was
sorted on its NF-kB p65 activity, and the same order was applied to the
ERK signaling dataset. The result indicates that while both pathways
were concurrently activated in response to LPS or LPS restimulation
(tolerance), they exhibited distinct and uncoupled signaling patterns at
the single-cell level. For example, the strong activation population of
NF-xB did not necessarily display ERK responses that were proportion-
ally or directionally correlated (Fig. 2D, E). This paired visualization
shows that although these two pathways are co-triggered by the same
stimulus, their signaling activation appeared to be controlled by sepa-
rate regulatory mechanisms. The signaling behaviors exhibited
throughout the population are notably diverse and non-patterned within
the cell population.

3.3. Characteristic features of ERK and NF-kB p65 signaling dynamics
during primary LPS stimulation and LPS tolerance

To quantitively compare the difference between LPS stimulation
(LPS 1°) and LPS tolerance, we processed the activity data (Fig. 2B and
C) to extract key signaling features. The signaling features included the
area under the curve (AUC), amplitude, and time to first peak. The AUC
represents the overall signaling response to the stimulus (LPS in this
study). Amplitude denotes the maximal response observed, whereas the
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Fig. 2. Signaling dynamics of NF-kB p65 and ERK during single LPS stimulation and LPS tolerance (A) Experimental timeline indicated different time intervals during
the experiment after a single LPS or LPS restimulation. (B-C) NF-kB p65 and ERK pathway reporter activities in RAW264.7 Trio cells subjected to either single LPS

stimulation (10 ng/mL; n = 104 cells) or LPS tolerance (n = 105 cells; 100 ng/mL

LPS followed by 10 ng/mL LPS) are shown as nuclear-to-cytoplasmic (N/C) and

cytoplasmic-to-nuclear (C/N) ratios, respectively. The red arrow indicates the timing of LPS administration. The blue line represents the mean reporter activity, and

the yellow shaded area indicates the standard error of the mean (SEM). Heatmap

representations of single-cell NF-kB p65 and ERK reporter activities. Paired vi-

sualizations are shown for (D) LPS 1° 10 ng/ml and (E) LPS tolerance. Cells are sorted based on the NF-kB p65 activity, with identical row-ordering applied to the
ERK activity to visualize coordinated responses. Black arrows indicated the first and second signal peaks.
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time to first peak reflects the duration required to reach the initial peak
response [37]. The results indicated that both the AUC and the ampli-
tude features from ERK sensor in response to LPS 1° stimulation (10
ng/ml) were significantly greater than those observed in LPS tolerance
(p < 0.001, Fig. 3A left and middle panels). Furthermore, the time to first
peak of ERK signaling was significantly extended during LPS tolerance
compared with primary LPS stimulation (p < 0.01), indicating a delayed
initiation of ERK signaling in the tolerant state (Fig. 3A right panel).

Both the AUC and amplitude of NF-«kB were higher following primary
LPS stimulation (LPS 1°) than under LPS tolerance (Fig. 3B, left and
middle panels), similar to the patterns observed for ERK signaling. In
addition, similar to ERK signaling, the time to the first peak of NF-xB
signaling was significantly extended in LPS-tolerant macrophages
compared with single LPS stimulation (p < 0.0001) (Fig. 3B). In
particular, to ensure that our observations in NF-kB signaling were not
influenced by the transcriptional feedforward loop of the NF-kB reporter
under the NF-kB p65 mouse promoter [38], we cross-validated the
signaling characteristics by using the nuclear intensity of the NF-xB p65
sensor. The results correlated with the N/C ratio analysis, in which both
the AUC and the amplitude significantly decreased in LPS tolerance
compared to the primary LPS stimulation, and the time to first peak did
not show a significant delay. This result confirmed that the hallmark of
NF-«B signaling during LPS tolerance in our system was suppression of
the response magnitude rather than an alteration in signaling kinetics
(Supplementary Figure S2A-C).

3.4. The crosstalk between ERK and Nf-xB pathways during LPS
tolerance

In previous reports, the cross-talk between ERK and NF-kB signaling
pathways was documented in macrophages stimulated with LPS, but
such cross regulation has been poorly characterized in LPS tolerant state,

A ERK
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especially in real-time at single-cell level [39-41]. To assess the crosstalk
between these two pathways in LPS tolerance in macrophages,
RAW264.7 Trio was treated with specific inhibitor following the stim-
ulation scheme as depicted in Fig. 4A. The stimulation timeline began
with seeding RAW264.7 Trio and primary stimulation at 100 ng/ml,
followed by a 24-h rest period. Prior to the second stimulation, the
specific inhibitor for ERK or NF-kB pathway was applied one hour before
re-stimulation with 10 ng/ml of LPS. To suppress ERK signaling,
PD98059 was used, which is a reversible MEK/ERK inhibitor whereas
BAY 11-7082, was used as an NF-xB inhibitor. To exclude the potential
cellular toxicity during the imaging session, the concentrations of
selected inhibitors were tested for their effect on cell viability. The re-
sults showed that both the ERK inhibitor up to 100 pM (Supplementary
Figure S3A) and the NF-xB inhibitor up to 5 pM (Supplementary
Figure S4A) did not affect cell viability.

Next, we verified that the treatment of each inhibitor interfered with
specific signaling pathway. RAW264.7 Trio were treated with an in-
hibitor one hour prior to 10 ng/ml LPS stimulation. Subsequently, after
three hours, protein lysates were harvested and subjected to Western
blot. Treatment of RAW264.7 Trio with increasing doses of ERK inhib-
itor clearly diminished the levels of ERK phosphorylation in a dose-
dependent manner when compared to control (p < 0.05) (Supple-
mentary Figure S3B-C). Similarly, inhibition of NF-xB p65 led to a
modest decrease in phosphorylation of both endogenous and exoge-
nously overexpressed NF-kB p65, although the effect was not statisti-
cally significant (Supplementary Figure S4B- S3D).

To examine the impact of each inhibitor on LPS tolerance pheno-
types, IL-6 and TNFa secreted by RAW264.7 Trio under inhibitor
treatment were detected by ELISA as depicted in Fig. 4A. Six hours of
post-stimulation, the cultured supernatant was harvested for ELISA.
Addition of an ERK inhibitor further suppressed IL-6 production
compared with the mock-treated LPS tolerance control (p < 0.0001). In
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contrast, inhibition of NF-kB p65 did not produce a detectable effect on
IL-6 levels relative to the mock-treated LPS-tolerant group (Fig. 4B).
TNF-a production was subsequently assessed and revealed that both
ERK and NF-kB p65 inhibitors significantly further reduced TNF-a levels
under LPS-tolerant conditions (p < 0.0001 and p < 0.01, respectively),
compared with the mock-treated tolerance control (Fig. 4C). Collec-
tively, these data suggest that ERK signaling may preferentially
contribute to IL-6 regulation during LPS tolerance, while both ERK and
NF-kB p65 pathways appear to be involved in modulating TNF-a pro-
duction under tolerant conditions.

We next investigated pathway crosstalk by quantifying the relative
contribution of each pathway to cross-inhibition under LPS tolerant
conditions. When ERK signaling pathway was inhibited, the signaling
dynamic of NF-kB was dampened and delayed, as observed by fewer
peak numbers and delayed time to first peak. (Fig. 4D). On the other
hand, the ERK activity was also dampened by NF-kB inhibition in LPS
tolerized macrophages (Fig. 4E). To monitor cross-inhibition at the
single-cell level, the paired heatmaps showed that the inhibitor effec-
tively blocked specific signaling pathway. ERK inhibitor (PD0325901)
treatment revealed that the inhibitor has only a limited impact on ERK
activity, while the NF-xB activity remained robustly detectable within
the same individual cells (Fig. 4F). On the contrary, treatment with NF-
kB inhibitor (BAY 11-7082) showed that the inhibitor almost completely
suppressed NF-kB activity. Moreover, the effect of NF-xB inhibition on
ERK signaling was greater than that of an ERK inhibitor (Fig. 4F, G). The
paired heatmap indicated an asymmetric crosstalk between the two
pathways, in which ERK inhibition minimally interfered with the NF-xB
signaling pathway, whereas NF-kB inhibition exerted a profound cross-
inhibitory effect on ERK dynamics.

To quantify the crosstalk between NF-kB and ERK signaling, we
measured the integrated signaling output over 6 h based on the average
AUC for each condition (Fig. 4D). We first determined the extent to
which LPS tolerance suppresses these signaling pathways by calculating
the cumulative activity loss between the single LPS stimulation and the
LPS-tolerized states, as indicated below.

/A\NF-xB Tolerance = NF-kB auc Single LPS - NF-kB Auc LPS Tolerance

This quantification revealed a tolerance-induced attenuation of
46.39 (Supplementary Figure S4E, left side). Within these tolerant
macrophages, we further assessed the dependence of the residual NF-xB
signal on the ERK activity upon treatment with an ERK inhibitor using
the following formula.

/ANF-kB ERK inhibitor = NF-kB AUC LPS Tolerance - NF-KB AUC ERK inhibitor

Under the LPS tolerant conditions, ERK inhibition resulted in a
substantial integrated signaling output loss of NF-kB at 8.10 (Fig. 4H,
left side). A reciprocal analysis was performed to evaluate the impact of
LPS tolerance and NF-kB signaling on ERK activity. We measured the
cumulative changes in ERK integrated signaling output over 6 h.
(Fig. 4E). Next, we determined the total ERK activity loss under the
tolerance condition using the following formula.

AERK Tolerance = ERK auc Single LPS - ERK Auc LPS Tolerance

The induction of LPS tolerance caused a substantial reduction in the
ERK activity of 59.11 (Supplementary Figure S4E, right side). Next, we
assessed the effect of blockade of NF-kB on ERK activity in the tolerant
cells using the following formula.

/\ERK Np.kB inhibitor = ERK AuC 1PS Tolerance - ERK Activity Auc inhibitor

This calculation yielded a profound reduction of ERK signal of 50.50
(Fig. 41, right side). Collectively, these quantitative measurements
demonstrated that NF-kB represents a directional regulator of ERK dy-
namics under LPS tolerance conditions, while ERK signaling has a
marginal effect on NF-xB activity.
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4. Discussion

In this study, we investigated the effect of LPS tolerance on the dy-
namics of two key inflammatory signaling pathways, NF-xB and ERK,
using macrophage cell line engineered to stably express ERK KTR Clover
[22] and NF-kB p65 mRuby2 [24]. This reporter cell enables the
real-time detection of the key signaling events at single-cell level.
Single-dose LPS stimulation induced a robust production of
pro-inflammatory cytokines TNF-a and IL-6 at transcriptional and pro-
tein levels, as expected [42-44]. This induction occurs in macrophages
through well-established LPS/TLR4/MyD88/TRIF-mediated signaling
cascade that culminates in the activation of NF-xB [42,45,46] and ERK
MAPK signaling pathways [43,45,46]. More importantly, we observed
at the single-cell level the characteristic of NF-kB oscillations in response
to LPS that is initiated by a peak with high magnitude, followed by
multiple, smaller magnitude peaks. The first peak potentially represents
a MyD88-mediated activation of the NF-kB p65 while the subsequent
smaller peaks are potentially mediated by TRIF signaling, which leads to
a delayed negative feedback loop involving IkB-alpha [22,24]. Our
findings on NF-xB signaling dynamics correlate with previous studies,
demonstrating that the initial activation peak following LPS stimulation
occurs within a similar timeframe, with the subsequent second peak
likewise corroborating existing literature [24,47].

In addition to NF-kB signaling, we observed a sustained increase in
ERK activity following a single-dose LPS stimulation. The activation of
ERK is known to diverge from TLR4 signaling through TAK1/IxB-alpha
axis, leading to a TPL-2-mediated degradation of NF-kB p105 [21,48].
The signal from ERK MAPK pathway is required to enhance NF-kB-me-
diated gene expression, particularly when macrophages are stimulated
with low concentrations of LPS such as from the commensal bacteria
[49-54]. The findings on ERK activity are similar to a previous study
that reported on p38 signaling dynamics, which are part of the MAPK
family that is stimulated with LPS, exhibiting peaks that ascend,
descend, and then sustain [21]. This parallels the expected response, as
both pathways are regulated by identical upstream signaling compo-
nents [55].

Under LPS-tolerant conditions, single-cell analysis revealed distinct
alterations in signaling dynamics, including a delayed time to the first
peak and reduced magnitude of subsequent NF-kB oscillations, together
with a transient attenuation of ERK activity. These observations suggest
that cellular signaling dynamics are altered during the development of
LPS tolerance. These findings are consistent with the possibility that
inhibitory events at proximal signaling steps influence the observed
kinetic delay. Mechanistically, the kinetic delay of signaling may result
from the up-regulation and/or increased recruitment of IRAK-M (IL-1
Receptor-Associated Kinase-M) to the MyD88 signaling complex. IRAK-
M acts as a negative regulator of TLR signaling by impeding the phos-
phorylation and dissociation of IRAK-1/4, which are required to activate
downstream signaling cascades such as MAPK and NF-kB. This inter-
ference creates molecular bottleneck, forcing individual cells to over-
come a higher activation threshold. Previous studies have suggested that
IRAK-M”" macrophages show increased cytokine production, such as IL-
6 and TNF-a, compared to wild-type control [56], emphasizing the
essential function of IRAK-M in attenuating TLR4 signaling, which likely
accounts for the delayed kinetics we found. Upregulation of IRAK-M is
shown to be associated with LPS tolerance in human endotoxemia model
[571.

The transient dampening of ERK activity seen at the single-cell level
is corroborated by a reduction in ERK phosphorylation previously
demonstrated via immunoblotting in LPS-tolerant BMDM [58]. How-
ever, the specific mechanism controlling ERK activity in LPS tolerance
remains poorly understood. For example, DOKS3 is reported as a negative
regulator of ERK in LPS-stimulated macrophages [59]. Its consistently
higher expression during LPS tolerance may not fully account for the
subtle distinctions we observed, such as increased response heteroge-
neity. Despite these dampening effects, analyses of gene expression
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profiles in macrophages rendered tolerant by CpG, Polyl:C, or LPS
priming all show an enrichment in NF-xB and MAPK signaling compo-
nents, in addition to changes in NF-xB oscillations and open chromatin
accessibility [25].

Among the key regulators of LPS/TLR4 signaling, phosphatases play
crucial roles in attenuating signal transduction downstream of TLR4
during LPS tolerance [60]. Several phosphatases, including PP1, PP2A,
SHIP and dual-specificity phosphatases (DUSPs) dephosphorylate com-
ponents of the MAPK and NF-«kB pathways, thereby limiting the duration
and amplitude of signaling [61-63]. Upregulation of these phosphatases
during LPS tolerance contributes to the suppression of proinflammatory
cytokine production and the maintenance of a refractory state. Thus,
phosphatase-mediated negative regulation represents an essential
mechanism that fine-tunes inflammatory signaling and ensures resolu-
tion of the immune response upon repeated LPS exposure. The blunted
signaling dynamics observed in our study are possibly the impact of
these negative regulators.

In this study, the signal dynamics were investigated in RAW264.7
cell line which are cultured in a monolayer. During the early phase of
activation, the influence of paracrine signaling from neighboring cells,
such as the TNF-a feedback loop, is expected to be minimal [38].
However, over longer observation periods, the contribution of second-
ary effects mediated by factors secreted from neighboring cells cannot
be excluded. Therefore, the long-term effects observed in this study may
partly reflect secondary responses induced by paracrine factors, which
could vary depending on the spatial positioning of individual cells.

To delineate the crosstalk between NF-kB and ERK signaling path-
ways, we conducted pharmacological inhibition experiments. First,
blocking the ERK signal with the reversible ERK inhibitor PD0325901
altered NF-kB activity in LPS tolerant macrophages; it resulted in a
single peak and a delayed response time compared to LPS tolerant cells
without inhibitor. This observation suggests that ERK signaling has a
minimal effect on the overall NF-kB response. A recent study further
supports this observation, showing that macrophages pretreated with an
ERK inhibitor exhibited reduced p65 phosphorylation [41] as well as
diminished production of pro-inflammatory cytokines [40]. However,
study in human monocyte THP-1 treated with PD0325901 prior to LPS
stimulation reported no change in DNA binding of NF-kB p65 but a slight
inhibition of nuclear translocation [64].

Second, blocking NF-xB signaling in LPS tolerant macrophages
inhibited not only NF-kB but also ERK activity. This result aligns with
the findings that NF-xB inhibition can suppress ERK and other pathways,
including AP-1, Akt, and PI3K, in LPS-stimulated macrophages [39].
Finally, quantitation of cross-inhibition revealed that LPS tolerance
negatively inhibits ERK activity at a greater AUC reduction than NF-kB
activity. In the LPS tolerant state, the crosstalk between NF-xB and ERK
signaling pathways is most profound when the NF-«xB signal is abolished,
as evidenced by a strong cross-inhibition on ERK activity, a delayed time
to first peak, and a flattened signaling curve. Collectively, these results
support the conclusion that NF-kB signaling is required to fine-tune the
ERK-mediated inflammatory response in LPS-tolerant macrophages.

A limitation of our study is the use of an NF-kB p65-mRuby2 fusion
protein as a reporter for NF-kB activity, which may potentially interfere
with endogenous NF-kB signaling. In addition, our assessment of LPS
tolerance relied on pharmacological inhibition of ERK and NF-xB
pathways; as these chemical inhibitors may induce cytotoxic effects with
prolonged exposure beyond 6 h. Future studies should further examine
the impact of ERK inhibition on NF-kB signaling within the context of
TLR4 signal transduction, including the involvement of MyD88- and
TRIF-dependent pathways. These findings may contribute to a better
understanding of how temporal features of macrophage signaling such
as timing, amplitude, and oscillatory behavior are altered during LPS
tolerance, based on insights gained from pathway inhibition studies.
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5. Conclusions

This study reveals a quantitative analysis of the signaling dynamics
of ERK and NF-kB p65 under LPS tolerance conditions in macrophages.
From single-cell live-cell imaging, we demonstrated that both ERK and
NF-kB p65 signaling under LPS tolerance exhibited reduced AUC and
amplitude. Furthermore, the initial response was significantly delayed
in the LPS tolerance group compared to single LPS stimulation. For
cross-regulation between ERK and NF-kB, blocking ERK altered NF-«xB
signaling, and NF-kB inhibition suppressed ERK dynamics that empha-
size a highly linked and interdependent signaling network. These LPS
tolerance signaling dynamics may shape future strategies to prevent
immune paralysis while preserving host defense in clinical conditions
such as sepsis and chronic infection.
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