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BMALZ2 promotes eCIRP-induced
macrophage endotoxin tolerance

Mian Zhou*, Monowar Aziz"*', Jingsong Li*, Alok Jha?,
Gaifeng Ma®, Atsushi Murao® and Ping Wang***!

!Center for Immunology and Inflammation, The Feinstein Institutes for Medical Research, Manhasset,
NY, United States, 2Departments of Surgery and Molecular Medicine, Zucker School of Medicine at
Hofstra/Northwell, Manhasset, NY, United States

Background: The disruption of the circadian clock is associated with
inflammatory and immunological disorders. BMAL2, a critical circadian protein,
forms a dimer with CLOCK, activating transcription. Extracellular cold-inducible
RNA-binding protein (eCIRP), released during sepsis, can induce macrophage
endotoxin tolerance. We hypothesized that eCIRP induces BMAL2 expression
and promotes macrophage endotoxin tolerance through triggering receptor
expressed on myeloid cells-1 (TREM-1).

Methods: C57BL/6 wild-type (WT) male mice were subjected to sepsis by cecal
ligation and puncture (CLP). Serum levels of eCIRP 20 h post-CLP were assessed
by ELISA. Peritoneal macrophages (PerM) were treated with recombinant mouse
(rm) CIRP (eCIRP) at various doses for 24 h. The cells were then stimulated with
LPS for 5 h. The levels of TNF-o and IL-6 in the culture supernatants were
assessed by ELISA. PerM were treated with eCIRP for 24 h, and the expression of
PD-L1, IL-10, STAT3, TREM-1 and circadian genes such as BMAL2, CRY1, and
PER2 was assessed by gqPCR. Effect of TREM-1 on eCIRP-induced PerM
endotoxin tolerance and PD-L1, IL-10, and STAT3 expression was determined
by gPCR using PerM from TREM-1"" mice. Circadian gene expression profiles in
eCIRP-treated macrophages were determined by PCR array and confirmed by
gPCR. Induction of BMALZ2 activation in bone marrow-derived macrophages was
performed by transfection of BMAL2 CRISPR activation plasmid. The interaction
of BMAL2 in the PD-L1 promoter was determined by computational modeling
and confirmed by the BlAcore assay.

Results: Serum levels of eCIRP were increased in septic mice compared to sham
mice. Macrophages pre-treated with eCIRP exhibited reduced TNFao and IL-6
release upon LPS challenge, indicating macrophage endotoxin tolerance.
Additionally, eCIRP increased the expression of PD-L1, IL-10, and STATS,
markers of immune tolerance. Interestingly, TREM-1 deficiency reversed eCIRP-
induced macrophage endotoxin tolerance and significantly decreased PD-L1, IL-
10, and STAT3 expression. PCR array screening of circadian clock genes in
peritoneal macrophages treated with eCIRP revealed the elevated expression of
BMAL2, CRY1, and PER2. In eCIRP-treated macrophages, TREM-1 deficiency
prevented the upregulation of these circadian genes. In macrophages, inducible
BMAL2 expression correlated with increased PD-L1 expression. In septic human
patients, blood monocytes exhibited increased expression of BMAL2 and PD-L1in
comparison to healthy subjects. Computational modeling and BlAcore assay
identified a putative binding region of BMAL2 in the PD-L1 promoter,
suggesting BMAL2 positively regulates PD-L1 expression in macrophages.
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Conclusion: eCIRP upregulates BMAL2 expression via TREM-1, leading to
macrophage endotoxin tolerance in sepsis. Targeting eCIRP to maintain
circadian rhythm may correct endotoxin tolerance and enhance host
resistance to bacterial infection.
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Introduction

Macrophage endotoxin tolerance is manifested by a reduced
responsiveness to lipopolysaccharides (LPS) (1). Immune tolerance
increases the risks of secondary infections, increasing morbidity and
mortality from sepsis, trauma, and ischemia/reperfusion (I/R) injuries
(2, 3). The mechanisms underlying macrophage endotoxin tolerance
have primarily been studied in the context of LPS-Toll-like receptor-4
(TLR4)-mediated endotoxin tolerance or homotolerance (1). However,
endotoxin tolerance can also arise through pre-exposure of
macrophages to TLR2 ligands, such as lipoteichoic acid, a
phenomenon referred to as cross-tolerance. Additionally, chronic
exposure to tumor necrosis factor-o. (TNF-o) and interleukin (IL)-
1B can induce endotoxin tolerance in macrophages (1). While it has
been established that damage-associated molecular patterns (DAMPs)
can trigger tolerance in macrophages (4), the mechanism of DAMP-
mediated endotoxin tolerance remains much less characterized.

Immune checkpoint molecules, such as program death-ligand-1
(PD-L1), play a critical role in maintaining self-tolerance and
preventing uncontrolled inflammation (5). PD-L1 dampens T-cell
responses and contributes to the immune-suppressive
microenvironment. Tumor-infiltrating myeloid cells (TIMs),
including tumor-associated macrophages (TAMs), tumor-associated
neutrophils, and myeloid-derived suppressor cells, are the primary
contributors to PD-L1 expression (5, 6). Recent studies indicate that
PD-L1 inhibitors can shift TAMs towards an M1 status (7). PD-L1
antibody-treated macrophages show increased proliferation, survival,
and activation compared to control antibody-treated macrophages
(7). Macrophages from PD-L17" mice display spontaneous
proliferation and activation (8). While PD-L1 has been associated
with immune-tolerant macrophages, the mechanisms underlying
their heightened expression has not been investigated.

Abbreviations: BMAL, Brain and muscle aryl hydrocarbon receptor nuclear
translocator-like; Clock, Circadian locomotor output cycles kaput; CRY,
Cryptochrome; eCIRP, Extracellular cold-inducible RNA-binding protein; PD-
L1: Program death-ligand-1; PER: Period; PerM, Peritoneal macrophages;
iBMDM, Immortalized bone marrow-derived macrophage; STAT3, Signal
transducer and activator of transcription 3; TREM-1, Triggering receptor

expressed on myeloid cells-1.
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Cold-inducible RNA-binding protein (CIRP), plays a crucial role in
intracellularly regulating the translation of stress response genes (9). Its
expression spans various cell types, including macrophages,
neutrophils, and epithelial and endothelial cells. Under conditions
such as hypoxia, sepsis, and hemorrhagic shock, CIRP can be
released into the extracellular space (10). Extracellular CIRP (eCIRP)
has been identified as a new DAMP that contributes to inflammation
and organ injury in sepsis (11). In macrophages, eCIRP triggers
inflammation by binding to its receptor triggering receptor expressed
on myeloid cells-1 (TREM-1) (12). While the inflammatory effects of
eCIRP have been extensively studied, its potential role in promoting
immune tolerance in macrophages is still not fully understood.

The circadian clock exerts influence over a myriad of
physiological targets, with particular emphasis on the immune
systems (13-16). This hierarchical organization features a central
pacemaker located in the suprachiasmatic nucleus (SCN) of the
brain, along with subordinate clocks present in nearly all peripheral
tissues. Through the detection and integration of light signaling, the
SCN adjusts its timing in response to external day/night cycles and
subsequently imparts cues to synchronize peripheral clocks (17). At
the cellular level, a molecular clock machinery is expressed,
sustaining circadian oscillations in various cellular functions,
including gene expression, protein translation, intracellular
signaling, metabolism, and cell type-specific activities (17, 18).
Circadian rhythms are driven by the circadian clock, composed of
interlocked transcriptional-translational feedback loops. The
circadian locomotor output cycles kaput (CLOCK) and brain and
muscle aryl hydrocarbon receptor nuclear translocator-like 1
(BMAL1) transcription factors heterodimerize and bind to E-box
promoter elements, initiating the gene expression of period (PER1-
3) and cryptochrome (CRY1/2) (13, 19). PER/CRY protein
complexes reside in the cytoplasm, relocating into the nucleus
later, where they inhibit the activity of the CLOCK-BMALLI
complex (20, 21). Disruption of the circadian clock is associated
with various disorders, including inflammatory, and immunological
diseases (16, 22). Notably, an isotype of BMAL (BMAL2) can
heterodimerize with CLOCK, forming a dimer that binds to E-
box elements and activates transcription (23).

In this study, we hypothesized that eCIRP modulates BMAL2
expression, promoting macrophage endotoxin tolerance. Our
current study presents evidence on the critical role of BMAL2 in
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macrophage immune tolerance. Specifically, BMAL2 increases the
expression of PD-L1. These findings establish a direct link between
the circadian clock and immune tolerance in inflammation.

Materials and methods
Experimental animals

C57BL/6 male mice were purchased from Charles River
Laboratories (Fairfield, NJ). The TREM-17" mice were generated
by the trans-NIH Knockout Mouse Project (KOMP) and obtained
from the KOMP Repository, University of California, Davis (12). All
experiments utilized age-matched healthy mice aged 9-12 weeks, and
only male mice were included in the study. Both male and female sex
steroids have been documented to exert diverse immune-modulating
functions in humoral and cell-mediated immune responses under
normal and various disease conditions (24). Since males and females
exhibit distinct circadian rhythms, which could potentially impact
the study’s findings (25, 26), we have specifically used male mice in
this study to exclude the effect of sexual dimorphism on circadian
gene expression. Animals were housed in a temperature-controlled
room with a 12-hour light/12-hour dark cycle and fed a standard
Purina rodent chow diet. Mice were allowed to acclimate to the
environment for at least 7 days before being used in experiments. All
experiments were performed following the National Institutes of
Health guidelines for experimental animals and were approved by
the Institutional Animal Care and Use Committee (IACUC).

Experimental model of sepsis

Wild-type male mice were subjected to sepsis induction through
cecal ligation and puncture (CLP) (12). Anesthesia was
administered via 2% isoflurane inhalation, followed by shaving
and disinfection of the abdominal area with povidone-iodine. A
1.5-cm midline incision allowed exposure of the cecum, which was
ligated with 4-0 silk suture 1 cm proximal to the distal cecal tip.
Subsequently, a through-and-through puncture was performed
using a 22-gauge needle, extruding a small amount of cecal
content. The cecum was then repositioned in the abdominal
cavity, and the incision was closed in layers. Sham-operated mice
underwent laparotomy without cecal ligation or puncture. After 20
hours post-CLP, mice were euthanized through CO, asphyxiation,
and serum samples were collected to assess eCIRP levels.

Recombinant mouse CIRP

Recombinant mouse CIRP (rmCIRP, i.e., eCIRP) was prepared
in-house, and quality control assays were performed as described
previously (11). The quality of the purified protein was assessed by
Ponceau staining and Western blotting. A functional assay was
performed by assessing the TNF-o. levels in macrophages after
treatment with purified rmCIRP. The level of endotoxin in the
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purified protein was measured by a limulus amebocyte lysate assay
kit (Lonza, Basel, Switzerland). Only the purified protein lots that
were free from endotoxin were used for experiments. We performed
these quality control assays for each purified protein lot.

Isolation of peritoneal macrophages and
cell culture

Peritoneal macrophages (PerM) were isolated from adult male
mice, with euthanasia performed through CO, asphyxiation. Cells
from the peritoneal cavity were collected via peritoneal lavage using
cold Hanks® Balanced Salt Solution (HBSS) without Ca®* and Mg*",
supplemented with 2% FBS. Total peritoneal cells were isolated by
centrifugation at 300 x g for 10 minutes at 4°C and subsequently
cultured in complete RPMI 1640 medium [RPMI 1640 supplemented
with 10% heat-inactivated fetal bovine serum (FBS), 2 mM glutamine,
100 TU/ml penicillin-streptomycin, and 25 mM HEPES] at 37°C in
5% CO,. After 2 hours, nonadherent cells were removed, and
adherent cells, predominantly macrophages, were cultured
overnight before use. Immortalized mouse bone marrow-derived
macrophages (iBMDMs) were procured from Applied Biological
Materials (Cat# T0673; Richmond, Vancouver, Canada) and
cultured in complete Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 10% FBS, 2 mM glutamine, and 100 IU/ml
penicillin-streptomycin. Cells were maintained in a humidified
incubator with 5% CO, at 37°C. For eCIRP treatment, PerM and
iBMDMs were seeded into plates and cultured overnight. The media
were changed to Opti-MEM medium (Cat# 31985-070; Thermo
Fisher Scientific, Waltham, MA) 2 hours prior to treatment, and
rmCIRP was applied at doses of 0.2 and 1.0 pg/ml in the experiments.

PCR array and relative quantitative RT
PCR analysis

Cellular RNA extraction was performed using the RNAspin
mini-isolation kit (Cat# 25050072; Cytiva, Buckinghamshire, UK).
For PCR Array analysis, cDNA was synthesized utilizing the RT first
Strand kit (Cat# 330401; Qiagen, Germantown, MD). The impact of
eCIRP on a panel of circadian genes was assessed through the mouse
circadian rhythms RT2 Profiler PCR Array (Cat# 330231 PAMM-
153ZA; Qiagen), comprising 84 circadian-related genes. Data analysis
was carried out using an online spreadsheet-based tool provided by
Qiagen. In the case of relative quantitative RT-PCR, cDNA synthesis
employed MLV reverse transcriptase (Cat# 28025013; Thermo Fisher
Scientific). PCR reactions were executed in a final volume of 20 ul,
containing 0.08 UM of each forward and reverse primer (Table 1),
c¢DNA, water, and SYBR Green master mix (Cat# 4368708; Thermo
Fisher Scientific). Amplification and analysis were performed using a
StepOnePlus real-time PCR machine (Thermo Fisher Scientific).
Mouse B-actin mRNA served as an internal control for
amplification, and relative gene expression levels were determined
using the “*CT method. The mRNA expression was presented as fold
change compared to the control group.
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TABLE 1 Primer sequences.

Forward Primer Reverse Primer

Accession No.

B-actin NM_007393 CGTGAAAAGATGACCCAGATCA TGGTACGACCAGAGGCATACAG

BMAL2 NM_172309 GAAGAGCTGTACCGTCCCTG CACCACCCGACTCTTTCTCC

CRY1 NM_007771 ATGTCCCGAGTTGTAGCAGC GACTGTCCCCGTGAGCATAG

PER2 NM_011066 CTGCTTGTTCCAGGCTGTGGAT CTTCTTGTGGATGGCGAGCATC

PD-L1 NM_021893 ACCAGCAGTCTGAGGGTCAA CAATGAGGAACAACAGGATGG

IL-10 NM_010548 CAGAGCCACATGCTCCTAGA GTCCAGCTGGTCCTTTGTTT

STAT3 NM_213659 AGTTCTCGTCCACCACCAAG TAGCCAGACCCAGAAGGAGA

TREM-1 NM_021406 CTACAACCCGATCCCTACCC AAACCAGGCTCTTGCTGAGA
ELISA transcription start site of CD274 (NC_000085.7). Additionally, the

Serum concentrations of eCIRP were assessed using an ELISA
kit obtained from American Research Products (Cat# EM6504;
Waltham, MA). The analysis of cytokine levels in cell culture
supernatants, specifically TNF-o. and IL-6, was conducted
through ELISA kits procured from BD Biosciences (Cat# 558534
and 555240; San Jose, CA). All ELISA assays adhered to the
protocols outlined by the respective manufacturers.

Transfection of BMAL2 CRISPR
activation plasmid

CRISPR Activation Plasmid products facilitate the
identification and upregulation of specific genes through a D10A
and N863A deactivated Cas9 (dCas9) nuclease fused to a VP64
activation domain, paired with sgRNA (MS2). This sgRNA is
engineered to bind the MS2-P65-HSF1 fusion protein (27),
forming a synergistic activation mediator (SAM) transcription
activation system. SAM complex binds to a specific site upstream
of the transcriptional start site (TSS) of the target gene, recruiting
transcription factors and thereby activating endogenous
transcription (27). The mouse BMAL2 CRISPR activation
plasmid and the control CRISPR activation plasmid were
procured from Santa Cruz Biotechnology (Cat# sc-435462-ACT
and sc-437275; Dallas, TX). iBMDMs were seeded into 12-well
plates in complete DMEM medium without antibiotics and cultured
to 50-70% confluency. CRISPR BMAL2 activation and control
plasmids were transfected into the cells using UltraCruz
transfection reagents (Cat# sc-395739; Santa Cruz Biotechnology),
followed by a 24-hour incubation period. Subsequently, cells were
collected by centrifugation, and total RNA was extracted for the
analysis of BMAL2 expression.

Computational modeling

The promoter region of mouse CD274 (PD-L1) was identified by
analyzing the 2000-nucleotide sequence upstream from the
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sequence was retrieved from the Eukaryotic Promoter Database with
the Promoter ID: CD274_1 (28). Structural modeling of the CD274
promoter was carried out using the 3DNA tool (29). This tool
employs all possible canonical and non-canonical base pair
geometries, relying on sequence-specific base pair step and base
pair rigid body parameters, as well as template coordinates to
generate a 3-dimensional structure model. The BMAL2 structure
was modeled using the ITasser (Iterative Threading ASSEmbly
Refinement) tool (30), which utilizes a threading approach to
identify templates and model structures based on maximum
percentage identity, sequence coverage, and confidence. The
protein structure underwent further refinement through repeated
relaxations, employing short molecular dynamics simulations for
both mild (0.6 ps) and aggressive (0.8 ps) relaxations with a 4-fs time
step after structural perturbations. Model refinement resulted in
improved parameters, including enhanced Rama-favored residues
and a decrease in poor rotamers. Additionally, a model for the
scramble DNA sequence was generated.

The E-box motif of the BMAL2 transcription factor was
identified within the CD274 (PD-L1) promoter. Subsequently, the
BMAL2 protein was docked onto both the CD274 promoter and a
scramble DNA sequence using the HDock tool (31) to create
protein-DNA complexes. HDock employs a Fast Fourier
Transform (FFT) based translational search algorithm, optimized
through iterative knowledge-based scoring functions. Interactions
between BMAL2 and the CD274 promoter, as well as the scramble
DNA, were computed using the PDBePISA tool (32). To facilitate
structure visualization, the BMAL2-CD274 promoter complex was
rendered using PyMOL and Chimera tools (33).

Surface plasmon resonance

To examine the direct interaction between recombinant human
BMAL2 and PD-L1 promoter, surface plasmon resonance (SPR),
OpenSPR (Nicoya, kitchener, Ontario), was performed between
BMAL2 and PD-L1 promoter. Recombinant human BMAL2
protein (Cat# H00056938-Q01-25 pg; Novus Biologicals,
Centennial, CO) was immobilized on high-sensitivity carboxyl
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sensor and the DNA oligo with the predicted sequence of BMAL
binding site was injected as an analyte at concentration of 50 nM,
100 nM and 200 nM. Briefly, the carboxyl sensor was first cleaned
by injection 150 ul of 10 mM HCL, followed by injection of 150 ul of
the mixture of 1 aliquot of EDC and 1 aliquot of NHS to activate the
sensor surface. An aliquot of 200 pl of 50 pg/ml of the ligand diluted
in 10 mM sodium acetate (pH 5.5) was injected at 20 uL/min into
flow cell-channel-2 of the sensor for immobilization. The flow cell
channel-1 was used as a control to evaluate nonspecific binding.
The binding analysis were performed at a flow rate of 30 ul per
minute at 20°C. To evaluate the binding, the analyte was injected
into flow cells-channel-1 and channel-2, and the real-time
interaction data were analyzed by TraceDrawer software (Nicoya).
The signals from the control channel (channel-1) were subtracted
from the channel coated with the ligand (channel-2) for all samples.
The data were globally fitted for 1:1 binding.

Statistical analysis

Data are presented as mean + SEM. Statistical comparisons
among multiple groups were conducted using one-way ANOVA
followed by Tukey’s test. For comparisons between two groups, an
unpaired two-tailed Student’s t-test was employed. A significance
level of P<0.05 was considered statistically significant.

10.3389/fimmu.2024.1426682

Results

eCIRP induces macrophage
endotoxin tolerance

We examined the serum levels of eCIRP in septic mice and
observed a significant elevation 20 hours after CLP compared to
sham mice (Figure 1A). To investigate the induction of macrophage
endotoxin tolerance by eCIRP, we pre-treated macrophages with
varying doses of eCIRP for 24 hours. Subsequently, the media was
replaced, and the cells were stimulated with LPS for 5 hours.
Following this, the levels of TNF-oo and IL-6 in the culture
supernatants were evaluated. Notably, macrophages pre-treated
with eCIRP exhibited a decreased release of TNF-o. and IL-6
upon LPS challenge compared to cells pre-treated with PBS
(Figures 1B, C). This observation suggests that pre-treatment with
eCIRP induced macrophages to develop tolerance to LPS
responsiveness. Interestingly, the magnitude of macrophage LPS
tolerance was more pronounced in cells pre-treated with an
increased dose of eCIRP compared to those treated with a lower
dose. This implies a dose-dependent relationship, where the
intensity of macrophage LPS tolerance correlates with the
escalating doses of eCIRP. Higher doses of eCIRP resulted in
more intense tolerance. Subsequently, we assessed the expression
of genes commonly examined as markers of immune suppression in
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FIGURE 1

eCIRP promotes endotoxin tolerance in macrophages. (A) Plasma was collected from WT mice at 20 h after CLP to determine the circulating eCIRP levels.
Data were presented as mean + SEM (n=5/group). The groups were compared by unpaired two tailed Student's t-test. *P < 0.05 vs. sham group. (B, C)
Peritoneal macrophages (PerM) were isolated from WT male mice and pre-treated with rmCIRP (eCIRP; 0.2 and 1 ug/ml) for 24 h. The cells were then
stimulated with LPS (50 ng/ml) for 5 h. The levels of (B) TNF-o. and (C) IL-6 in the culture supernatants were measured by ELISA. The experiment was
performed two times. Data presented were from two independent experiments and are expressed as the mean + SEM (n=7-10/group). The groups were
compared by One-way ANOVA and Tukey's test. *P<0.05 vs. PBS, #P<0.05 vs. PBS-LPS, 'P<0.05 vs. eCIRP 0.2 ug-LPS. (D—F) PerM were isolated from WT
male mice and treated with 0.2 and 1 pg/ml eCIRP for 24 h. The expression of (D) PD-L1, (E) IL-10 and (F) STAT3 were analyzed by qPCR. The experiments
were performed two times and the data were presented as mean + SEM (n=6-7/group). The groups were compared by One-way ANOVA and Tukey's test

*P<0.05 vs. PBS control, #P<0.05 vs. eCIRP 0.2 ug/ml.
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macrophages, including PD-L1, IL-10, and signal transducer and
activator of transcription 3 (STAT3). Our data revealed a
significant, dose-dependent increase in the expression of these
genes upon eCIRP treatment (Figures 1D-F). These findings
suggest that eCIRP promotes macrophage endotoxin tolerance.

TREM-1 deficiency prevents eCIRP-
induced macrophage endotoxin tolerance

Given the recognized role of TREM-1 as a receptor for eCIRP-
mediated function (12), we assessed TREM-1 expression in
macrophages after eCIRP treatment. Our findings demonstrated a
substantial increase in TREM-1 expression in macrophages treated
with eCIRP compared to controls (Figure 2A). The involvement of
TREM-1 in eCIRP-mediated immune tolerance remains elusive. To
address this, we pre-treated TREM-1 knockout macrophages with
either PBS or eCIRP for 24 hours. Subsequently, the media were
replaced, and the cells were subjected to LPS stimulation for 5
hours. The culture supernatants were then collected to evaluate
TNF-a release. Strikingly, our data revealed that TREM-1 knockout
macrophages pre-treated with eCIRP did not exhibit any noticeable
decrease in TNF-o release compared to PBS pre-treated cells
(Figure 2B). This suggests that the deficiency of TREM-1 could
attenuate macrophage endotoxin tolerance. Additionally, we
identified that WT macrophages treated with eCIRP exhibited a
significant increase in the expression of immune suppression

10.3389/fimmu.2024.1426682

markers, including PD-L1, IL-10, and STAT3 (Figures 2C-E).
Intriguingly, the expression of these genes was significantly
reduced in TREM-1 knockout macrophages compared to eCIRP-
treated WT macrophages (Figures 2C-E). These findings imply that
eCIRP induces macrophage endotoxin tolerance through TREM-1,
highlighting TREM-1 as a crucial mediator in eCIRP-induced
macrophage endotoxin tolerance.

eCIRP increases BMAL2 expression in
macrophages via TREM-1

We conducted a PCR array screening of circadian clock genes in
peritoneal macrophages treated with eCIRP. The analysis indicated
an augmentation in the expression of circadian genes. Specifically,
the core circadian genes, including BMAL2, CRY1, and PER2,
exhibited a marked upregulation in peritoneal macrophages
treated with eCIRP (Figure 3A). Notably, the expression of
another BAML isotype, BMALI, was less increased in these cells,
prompting our focus on BMAL2 and its role in eCIRP-induced
macrophage immune tolerance. Validation through qPCR
confirmed a significant upregulation of these genes (BMAL2,
CRY1, and PER2) in peritoneal macrophages stimulated with
eCIRP compared to controls (Figures 3B-D). Further
investigation involved evaluating the expression of circadian
genes (BMAL2, CRY1, and PER2) in both WT and TREM-1
knock-out macrophages treated with eCIRP. Interestingly, the
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FIGURE 2

TREM-1 deficiency corrects endotoxin tolerance and restore the expression of its related genes expression in macrophages. (A) PerM were isolated from WT
male mice and treated with eCIRP (0.2 and 1 pg/ml) for 24 h. The expression of TREM-1 was analyzed by qPCR. The experiments were performed twice,
and the data were presented as mean + SEM (n=7/group). The groups were compared by One-way ANOVA and Tukey's test *P<0.05 vs. PBS, #P<0.05 vs.
eCIRP 0.2 ug/ml. (B) Murine peritoneal macrophages (PerM) were isolated from TREM-1"" male mice and pre-treated with rmCIRP (eCIRP; 1 ug/ml) for

24 h. The cells were stimulated with LPS (50 ng/ml) for 5 h. The release of TNF-a in the culture supernatants were assessed. Data are expressed as mean +
SEM (n=5-6/group). The groups were compared by One-way ANOVA and Tukey's test. *P<0.05 vs. PBS. (C—E) PerM were isolated from WT and TREM-1"/
male mice and treated with eCIRP (1 ug/ml) for 24 h. The gene expression of (C) PD-L1 (D) IL-10 and (E) STAT3 were analyzed by gPCR. The data were
presented as mean + SEM (n=4-6/group). The groups were compared by One-way ANOVA and Tukey's test. *P<0.05 vs. PBS respectively, *P<0.05 vs.

WT eCIRP.
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FIGURE 3

eCIRP increases BMAL2 expression via TREM-1 in macrophages. (A) Peritoneal macrophages (PerM) were isolated from WT male mice and treated
with PBS or rmCIRP (eCIRP; 1 pug/ml) for 24 h. The fold increase of the expression of circadian genes was analyzed by PCR array. The data presented
are from three independent experiments. (B—D) PerM were isolated from WT male mice and treated with eCIRP (0.2 and 1 pg/ml) for 24 h. The
expression of (B) BMAL2, (C) CRY1, and (D) PER2 was analyzed by gPCR. The experiments were performed twice, and the data were presented as
mean + SEM (n=7/group). The groups were compared by One-way ANOVA and Tukey's test *P<0.05 vs. PBS, #P<0.05 vs. eCIRP 0.2 pg/ml. (E) PerM
were isolated from TREM-17" male mice and treated with PBS or eCIRP 1 pg/ml for 24 h. The fold increase of the expression of BMAL2, CRY1 and
PER2 was obtained by PCR array and compared with WT PerM. The data presented are from three independent experiments.

expression levels of BMAL2, CRY1, and PER2 in eCIRP-treated
macrophages lacking TREM-1 were notably lower than those in
eCIRP-treated WT macrophages (Figure 3E). These results indicate
that eCIRP, increased in sepsis, enhances the expression of
circadian genes through the mediation of TREM-1.

BMAL2 is a critical positive regulator of
macrophage endotoxin tolerance

We analyzed the human scRNA-seq data of healthy control (HC)
and septic patients obtained from the GEO database (GSE167363). We
found that the gene expression of ARNTL2 (BMAL2) in the monocytes
of septic patients was markedly higher than healthy controls
(Figures 4A, B). Furthermore, we found that the gene expression of
CD274 (PD-L1) in the monocytes of septic patients was markedly
higher than healthy controls (Figures 4A, B). Having established that
eCIRP induces both BMAL2 expression and macrophage endotoxin
tolerance, we aimed to elucidate a potential positive correlation
between them. To explore whether heightened BMAL2 expression as
occur in eCIRP-treated condition could indeed enhance macrophage
endotoxin tolerance, we activated BMAL2 expression in macrophages
by transfecting them with either a control plasmid or an activation
plasmid targeting BMAL2 expression. Following transfection,
macrophages treated with the BMAL2 activation plasmid exhibited a
significant increase in BMAL2 expression compared to those
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transfected with the control plasmid (Figure 4C). Subsequent
treatment of these cells with LPS revealed that macrophages
transfected with the BMAL2 activation plasmid displayed decreased
TNEF-o. release and increased PD-L1 expression compared to control
plasmid-treated cells (Figures 4D, E). These findings suggest that
BMAL2 acts as a positive regulator of macrophage endotoxin tolerance.

BMAL?2 serves as an enhancer of PD-L1
expression by binding to the PD-
L1 promoter

The promoter region of mouse CD274 (PD-L1) was identified
by analyzing the 2000-nucleotide sequence upstream from the
transcription start site of CD274 (NC_000085.7). Using in silico
model we determined the binding of mouse and human BAML2
protein at the promoter region of mouse and human PD-L1 gene by
the free energy of binding upon complex formation (A'G). A'G of
BMAL2-PD-L1 promoter on mouse and human were -29.8 and
-24.0 Kcal/mol, respectively (Figures 5A, C; Table 2). In comparison
with BMAL1, BMAL2 showed stronger binding to PD-L1 promoter
by the decrease in the free energy of binding upon complex
formation, A'G (Table 3). Similarly, we also found that the mouse
and human BMAL2 could bind to the E-box motif on the PD-L1
promoter with the free energy of binding upon complex formation
A'G at -23.6 Kcal/mol in mouse and 14.9 Kcal/mol in human,
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FIGURE 4

BMAL2 upregulates PD-L1 and promotes endotoxin tolerance in macrophages. (A, B) Human scRNA-seq data of healthy control (HC) and septic patients
obtained from the GEO database (GSE167363) and analyzed by Cellenics are shown. (A) UMAP showing the unsupervised clustering of cells and (B) dot plots
showing the gene expression of ARNTL2 (BMAL2) and CD274 (PD-L1) in the monocytes of HC and septic patients. (C, D) Immortalized bone marrow-derived
macrophages (iBMDM) were transfected with BMAL2 expressing plasmid or non-specific control plasmid. After transfection, RNA was extracted from cells and
the expression of (C) BMAL2 and (D) PD-L1 was determined by gPCR. The experiment was repeated. Data presented were from two independent experiments
and expressed as the mean + SEM (n=6/group). The groups were compared by unpaired two tailed Student’s t-test. *P<0.05 vs. control transfection group. (E)
iBMDM were transfected with BMAL2 expression plasmid or non-specific control plasmid. After transfection, cells were stimulated with LPS (50 ng/ml) for 5 h.
The release of TNF-a.in the culture supernatants was assessed. PBS control groups were normalized as 1. Data are expressed as the mean + SEM (n=5/group).
The groups were compared by One-way ANOVA and Tukey's test. *P<0.05 vs. PBS control, and #P<0.05 vs. control transfection-LPS.

E
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FIGURE 5

BMAL?2 binds to the PD-L1 promoter to regulate PD-L1 expression. The binding sites between (A) mouse and (C) human BMAL2 with PD-L1
promoter sequences were predicted by 3D computational modeling. (B, D) Both mouse and human BMAL2 exhibit strong binding to the PD-L1
promoter's E-box motif. (E) Biacore analysis with predicted putative DNA sequence from PD-L1 promoter as the analyte and BMAL?2 as the ligand,
showed strong binding between them with the binding affinity at Kp of 2.09 x 1077 M.
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TABLE 2 Binding of mouse and human BMAL2 on mouse and human PD-L1 promoter.

BMAL2-PD- BMAL2 binding site Binding Energy A'G E-box motif Binding Energy A'G
L1 promoter on promoter (Kcal/mol) on promoter (Kcal/mol)
Mouse 5 ACTCGAGATAAGACCAGGA3’ 29.8 CAGGTG 236
Human 5$GGCGCAACGCTGAGCAGCT? -24.0 CAGGTG -149

The binding of mouse and human BMAL2 with PD-L1 promoter were predicted by 3D computational modeling. Both mouse and human BMAL2 exhibit binding to a DNA sequence on PD-L1
promoter and E-box. The interaction is expressed by free energy of binding (AiG) between BMAL2-PD-L1 promoter.

respectively (Figures 5B, D; Table 2). We also experimentally
validated the binding of human BMAL2 and human putative
promoter sequence of PD-L1 by BIAcore assay revealing a strong
binding between these two molecules at a Kp, value of 2.09 x 107 M
(Figure 5E). These data reveal that BMAL2 positively regulate PD-
L1 expression by binding to the PD-L1 promoter. Taken together,
eCIRP increases BMAL2 expression in macrophages via TREM-1,
ultimately leading to endotoxin tolerance (Figure 6).

Discussion

In this study, we have demonstrated that sepsis causes the
increased release of eCIRP, leading to the promotion of endotoxin
tolerance in macrophages. This process involves eCIRP’s ability to
upregulate the expression of BMAL2 through the TREM-1 in
macrophages. Subsequently, BMAL?2 acts as a transcription factor,
binding to the promoter of the PD-L1 gene. This binding results in
an increased expression of PD-L1 in macrophages resulting
immune tolerance (Figure 6). Immune tolerance refers to the
immune system’s state of unresponsiveness to stimuli, which can
contribute to the secondary infections, escalating morbidity, and
mortality in various disease conditions, such as sepsis (34-36). The
effects and underlying mechanisms of DAMPs in macrophage
tolerance remain less elucidated. In our recent study, we
identified a novel DAMP, eCIRP, and its involvement in immune
suppression by inducing macrophage tolerance (34). In the current
study, we unveiled a new mechanism of eCIRP-induced
macrophage endotoxin tolerance. Our findings indicate that
eCIRP treatment enhances the expression of the core circadian

gene BMAL2 and its downstream molecules, CRY1 and PER2.
Significantly, we have identified a correlation between elevated
BMAL2 expression and the development of macrophage
endotoxin tolerance. This association is intricately regulated by
eCIRP and its receptor, TREM-1. Through inducible
overexpression of BMAL2, we demonstrated that macrophages
become more susceptible to endotoxin tolerance. Further
investigations revealed that tolerant macrophages exhibit elevated
expression of PD-LI, along with other surrogate markers of
immune suppression. Importantly, we identified, for the first
time, that BMAL?2 positively regulates the expression of PD-L1 by
binding to its promoter, enhancing its expression. These finding
sheds light on the pathophysiology of eCIRP by utilizing the
circadian gene BMAL2 in macrophage endotoxin tolerance. This
novel mechanism provides valuable insights into potential
therapeutic targets for mitigating immune suppression and
improving outcomes associated with prolonged immune tolerance.

BMAL genes, namely BMAL] and BMAL2, act as upstream
regulators of the period (PER1, PER2, and PER3) and
cryptochrome (CRY1, CRY2) genes (37). Functioning as
transcription factors, either BMAL1 or BMAL2 forms a heterodimer
with CLOCK, binding to E-box enhancer elements situated upstream
of the PER and CRY gene promoters, thereby activating their
transcription. The resultant PER and CRY proteins heterodimerize
and initiate a feedback loop, repressing their own transcription by
interacting with CLOCK/BMAL complexes (18, 19, 37). Given the
pivotal role of BMAL in the regulation of PER and CRY genes as a
primary transcription factor, our investigation delved into BMAL’s
influence on the regulation of PD-L1, a key player in immune
tolerance. Remarkably, following eCIRP treatment in macrophages,

TABLE 3 The comparison between BMAL1 and BMAL2 on their binding to PD-L1 promoter.

BMAL binding site

Binding Energy A'G

E-box motifon Binding Energy A'G

on promoter (Kcal/mol) promoter (Kcal/mol)
BMALIL-PD- 5 ACTCGAGATAAGACCAGGA3 -23.07 CAGGTG 234
L1 promoter
BMAL2-PD- 5’ ACTCGAGATAAGACCAGGA3 -29.8 CAGGTG 236
L1 promoter
Human BMAL binding site Binding Energy A'G E-box motif Binding Energy A'G
on promoter (Kcal/mol) on promoter (Kcal/mol)
BMALI-PD- 5GGCGCAACGCTGAGCAGCT3 -21.0 CAGGTG -15.8
L1 promoter
BMAL2-PD- 5GGCGCAACGCTGAGCAGCT3 -24.0 CAGGTG -14.9
L1 promoter

The binding of BMAL1/BMAL2 with PD-L1 promoter were predicted by 3D computational modeling. Both mouse and human BMALI and BMAL2 can bind to specific DNA sequences on PD-
L1 promoter and E-box. The binding is expressed as free energy of binding (A'G) between BMAL and PD-L1 promoter.
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Summary of the findings. Sepsis causes the increased release of eCIRP to increase the expression of circadian gene BMAL2 through TREM-1. BMAL2
upregulates PD-L1 expression by binding to its promoter to induce macrophage endotoxin tolerance.

BMAL2 expression exhibited a significant increase compared to
BMALI. We identified an E-box element and a pertinent putative
responsive element for BMAL2 binding on the PD-L1 promoter,
positively modulating PD-L1 expression in macrophages. This
discovery highlights the significance of spotlighting BMAL2 in our
study, despite the relatively higher expression of PER2 compared to
BMAL2 in eCIRP-treated macrophages. Nonetheless, future
investigations regarding the impact of PER proteins on macrophage
immune tolerance and the expression of their associated regulators
would be of interest. Our data elucidate the pivotal role of BMAL2 and
address the critical question of how DAMPs induce macrophage
endotoxin tolerance in the context of sepsis. Notably, a recent study
suggests that BMAL2 actively participates in circadian transcription,
contributing to a broad spectrum of functions (23). Indeed, like our
discovery of eCIRP-induced circadian clock gene expression, another
study has highlighted the crucial involvement of intracellular CIRP in
regulating circadian gene expression (38). Their findings
demonstrated that loss-of-function experiments underscored the
necessity of CIRP for maintaining high-amplitude circadian gene
expression (38). It is noteworthy that while their study delved into
the specific role of intracellular CIRP, our research centered on
elucidating the influence of eCIRP on circadian gene expression in
the context of sepsis. These collective insights highlight the importance
of BMAL?2 in the intricate interplay between circadian rhythms and
immune responses, shedding light on a previously overlooked aspect
of the molecular clock machinery and its implications in
sepsis pathogenesis.

In an animal model of sepsis, the mortality rate is profoundly
influenced by the timing of sepsis induction, emphasizing the pivotal
role of the circadian system (39, 40). Notably, studies have elucidated
the disrupted oscillation of circadian clock genes in mice after sepsis
(41). The 24-hour circadian clock emerges as a vital regulator of
macrophage immune function homeostasis (42). Recent studies have
reported both protective and detrimental outcomes of BMALI,
notably utilizing BMALI knockout mice to support their findings.
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Peritoneal macrophages exhibit increased bacterial engulfment
during the active phase (ZT12), when lower levels of BMAL are
found, indicating that higher BMAL levels at the resting phase (ZT0)
negatively regulate phagocytic function (42). Furthermore,
proinflammatory cytokine release is elevated during the active
phase (ZT12) post-bacterial infection (42). BMALL deficiency in
macrophages amplifies cytokine expression compared to WT
macrophages after bacterial stimulation, signifying BMAL1’s
negative regulation of macrophage activation. BMALI deficiency
in macrophages protects mice from pneumonia, exhibiting increased
macrophage motility and bacterial clearance, resulting in a lower
bacterial burden in blood (43). However, conditional deletion of
BMALI in myeloid cells, disrupting the macrophage circadian clock,
accelerates death in sepsis (14, 40). Global BMALI knockout mice
exhibit significantly lower survival rates, displaying signs of
premature aging and organ dysfunction (44). Recognizing the
critical role of BMAL in survival and cellular function, our current
study involved transfecting a BMAL2 activation plasmid to mimic
increased BMAL2 expression post-eCIRP treatment. The heightened
BMAL?2 expression is associated with endotoxin tolerance, mirroring
observations in eCIRP-treated macrophages, thereby emphasizing
BMAL2’s crucial role in eCIRP-induced immune tolerance.
Immune checkpoints PD-1/PD-L1 serve as negative regulators of
the immune system, modulating inflammation-associated immune
suppression during sepsis (45). Macrophages express both PD-1 and
PD-LI receptors (46). The expression of PD-1/PD-L1 is associated with
macrophage polarization from M1 to M2 subtype, altering their
immune functions. PD-L1 has been shown to mediate M2
polarization, suppressing macrophage immune reactions after
infection (7, 8, 46, 47). The interaction between PD-1 and PD-L1
has been demonstrated to reduce macrophage phagocytotic function
(46, 47). In septic patients, peritoneal macrophages express high levels
of PD-1, rendering these cells anergic and decreasing their bactericidal
capacity (48). Conversely, PD-17" mice exhibit a decrease in bacterial
burden compared to wild-type mice during sepsis, leading to a higher

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1426682
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

survival rate (48). In our study, we identified that eCIRP induces
circadian BMAL2 expression, promoting PD-L1 in macrophages. The
interaction of PD-L1 with the PD-1 receptor on the cell surface inhibits
macrophage activation. Building upon our previous study
demonstrating that eCIRP induces M2 polarization and drives
macrophages into endotoxin tolerance, we have uncovered the
BMAL2-PD-L1 mechanism linking to macrophage endotoxin
tolerance. In fact, we identified a responsive element at the mouse
and human PD-L1 promoter using a novel approach of computational
modeling and validated the silico finding by a quantitative BIAcore
tool. Our data could support the future perspective that targeting PD-
L1 in macrophages, achievable by addressing eCIRP and the BMAL2-
mediated pathway, opens a novel therapeutic avenue for reversing
endotoxin tolerance.

In our previous study, we demonstrated that eCIRP induces
macrophage endotoxin tolerance via IL-6R-mediated STAT3
activation (34). Similarly, IL-6 treatment increased the activation of
STAT3, a downstream mediator of tolerance. Since blocking IL-6R
partially corrected endotoxin tolerance, this indicated the involvement
of other pathways in eCIRP-induced macrophage endotoxin tolerance
(34). In the current study, we elucidated a novel mechanism of
macrophage endotoxin tolerance mediated via the TREM-1/BMAL2/
PD-LI axis. Studies have shown that the TREM-1 pathway is critical for
eCIRP-induced IL-6 expression in macrophages (12), suggesting a
potential link between the TREM-1 and IL-6-IL-6R-STAT3 axes in
macrophage endotoxin tolerance. However, beyond this speculative
connection, we have delineated the major role of eCIRP in upregulating
the circadian gene BMAL2, which serves as a positive regulator of PD-
L1 expression and contributes to macrophage endotoxin tolerance.
Future studies to investigate the direct link between TREM-1 and the
IL-6R-STATS3 axis in inducing macrophage endotoxin tolerance would
be of great interest. To determine eCIRP’s impact on the expression of
genes that serve as positive regulators or markers of immune tolerance,
we stimulated macrophages with eCIRP and assessed gene expression at
a single time point. This time point was based on findings from our
previous research, which identified the optimal timing for these
measurements (34). Specifically, our earlier study determined that
stimulating macrophages with eCIRP for 24 hours followed by a 5-
hour LPS treatment effectively induces endotoxin tolerance (34). In the
present study, we found that eCIRP-induced IL-10, rather than PD-L1,
exhibits complete inhibition in TREM-1 KO cells. One possible
explanation for these results could be the involvement of non-TREM-
1 receptors in eCIRP-induced PD-L1 expression. This suggests the need
for future investigation into whether IL-10 is a clock-related gene and
whether BMAL2 knock-in can enhance IL-10 expression. Additionally,
the optimal induction or inhibition of different gene expressions may
depend on various factors, including timing, stimulation dose, and the
complex interplay of several signaling pathways, which can influence
the outcomes of gene expression and regulation.

In this study, we have unveiled a novel mechanism wherein
eCIRP induces macrophage endotoxin tolerance through TREM-1-
mediated upregulation of BMAL2. Our focus extends to prospective
investigations involving neutrophils, recognizing these innate
immune cells as susceptible to tolerance, and exploring potential
implications in adaptive immune cells such as lymphocytes. These
findings not only contribute to our understanding of immune
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response regulation but also pave the way for future endeavors.
Directing interventions towards the eCIRP and BMAL2-mediated
pathway emerges as a promising therapeutic approach to reverse
immune tolerance.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: GSE266607 (GEO).

Ethics statement

The animal study was approved by Feinstein Institutes for
Medical Research. The study was conducted in accordance with
the local legislation and institutional requirements.

Author contributions

MZ: Writing - review & editing, Writing - original draft,
Visualization, Validation, Resources, Methodology, Investigation,
Formal analysis, Data curation, Conceptualization. MA: Funding
acquisition, Software, Writing — review & editing, Writing — original
draft, Visualization, Validation, Supervision, Resources, Project
administration, Methodology, Investigation, Formal analysis, Data
curation, Conceptualization. JL: Writing - review & editing,
Methodology, Formal analysis, Data curation. AJ: Writing — review
& editing, Methodology, Investigation, Formal analysis. GM: Writing —
review & editing, Methodology, Investigation, Formal analysis. AM:
Writing - review & editing, Software, Methodology, Investigation. PW:
Writing - original draft, Writing - review & editing, Validation,
Supervision, Resources, Project administration, Investigation,
Funding acquisition, Formal analysis, Conceptualization.

Funding
The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work

was supported by a National Institutes of Health (NIH)
grant R35GM118337.

Acknowledgments

We acknowledge the use of BioRender software for creating
the schema.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1426682
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Biswas SK, Lopez-Collazo E. Endotoxin tolerance: new mechanisms, molecules
and clinical significance. Trends Immunol. (2009) 30:475-87. doi: 10.1016/
j.it.2009.07.009

2. Lopez-Collazo E, del Fresno C. Pathophysiology of endotoxin tolerance:
mechanisms and clinical consequences. Crit Care. (2013) 17:242. doi: 10.1186/cc13110

3. Tang Q, Dong C, Sun Q. Immune response associated with ischemia and
reperfusion injury during organ transplantation. Inflamm Res. (2022) 71:1463-76.
doi: 10.1007/s00011-022-01651-6

4. Schaefer L. Complexity of danger: the diverse nature of damage-associated
molecular patterns. J Biol Chem. (2014) 289:35237-45. doi: 10.1074/jbc.R114.619304

5. Cha JH, Chan LC, Li CW, Hsu JL, Hung MC. Mechanisms controlling PD-L1
expression in cancer. Mol Cell. (2019) 76:359-70. doi: 10.1016/j.molcel.2019.09.030

6. Mantovani A, Allavena P, Marchesi F, Garlanda C. Macrophages as tools and
targets in cancer therapy. Nat Rev Drug Discov. (2022) 21:799-820. doi: 10.1038/
$41573-022-00520-5

7. Pu Y, Ji Q. Tumor-associated macrophages regulate PD-1/PD-L1
immunosuppression. Front Immunol. (2022) 13:874589. doi: 10.3389/
fimmu.2022.874589

8. Hartley GP, Chow L, Ammons DT, Wheat WH, Dow SW. Programmed cell death
ligand 1 (PD-L1) signaling regulates macrophage proliferation and activation. Cancer
Immunol Res. (2018) 6:1260-73. doi: 10.1158/2326-6066.CIR-17-0537

9. Nishiyama H, Higashitsuji H, Yokoi H, Itoh K, Danno S, Matsuda T, et al. Cloning
and characterization of human CIRP (cold-inducible RNA-binding protein) cDNA and
chromosomal assignment of the gene. Gene. (1997) 204:115-20. doi: 10.1016/S0378-
1119(97)00530-1

10. Aziz M, Brenner M, Wang P. Extracellular CIRP (eCIRP) and inflammation. J Leukoc
Biol. (2019) 106:133-46. doi: 10.1002/JLB.3MIR1118-443R

11. Qiang X, Yang WL, Wu R, Zhou M, Jacob A, Dong W, et al. Cold-inducible
RNA-binding protein (CIRP) triggers inflammatory responses in hemorrhagic shock
and sepsis. Nat Med. (2013) 19:1489-95. doi: 10.1038/nm.3368

12. Denning NL, Aziz M, Murao A, Gurien SD, Ochani M, Prince JM, et al.
Extracellular CIRP as an endogenous TREM-1 ligand to fuel inflammation in sepsis.
JCI Insight. (2020) 5:e134172. doi: 10.1172/jci.insight.134172

13. Finger AM, Dibner C, Kramer A. Coupled network of the circadian clocks: a
driving force of rhythmic physiology. FEBS Lett. (2020) 594:2734-69. doi: 10.1002/
1873-3468.13898

14. Deng W, Zhu S, Zeng L, Liu ], Kang R, Yang M, et al. The circadian clock
controls immune checkpoint pathway in sepsis. Cell Rep. (2018) 24:366-78. doi:
10.1016/j.celrep.2018.06.026

15. Ovadia S, Ozcan A, Hidalgo A. The circadian neutrophil, inside-out. J Leukoc
Biol. (2023) 113:555-66. doi: 10.1093/jleuko/qiad038

16. Baxter M, Ray DW. Circadian rhythms in innate immunity and stress responses.
Immunology. (2020) 161:261-7. doi: 10.1111/imm.13166

17. Bell-Pedersen D, Cassone VM, Earnest DJ, Golden SS, Hardin PE, Thomas TL,
et al. Circadian rhythms from multiple oscillators: lessons from diverse organisms. Nat
Rev Genet. (2005) 6:544-56. doi: 10.1038/nrg1633

18. Mohawk JA, Green CB, Takahashi JS. Central and peripheral circadian clocks in
mammals. Annu Rev Neurosci. (2012) 35:445-62. doi: 10.1146/annurev-neuro-060909-
153128

19. Takahashi JS. Transcriptional architecture of the mammalian circadian clock.
Nat Rev Genet. (2017) 18:164-79. doi: 10.1038/nrg.2016.150

20. Fagiani F, Di Marino D, Romagnoli A, Travelli C, Voltan D, Di Cesare Mannelli
L, et al. Molecular regulations of circadian rhythm and implications for physiology and
diseases. Signal Transduct Target Ther. (2022) 7:41. doi: 10.1038/s41392-022-00899-y

21. Ye R, Selby CP, Chiou YY, Ozkan-Dagliyan I, Gaddameedhi S, Sancar A. Dual
modes of CLOCK:BMALL inhibition mediated by Cryptochrome and Period proteins
in the mammalian circadian clock. Genes Dev. (2014) 28:1989-98. doi: 10.1101/
gad.249417.114

22. Huang H, Mehta A, Kalmanovich J, Anand A, Bejarano MC, Garg T, et al.
Immunological and inflammatory effects of infectious diseases in circadian rhythm
disruption and future therapeutic directions. Mol Biol Rep. (2023) 50:3739-53. doi:
10.1007/s11033-023-08276-w

23. Sasaki M, Yoshitane H, Du NH, Okano T, Fukada Y. Preferential inhibition of
BMAL2-CLOCK activity by PER2 reemphasizes its negative role and a positive role of

Frontiers in Immunology

10.3389/fimmu.2024.1426682

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

BMAL2 in the circadian transcription. ] Biol Chem. (2009) 284:25149-59. doi: 10.1074/
jbc.M109.040758

24. Angele MK, Pratschke S, Hubbard WJ, Chaudry IH. Gender differences in sepsis:
cardiovascular and immunological aspects. Virulence. (2014) 5:12-9. doi: 10.4161/
viru.26982

25. Santhi N, Lazar AS, McCabe PJ, Lo JC, Groeger JA, Dijk DJ. Sex differences in the
circadian regulation of sleep and waking cognition in humans. Proc Natl Acad Sci USA.
(2016) 113:E2730-9. doi: 10.1073/pnas.1521637113

26. Anderson ST, FitzGerald GA. Sexual dimorphism in body clocks. Science. (2020)
369:1164-5. doi: 10.1126/science.abd4964

27. Konermann S, Brigham MD, Trevino AE, Joung J, Abudayyeh OO, Barcena C,
et al. Genome-scale transcriptional activation by an engineered CRISPR-Cas9 complex.
Nature. (2015) 517:583-8. doi: 10.1038/nature14136

28. Dreos R, Ambrosini G, Périer RC, Bucher P. The Eukaryotic Promoter Database:
expansion of EPDnew and new promoter analysis tools. Nucleic Acids Res. (2015) 43:
D92-6. doi: 10.1093/nar/gkullll

29. Li S, Olson WK, Lu XJ. Web 3DNA 2.0 for the analysis, visualization, and
modeling of 3D nucleic acid structures. Nucleic Acids Res. (2019) 47:W26-w34.
doi: 10.1093/nar/gkz394

30. Yang J, Yan R, Roy A, Xu D, Poisson J, Zhang Y. The I-TASSER Suite: protein
structure and function prediction. Nat Methods. (2015) 12:7-8. doi: 10.1038/
nmeth.3213

31. Yan Y, Zhang D, Zhou P, Li B, Huang SY. HDOCK: a web server for protein-
protein and protein-DNA/RNA docking based on a hybrid strategy. Nucleic Acids Res.
(2017) 45:W365-w73. doi: 10.1093/nar/gkx407

32. Krissinel E, Henrick K. Inference of macromolecular assemblies from crystalline
state. ] Mol Biol. (2007) 372:774-97. doi: 10.1016/j.jmb.2007.05.022

33. Sanner MF, Olson AJ, Spehner JC. Reduced surface: an efficient way to compute
molecular surfaces. Biopolymers. (1996) 38:305-20. doi: 10.1002/(SICI)1097-0282
(199603)38:3<305::AID-BIP4>3.0.CO;2-Y

34. Zhou M, Aziz M, Denning NL, Yen HT, Ma G, Wang P. Extracellular CIRP
induces macrophage endotoxin tolerance through IL-6R-mediated STAT3 activation.
JCI Insight. (2020) 5:e133715. doi: 10.1172/jci.insight.133715

35. Zhou M, Aziz M, Yen HT, Ma G, Murao A, Wang P. Extracellular CIRP
dysregulates macrophage bacterial phagocytosis in sepsis. Cell Mol Immunol. (2023)
20:80-93. doi: 10.1038/s41423-022-00961-3

36. Zhou M, Aziz M, Wang P. Damage-associated molecular patterns as double-
edged swords in sepsis. Antioxid Redox Signal. (2021) 35:1308-23. doi: 10.1089/
ars.2021.0008

37. Langmesser S, Tallone T, Bordon A, Rusconi S, Albrecht U. Interaction of
circadian clock proteins PER2 and CRY with BMALI and CLOCK. BMC Mol Biol.
(2008) 9:41. doi: 10.1186/1471-2199-9-41

38. Morf ], Rey G, Schneider K, Stratmann M, Fujita J, Naef F, et al. Cold-inducible
RNA-binding protein modulates circadian gene expression posttranscriptionally.
Science. (2012) 338:379-83. doi: 10.1126/science.1217726

39. Mul Fedele ML, Senna CA, Aiello I, Golombek DA, Paladino N. Circadian
rhythms in bacterial sepsis pathology: what we know and what we should know. Front
Cell Infect Microbiol. (2021) 11:773181. doi: 10.3389/fcimb.2021.773181

40. Curtis AM, Fagundes CT, Yang G, Palsson-McDermott EM, Wochal P,
McGettrick AF, et al. Circadian control of innate immunity in macrophages by miR-
155 targeting Bmall. Proc Natl Acad Sci USA. (2015) 112:7231-6. doi: 10.1073/
pnas.1501327112

41. Lachmann G, Ananthasubramaniam B, Wiinsch VA, Scherfig LM, von Haefen
C, Knaak C, et al. Circadian rhythms in septic shock patients. Ann Intensive Care.
(2021) 11:64. doi: 10.1186/s13613-021-00833-5

42. Geiger SS, Curtis AM, O'Neill LAJ, Siegel RM. Daily variation in macrophage
phagocytosis is clock-independent and dispensable for cytokine production.
Immunology. (2019) 157:122-36. doi: 10.1111/imm.13053

43. Kitchen GB, Cunningham PS, Poolman TM, Igbal M, Maidstone R, Baxter M,
et al. The clock gene Bmall inhibits macrophage motility, phagocytosis, and impairs
defense against pneumonia. Proc Natl Acad Sci USA. (2020) 117:1543-51. doi: 10.1073/
pnas.1915932117

44. McDearmon EL, Patel KN, Ko CH, Walisser JA, Schook AC, Chong JL, et al.
Dissecting the functions of the mammalian clock protein BMALL by tissue-specific
rescue in mice. Science. (2006) 314:1304-8. doi: 10.1126/science.1132430

frontiersin.org


https://doi.org/10.1016/j.it.2009.07.009
https://doi.org/10.1016/j.it.2009.07.009
https://doi.org/10.1186/cc13110
https://doi.org/10.1007/s00011-022-01651-6
https://doi.org/10.1074/jbc.R114.619304
https://doi.org/10.1016/j.molcel.2019.09.030
https://doi.org/10.1038/s41573-022-00520-5
https://doi.org/10.1038/s41573-022-00520-5
https://doi.org/10.3389/fimmu.2022.874589
https://doi.org/10.3389/fimmu.2022.874589
https://doi.org/10.1158/2326-6066.CIR-17-0537
https://doi.org/10.1016/S0378-1119(97)00530-1
https://doi.org/10.1016/S0378-1119(97)00530-1
https://doi.org/10.1002/JLB.3MIR1118-443R
https://doi.org/10.1038/nm.3368
https://doi.org/10.1172/jci.insight.134172
https://doi.org/10.1002/1873-3468.13898
https://doi.org/10.1002/1873-3468.13898
https://doi.org/10.1016/j.celrep.2018.06.026
https://doi.org/10.1093/jleuko/qiad038
https://doi.org/10.1111/imm.13166
https://doi.org/10.1038/nrg1633
https://doi.org/10.1146/annurev-neuro-060909-153128
https://doi.org/10.1146/annurev-neuro-060909-153128
https://doi.org/10.1038/nrg.2016.150
https://doi.org/10.1038/s41392-022-00899-y
https://doi.org/10.1101/gad.249417.114
https://doi.org/10.1101/gad.249417.114
https://doi.org/10.1007/s11033-023-08276-w
https://doi.org/10.1074/jbc.M109.040758
https://doi.org/10.1074/jbc.M109.040758
https://doi.org/10.4161/viru.26982
https://doi.org/10.4161/viru.26982
https://doi.org/10.1073/pnas.1521637113
https://doi.org/10.1126/science.abd4964
https://doi.org/10.1038/nature14136
https://doi.org/10.1093/nar/gku1111
https://doi.org/10.1093/nar/gkz394
https://doi.org/10.1038/nmeth.3213
https://doi.org/10.1038/nmeth.3213
https://doi.org/10.1093/nar/gkx407
https://doi.org/10.1016/j.jmb.2007.05.022
https://doi.org/10.1002/(SICI)1097-0282(199603)38:3%3C305::AID-BIP4%3E3.0.CO;2-Y
https://doi.org/10.1002/(SICI)1097-0282(199603)38:3%3C305::AID-BIP4%3E3.0.CO;2-Y
https://doi.org/10.1172/jci.insight.133715
https://doi.org/10.1038/s41423-022-00961-3
https://doi.org/10.1089/ars.2021.0008
https://doi.org/10.1089/ars.2021.0008
https://doi.org/10.1186/1471-2199-9-41
https://doi.org/10.1126/science.1217726
https://doi.org/10.3389/fcimb.2021.773181
https://doi.org/10.1073/pnas.1501327112
https://doi.org/10.1073/pnas.1501327112
https://doi.org/10.1186/s13613-021-00833-5
https://doi.org/10.1111/imm.13053
https://doi.org/10.1073/pnas.1915932117
https://doi.org/10.1073/pnas.1915932117
https://doi.org/10.1126/science.1132430
https://doi.org/10.3389/fimmu.2024.1426682
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

45. Delano MJ, Ward PA. Sepsis-induced immune dysfunction: can
immune therapies reduce mortality? J Clin Invest. (2016) 126:23-31. doi: 10.1172/
JCI82224

46. Gordon SR, Maute RL, Dulken BW, Hutter G, George BM,
McCracken MN, et al. PD-1 expression by tumour-associated macrophages inhibits
phagocytosis and tumour immunity. Nature. (2017) 545:495-9. doi: 10.1038/
nature22396

Frontiers in Immunology

13

10.3389/fimmu.2024.1426682

47. Wei Y, Liang M, Xiong L, Su N, Gao X, Jiang Z. PD-L1 induces macrophage
polarization toward the M2 phenotype via Erk/Akt/mTOR. Exp Cell Res. (2021)
402:112575. doi: 10.1016/j.yexcr.2021.112575

48. Huang X, Venet F, Wang YL, Lepape A, Yuan Z, Chen Y, et al. PD-1 expression
by macrophages plays a pathologic role in altering microbial clearance and the innate
inflammatory response to sepsis. Proc Natl Acad Sci USA. (2009) 106:6303-8. doi:
10.1073/pnas.0809422106

frontiersin.org


https://doi.org/10.1172/JCI82224
https://doi.org/10.1172/JCI82224
https://doi.org/10.1038/nature22396
https://doi.org/10.1038/nature22396
https://doi.org/10.1016/j.yexcr.2021.112575
https://doi.org/10.1073/pnas.0809422106
https://doi.org/10.3389/fimmu.2024.1426682
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	BMAL2 promotes eCIRP-induced macrophage endotoxin tolerance
	Introduction
	Materials and methods
	Experimental animals
	Experimental model of sepsis
	Recombinant mouse CIRP
	Isolation of peritoneal macrophages and cell culture
	PCR array and relative quantitative RT PCR analysis
	ELISA
	Transfection of BMAL2 CRISPR activation plasmid
	Computational modeling
	Surface plasmon resonance
	Statistical analysis

	Results
	eCIRP induces macrophage endotoxin tolerance
	TREM-1 deficiency prevents eCIRP-induced macrophage endotoxin tolerance
	eCIRP increases BMAL2 expression in macrophages via TREM-1
	BMAL2 is a critical positive regulator of macrophage endotoxin tolerance
	BMAL2 serves as an enhancer of PD-L1 expression by binding to the PD-L1 promoter

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


