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Abstract: The studies regarding macrophage IncRNAs described in this review can help provide
valuable information for developing treatments for various pathological conditions involving
macrophages. Over the past century, molecular biology's focus has transitioned from proteins to
DNA, and now to RNA. Once considered merely a genetic information carrier, RNA is now
recognized as both a vital element in early cellular life and a regulator in complex organisms. Long
noncoding RNAs (IncRNAs), which are over 200 bases long but do not code for proteins, play roles
in gene expression regulation and signal transduction by inducing epigenetic changes or interacting
with various proteins and RNAs. These interactions exhibit a range of functions in various cell types
including macrophages. Notably, some macrophage IncRNAs influence the activation of NF-«B, a
crucial transcription factor governing immune and inflammatory responses. Macrophage NF-«B is
instrumental in the progression of various pathological conditions including sepsis, atherosclerosis,
cancer, autoimmune disorders, and hypersensitivity. It orchestrates gene expression related to
immune responses, inflammation, cell survival, and proliferation. Consequently, its malfunction is
a key contributor to the onset and development of these diseases. This review summarizes the role
of IncRNAs that regulate NF-«xB in macrophage activation and inflammation, especially focusing on
their implications in human diseases and their potential as therapeutic targets.
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1. Introduction

Inflammation, a natural and complex biological response, is crucial in defending against
infection [1,2]. Yet, chronic or uncontrolled inflammation can be harmful, contributing various
disease developments [3]. Diet, exercise, smoking, and stress, as lifestyle factors, can impact bodily
inflammation levels, underscoring a healthy lifestyle’s importance in preventing and managing
diseases [4]. In some instances, medical treatments aim at targeting inflammation to ease symptoms
and control disease progression. Macrophages, innate immune cells with antigen-presenting
capabilities, are central in the inflammatory responses, significantly impacting acute and chronic
inflammation [5]. Notably, macrophages exhibit a dual role: pro-inflammatory M1 macrophages
drive inflammation, whereas anti-inflammatory M2 macrophages aid in tissue repair and resolving
inflammation [6,7]. Imbalance in macrophage function or M1 and M2 polarization can result in
immune-related diseases like chronic inflammation, cancer, hypersensitivity, and autoimmune
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disorders [8,9]. Therefore, targeting macrophage activity modulation emerges as a promising
approach in developing new therapies for these diseases.

The nuclear factor kappa-light-chain-enhancer of activated B cell (NF-kB) is pivotal in regulating
inflammation, particularly in macrophages. NF-kB, comprising p50, p52, p65 (RelA), RelB, and c-Rel
subunits, activates genes related to immune response, inflammation, and cell survival by forming
homodimers and heterodimers [10]. Activation of NF-kB involves the nuclear translocation of the
p65/p50 heterodimer, whereas the p50 homodimer acts as an inhibitor [11]. NF-kB activation occurs
via two primary pathways: the canonical (classical) and the non-canonical (alternative) [12]. Differing
in activation mechanisms and stimuli, these pathways enable precise and dynamic NF-«B regulation.
While the canonical pathway primarily mediates rapid and transient NF-«B activation in response to
pro-inflammatory stimuli, the non-canonical pathway is involved in the regulation of adaptive
immune responses, lymphoid organ development, and maintenance of immune homeostasis.
Induced by cytokines like tumor necrosis factor (TNF)-a and and interleukin (IL)-1, the canonical
pathway involves TNF receptor-associated factor 6 (TRAF6) and the IKK complex (IKKa, IKKf{,
IKKY), leading to IxB phosphorylation. Subsequent degradation of IeB liberates p65/p50 heterodimer
for nuclear translocation. Initiated by TNF receptor superfamily members like lymphotoxin 3
receptor (LTPR) or B cell-activating factor receptor (BAFF-R), the non-canonical pathway is then
mediated by NF-kB inducing kinase (NIK) and IKK« for phosphorylation and processing of p100 to
generate p52. The resulting RelB/p52 heterodimers then translocate to nucleus for transcriptional
activation [12]. Dysregulation in either pathway can lead to numerous inflammatory and immune-
related diseases.

Long noncoding RNAs (IncRNAs) are known to regulate chromatin organization, gene
transcription, RNA splicing, and epigenetic modifications [13-16]. Additionally, IncRNAs influence
cell signaling and post-transcriptional regulation by interacting with signaling mediators and
sponging microRNAs (miRNAs) [17-21]. With the growing identification of IncRNAs involved in
macrophage activity, an increasing number are recognized for their regulation of NF-xB activity in
macrophages. This review specifically addresses the roles of IncRNAs in modulating NF-kB activity
within macrophages and their consequential impact on the development and progression of various
human diseases.

2. Sepsis

Sepsis is a life-threatening condition marked by a dysregulated immune response to infection,
leading to widespread inflammation, organ dysfunction, and potentially organ failure and death [22].
Often caused by bacteria, viruses, fungi, or other pathogens, a prime stimulant is lipopolysaccharide
(LPS), an endotoxin found in the cell wall of gram-negative bacteria [23]. The systemic inflammatory
response, particularly post-bloodstream infection, triggers an excessive release of pro-inflammatory
cytokines and chemokine. These mediators damage endothelial cells lining the blood vessels causing
permeability increase, fluid leakage, tissue swelling, and edema [24]. Persistent inflammation can
impact multiple organs and systems, with cytokines like TNF-a being key mediators of sepsis [25].
Commonly affected organs include the lungs, heart, kidneys, liver, and even the central nervous
system.

NF-kB-mediated inflammation in macrophages, followed by M1 polarization, is pivotal in the
pathogenesis of sepsis [26]. Pattern recognition receptors PRRs, including Toll-like receptors (TLRs),
allow macrophages to identify pathogen-associated molecular patterns on invading microorganisms [23].
Activation of NF-«B, triggered by LPS interaction with TLR4 via the canonical pathway, upregulates
numerous pro-inflammatory genes, such as cytokines, chemokines, adhesion molecules, and
enzymes like inducible nitric oxide synthase [27]. NF-xB serves as a primary target for
immunomodulatory therapies aimed at regulating inflammation and reestablishing immune
equilibrium in many diseases including sepsis (Figure 1). Such strategies might involve inhibiting
NF-«B activation or employing targeted therapies to neutralize specific pro-inflammatory cytokines.
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Figure 1. Role of IncRNAs and macrophage NF-«B in the pathogenesis of human diseases.

The IncRNA nuclear paraspeckle assembly transcript 1 (NEAT1), confined to the nucleus, is
instrumental in forming paraspeckles, subnuclear structures involved in antiviral responses [28].
NEAT!1 levels notably increase in the sera of sepsis patients and in mouse sepsis models [29-32]. Induced
by LPS, NEAT1 in the human monocytic leukemia cell line THP-1 enhances inflammatory responses by
sponging miR-17-5p, thereby stabilizing TLR4 mRNA (the miR-17-5p/TLR4 axis) (Table 1) [32]. In Kupffer
cells and the murine macrophages, LPS-induced NEAT1 promotes inflammatory activities via the
Let-7q/TLR4 axis (Figure 2) [29-31,33]. Additionally, NEAT1 also facilitates M1 polarization in
macrophages through the miR-125a-5p/TRAF6/TGF-[-activated kinase 1 (TAK1) axis [34],
underscoring its potential as a therapeutic target for sepsis.

Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), a multifunctional IncRNAs
in macrophages, is extensively studied. In late-onset sepsis patients, increased blood MALAT1 levels
correlate with disease severity [35]. MALAT1 expression rises in activated macrophages, particularly
post-LPS treatment [35,36]. Animal studies show that MALAT1 expression surges with sepsis
induction; reducing MALATI1 lessens inflammation and mortality [35,37-39], possibly by
suppressing M1 and enhancing M2, macrophage polarization [39]. In an LPS-induced septic lung
injury model, intravenous MALAT1-specific small interfering RNA (siRNA) decreases inflammatory
cytokines and immune cells in bronchoalveolar lavage fluid by inhibiting the p38 mitogen-activated
protein kinase (MAPK)/p65 pathway [38]. However, contradicting reports suggest MALAT1 decreases in
sepsis, acting as a negative feedback regulator that inhibits NF-kB DNA-binding activity [36,40]. These
conflicting findings underscore that need for future research on MALAT1’s role in sepsis.

In sepsis patients, the IncRNA colorectal neoplasia differentially expressed (CRNDE) exhibits
elevated expression in peripheral blood, with higher levels correlating to improved survival rates [41].
CRNDE intensifies LPS-induced NF-kB activation and subsequent proinflammatory cytokine release
in THP-1 cells via the miR-181-5p/TLR4 axis [41]. Beyond sepsis, CRNDE dysregulation influences
macrophage activity in various diseases. For instance, CRNDE levels are higher in the bone marrow
of acute myeloid leukemia (AML) patients and inversely correlate with survival rates [42,43].
Elevated CRNDE is also observed in peripheral blood mononuclear cells (PBMCs) from patients with
immunoglobulin A nephropathy, where it stabilizes NLR family pyrin domain containing 3 (NLRP3),
promoting inflammasome-related proteins and proinflammatory cytokine expression [44]. These
findings suggest CRNDE’s role in regulating macrophage inflammation and inflammasome
formation across multiple diseases, including sepsis.

Increased levels of IncRNA plasmacytoma variant translocation 1 (PVT1) in sepsis patients
correlate with heightened pro-inflammatory mediators and survival rates [45,46]. LPS induces PVT1
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expression in THP-1 cells, which in turn amplifies NF-kB activity via p38 stimulation [47]. Elevated
PVT1 expression, promoting M1 polarization through the miR-29a/high mobility group box 1
(HMGB1) axis, is observed in heart-infiltrating macrophages of septic mice [48]. HMGB], released
from the cells, can activate TLR4 in both autocrine and paracrine manners [49]. PVT1 is also highly
expressed in osteoarthritis patient’ serum and in LPS-stimulated C28/12 chondrocyte cell line,
activating TLR4/NF-kB pathway via the miR-93-5p/HMGB1 axis [50]. Additionally, PVT1 levels rise
in myocardial tissues and heart infiltrating macrophages during sepsis-induced myocardial injury [48].
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Figure 2. Mechanisms triggered by macrophage IncRNAs in the regulation of NF-kxB activity.
Various IncRNAs activating (indicated in red arrows) or inhibiting (indicated in blue arrows) NF-kB
signaling and their targets within the NF-kB activation pathway are shown.

Pan et al. reported a significant decrease in IncRNA MEGS3 levels in sepsis patients has a
prognostic potential [51]. In macrophages, MEG3 overexpression inhibits LPS-induced apoptosis by
downregulating BAX and upregulating Bcl-2. It also suppresses inflammatory factors expression by
inhibiting NF-kB signaling [51]. This suggest that the reduced MEG3 expression may exacerbate
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sepsis by increasing inflammation and inhibiting apoptosis in macrophages. Further research is
needed to elucidate MEG3's role in sepsis.

These findings highlight the intricate relationship between IncRNAs and NF-«B in the context
of sepsis, impacting inflammatory activation and macrophage polarization. The influence of these
IncRNAs on cytokine release, cell polarization, and apoptosis is notable, and their varied expression
in sepsis patients suggests potential as biomarkers. Targeting these IncRNAs to regulate NF-kB
activation offers promising avenues for immunomodulatory therapies to manage inflammation and
restore immune balance in sepsis. However, the contrasting roles of specific IncRNAs, like MALAT1,
necessitate further research. A deeper understanding of these IncRNAs' roles could lead to innovative
diagnostic and therapeutic strategies, improving management and outcomes in sepsis.

3. Atherosclerosis

Macrophages are central in atherosclerosis development, marked by arterial plaque build-up.
The process initiates with low-density lipoprotein (LDL) cholesterol accumulation in arterial walls,
undergoing oxidation and eliciting inflammation [52,53]. Modified LDL attracts monocytes from
blood, transforming into macrophages in the arterial wall. These macrophages consume oxidized-LDL
(oxLDL), forming lipid-laden foam cells and creating fatty streaks, early atherosclerosis signs [54,55].
M1 macrophages exacerbate inflammation by releasing cytokines, attracting more immune cells [56,57].
Chronic inflammation leads to fibrous cap formation over plaques and extracellular matrix
accumulation. Macrophages also degrade this matrix, heightening plaque instability, increasing heart
attack and stroke risks [54,58]. Macrophages can also contribute to the resolution of inflammation
and healing processes [59]. In atherosclerosis, inflammation resolution is overshadowed by ongoing
inflammation and plaque growth.

NF-«B, activated by stimuli like oxidative stress, cytokines, and oxLDL, exacerbate
atherosclerosis by promoting lipoprotein uptake, foam cells formation, and attracting more immune
cells [54,60]. This activation also destabilizes plaques by encouraging matrix metalloproteinases
(MMPs) secretion, increasing plaque rupture risks [61]. Chronic NF-xB activation sustains the
inflammation characteristic of advanced atherosclerosis in conditions like coronary artery diseases
(CADs) and myocardial infarction (MI) [62]. Given its crucial role in macrophage activation
atherosclerosis progression, NF-kB present as a potential target for therapies aimed at reducing
inflammation and slowing atherosclerosis progression [63].

Increased NEAT1 expression levels in PBMCs and sera of atherosclerosis patients have been
noted [64,65]. NEAT1, induced by oxLDL in THP-1 cells, contributes to proinflammatory responses
by enhancing p65 phosphorylation, followed by paraspeckle formation [66,67]. It is also induced in
bone marrow-derived macrophages (BMDMs) treated with titanium particles and promotes NF-kB
activation, NLRP3 inflammasome formation, and M1 polarization via the miR-188-5p/ Bruton’s
tyrosine kinase (BTK) axis [68]. NEAT1 also stimulates proinflammatory cytokine and reactive
oxygen species (ROS) production, subsequent foam cell formation by sponging miR-342-3p in THP-
1 cells [67] or miR-128 in murine macrophage-like cell line RAW264.7 [69]. These reports agree with
NEAT1 being expressed in activated macrophages and enhancing proinflammatory changes. One
contradicting study, however, reported decreased NEAT1 in PBMCs of post-MI patients and
enhanced macrophage inflammation in NEAT1-knockout mice [70].

Elevated IncRNA PVT1 levels have been detected in the serum of atherosclerosis patients [71].
Inhibiting PVT1 in animal models reduces atherosclerotic plaques by increasing HDL levels and
suppressing the MAPK/NF-kB pathway and pro-atherogenic factors [71]. PVT1 is also upregulated
in various cancers, particularly lung cancer, affecting key pathways such as cell proliferation,
apoptosis evasion, angiogenesis, and epithelial-mesenchymal transition [72]. However, its expression
pattern in TAMs or its role in NF-kB regulation within tumor microenvironment (TME) remains
unexplored.

In serum samples of atherosclerosis patients and during oxLDL-induced THP-1 cell foam cell
differentiation, there’s a notable increase in IncRNA small nucleolar RNA host gene (SNHG)16 and
a decrease in miR-17-5p [73]. SNHG16 amplifies macrophage proliferation and pro-inflammatory
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responses in atherosclerosis through the miR-17-5p/NF-kB axis [73]. It also boosts NF-«kB activity, as
well as epithelial-mesenchymal transition and metastasis of hepatocellular carcinoma (HCC) cells via
the miR-605-3p/TRAF6 axis [74]. In diabetic environment, SNHG16 enhances NF-«B activity through
the miR-212-3p/p65 axis [75], indicating its role in exacerbating macrophage inflammation in various
diseases including atherosclerosis.

LncRNA X-inactive specific transcript (XIST), known for its role in X-chromosome inactivation,
has been found elevated in the serum of atherosclerosis patients, oxLDL-treated vascular smooth
muscle cells, and the U937 human monocytic leukemia cell line [76]. XIST influences atherosclerosis
by promoting proliferation and inhibiting apoptotic cell death through the miR-599/TLR4 axis [76].
This finding aligns with other studies that show apoptosis inhibition aggravates atherogenesis by
increasing macrophage proliferation and plaque formation [77,78].

LncRNA H19 is found at elevated levels in the serum of atherosclerosis patients [79-82]. OxLDL
stimulates H19 expression in macrophages [83], aorta vascular smooth muscle cells[79,80], and
human umbilical vein endothelial cells (HUVECs) [84]. In macrophages, H19 augments oxLDL-
induced lipid accumulation, ROS generation, and NF-kB activation [83,85]. Similarly, in HUVECs,
H19 heightens NF-kB activation by increasing p38 and p65 activity [86]. These findings suggest that
H19 could be a promising therapeutic target for atherosclerosis treatment.

In atherosclerosis and CAD patients, MALAT1 levels rise and subsequently decrease post-
treatment [87-89]. MALAT1 impacts various macrophage processes like foam cell formation,
autophagy, and pyroptosis [90-92]. OXLDL prompts NF-kB-dependent MALAT1 expression in THP-
1 cells. MALATT1 then enhances lipid uptake and foam cell formation then by promoting scavenger
receptor CD36 expression [88,90,91]. MALAT1 also enhances NF-kB activation and subsequent
inflammation by sponging miR-330-5p [91]. Further, oxLDL-induced autophagy in macrophage is
mediated by MALAT1, which activates MAPK/NF-kB pathway and inhibits sirtuin 1 (SIRT1), a key
transcription factor deacetylase [92,93]. NLRP3 inflammasome-mediated pyroptosis, a programmed
cell death as a defense mechanism against intracellular pathogens, is also influenced by MALAT1 [94].
In diabetic atherosclerosis models, a cinnamic acid derivative reduces inflammasome activation and
pyroptotic by suppressing MALAT1 [95]. Extracellular vesicles (EVs) such as exosomes are crucial
for cell-to-cell communication, transferring proteins and IncRNAs [96]. M1 macrophages have been
found to release MALAT1-containing EVs, which regulate myocyte proliferation and angiogenesis in
MI models [97]. These findings underscore MALAT1’s role in atherosclerosis, it is upregulated in
activated macrophages and influence various processes including lipid uptake, foam cell formation,
and cell death.

However, contrary reports exist regarding the role of MALATI1 in atherosclerosis. In
atherosclerosis patients and oxLDL-treated THP-1 cells, MALATT1 levels are observed to decrease [88].
Reduced MALATI leads to increased lipid and total cholesterol accumulation in THP-1 cells via the
miR-17-5p/ATP-binding cassette subfamily A member 1 (ABCA1) axis [88]. ABCALI is known to
facilitate cholesterol efflux, thereby reducing foam cell formation [98]. Additionally, MALAT1
deficiency in certain mouse models has been linked to accelerated macrophage inflammation and
atherosclerosis [99]. Exosomal MALAT1 from oxLDL-treated HUVECs promotes a transition from
M1 to M2 macrophages [100]. These findings suggest potential anti-atherogenic properties of
MALAT]1, highlighting the need for further research to clarify its role in atherosclerosis.

Notably, the expression levels of IncRNA HOX transcript antisense intergenic RNA (HOTAIR)
are decreased in peripheral blood lymphocytes of atherosclerosis patients and oxLDL-treated
RAW264.7 cells [101]. HOTAIR overexpression reduces pro-inflammatory cytokine expression while
boosting anti-inflammatory cytokines, achieved by inhibiting NF-«kB activity. This suppression
occurs through HOTAIR’s enhancement of fragile X-related protein 1 (FXR1) levels, a protein moving
between nucleus and cytoplasm and associating with polyribosomes [101,102].

These observations underscore the complex relationship between various IncRNAs and NF-«B
in atherosclerosis. These IncRNAs impact crucial aspects such as lipid uptake, foam cell formation,
inflammation, and cell death in macrophages. Given their link to NF-kB activation, targeting these
IncRNAs for NF-kB modulation presents a promising approach in managing atherosclerosis by
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restoring immune equilibrium and curbing inflammatory activation. Despite the conflicting roles of
some IncRNAs like MALAT1 and HOTAIR, their significant influence on macrophage function and
disease progression is evident. Further research is essential to unravel the full potential of these
IncRNAs in atherosclerosis treatment.

Table 1. LncRNAs regulating macrophage NF-kB activity in diseases.

LncRNA Disease Target Function Ref
Group 1. LncRNAs directly affecting NF-x B activity
CARLR C;eliac 065 LPS-induced, regulates p65 tr?mslocation, Promotes proinflammatory (103]
disease cytokines production
coxX2 Neuroi‘nﬂa P65 LPS-induced, promotes .p65 translocation, enhances inflammasome (104]
mmation formation, suppresses autophagy
Ccox2 SLE SWI/SNF/NEF- LPS-induced, enhances the expression of NF-kB-induced late inflammatory [105]
xB genes
MALATI  Sepsis p65/p50 LPS-induced, retrains NF-xB fro'm promote'r, regulates proinflammatory [36]
cytokine expression
PACER  Cancer P50 LPS-induced, sequest'ers p50 and promotes p300-r'nediated histone [106]
acetylation, enhances COX2 expression
PINT Cancer  p65 and EZH2 LPS-induced, bridges p65 and EZH2, activates TNFa transcription [107]
Group 2. LncRNAs affecting pathways that requlate NF-x B activity
CHRF Cancer 48 9713[5;3 88 Silica-induced, promotes inflammatory responses and fibrosis. [108]
CRNDE  Cancer miR-181a-  LPS-induced, promotes inflammatory responses. Also increased in AML and [41,44]
5p/TLR4 IgA nephropathy
Ath 1
MALAT1 "€ SIRT1/MAPK ox-LDL-induced, promotes autophagy, reduces apoptosis [93]
MIR222  Allergic miR-146a- Deceased in patients, causing the dominance of type 2 response. Promotes M1 [109]
HG rhinitis 5p/TRAF6 and suppresses M2 polarization
NAIL Ulcer'afclve Wipl LPS-induced, prorr.lotes p65 Phosphorylatlon by blocking Wip1 action, [110]
colitis increases inflammatory response
miR-188-5p/ Induced by titanium particles, activates inflammasome and NF-«B, enhances
NEAT1 Osteolysis ~ BTK Y P PR ' [68]
KLF/BTK P
NEAT1  Sepsis ;; l/l;LlIZ;L LPS-induced, promotes inflammatory response by stabilizing TLR4 mRNA [32]

NEAT1  Sepsis let-7a/TLR4  LPS-induced, promotes inflammatory response by stabilizing TLR4 mRNA [29]
Anti-inflammation by inhibiting IxB phosphorylation, induces M2

NKILA  Asthma IxB o [111,112]
polarization
. miR-29a/  LPS-induced, promotes inflammation and M1 polarization. Also increased in
PVIl Sepsis HMGB1/TLR4 osteoarthritis patients [48,50]
Enh TLR4 signali i i ith HMGB1 1
SNHG1 Cance.:r/Sep HMGB1/TLR4 nhances signaling by 1nter‘act1.on wit] GB1, promotes M (113]
sis polarization
Ath 1 LDL-i i h 1 h le cell
xisT At eroscler . 599/TLR4 Ox induced in macrop ages/vascular smoot muscle cells, promotes [76]
osis proliferation and suppresses apoptosis
Group 3. LncRNAs affecting NF-xB activity with unknown mechanism of action
DCST1- Acti F-«B signali h i h 11 hages.
CS Cancer 065 ctivates NF-kB signaling pathway in bot] .Can.cer cells and macrophages (114]
AS1 Promotes M2 polarization
FTX  Cirrhosis NF-xB Anti-inflammatory function. De.zcreased in. patients, causing enhancement in (115]
inflammation
HOTAIR Cancer IkBa LPS-induced, activates NF-K]? by de.gradiflg IxB, regulates metabolic (116]
reprogramming by inducing GLUT1
HOTAIR Ather9scler FXRI Anti-inflammation by inactivating NF-iB via FXR1. Decreased in patients and (101,102]
osis oxLDL-treated macrophages.
NEAT1 Ather9scler p65, ERK ox-LDL-induced, regulates p65 and ER.K phosphorylation, promotes TNF-a (28,66]
0sis secretion.
MEG3 Sepsis 065 Decreased in sepsis patients. L.PS-induce.d, inhibits p65 p.hosphorylation. [51]
Downregulates inflammation and apoptosis.
SNHG16 Atherc?scler miR-17-5p ox-LDL-induced, pro.motes pro}iferation and ir?flammatory response. Also [73-75]
osis increased in cancer and diabetes
Group 4. LncRNAs transferred to macrophages via exosomes or EVs
FGD5- P300/STAT3/N Contained in exosomes from pancreatic cancer cells, activates STAT3/NF-kB,
Cancer [117]

AS1 F-xB promotes M2 polarization
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AP000439 Cancer STAT3, P65 Contained in exosomes from cancer c.ells, promotes macrophage M2 (18]
2 polarization
GAS5 Allergic mTORCI1/ULK Activate NF-kB and promote M1 polarization by suppressing autophagy- (119]
rhinitis 1/ATG13 dependent degradation of IKKa/b
i in M1-deri . h via TLR
HOTTIP Cancer ) Contained in M del"-lvetfl exosomes Suppresses.can.cer growth via 5 [120]
activation. Promotes M1 polarization
iR-181a- . S .
MALAT1 Acute. o omi 181a-5p Carried by EVs originating from p.anC}‘eatlc cancer cells, promotes M1 [121]
pancreatitis /HNGB1/TLR4 polarization
4. Cancer

The role of macrophage inflammation in cancer is multifaceted and contradictory. Ml
macrophages, typically anti-tumorigenic, can attack tumor cells and stimulate immune responses.
Conversely, M2 macrophages often aid tumor growth by supporting angiogenesis, suppressing
immune responses, and facilitating tissue remodeling. [122]. Generally, tumor-associated
macrophages (TAMs) exhibit an M2 phenotype, supporting tumor growth and metastasis, and
contributing to an immunosuppressive tumor environment [123,124]. Given their significant impact
on cancer progression, TAMs are being investigated as therapeutic targets, with strategies focusing
on inhibiting their tumor-promoting functions or reprogramming them to combat tumors.

The activation of NF-kB in macrophages plays a crucial role in cancer development and
progression. In TAMs, NF-kB activation leads to the production of cytokines, growth factors, and
enzymes that promote tumor growth and suppress anti-tumor immune responses [125,126]. NF-kB
can also alter the immune microenvironment, potentially inducing immune checkpoint molecules
that weaken the immune response against tumors [127]. Additionally, NF-kB-activated macrophages
can produce angiogenic factors, aiding tumor vascularization [128-130]. They can also stimulate
matrix metalloproteinases (MMPs), breaking down extracellular matrix barriers and facilitating
cancer cell spread [131,132]. Thus, macrophage NF-«B is implicated in various aspects of cancer
progression and targeting macrophage NF-kB has emerged as a prominent focus in cancer treatment
strategies [12].

LncRNA DC-STAMP domain containing 1-antisense 1 (DCST1-AS1) has been investigated in
various cancers including gastric, colorectal, cervical, breast, glioblastoma, endometrial, and
HCC [133-139]. In these cancers, increased DCST1-AS1 expression correlates with larger tumors and
shorter survival and DCST1-AS1 promotes cancer cell proliferation and metastasis, and inhibits
apoptosis, by sponging miRNAs [133-139]. Notably, in oral squamous cell carcinoma, DCST1-AS1
advances tumor progression by enhancing NF-«B activity in cancer cells and macrophages [114].
Elevated DCST1-AS1 in cancer cells and M2 macrophages is linked to tumor growth and cancer cell
proliferation. NF-kB antagonists revealed that DCST1-AS1 enhances cancer progression and M2
macrophage polarization through NF-kB-mediated mechanisms [114].

The IncRNA FGD5 antisense RNA 1 (FGD5-AS1) shows elevated levels in non-small cell lung
cancer and pancreatic cancer, correlating with metastasis and poor prognosis [117,140]. FGD5-AS1-
containing exosomes from these cancers induce M2 macrophage polarization [117]. FGD5-AS1 links
acetyltransferase p300, STAT3, and NF-kB, leading to acetylated STAT3/p65 complex and
transcriptional activation [117,141]. STATs are crucial transcription factors in macrophage
polarization, with STAT1 being integral to M1, and STAT3/6 to M2 polarization. [142]. In cervical
cancer, FGD5-AS1, via the miR-129-5p/bone marrow stromal cell antigen 2 (BST2) axis, promotes
tumor growth and M2 polarization [143]. BST2, a lipid raft-associated protein, is implicated in cell
proliferation and immune response [144,145]. Collectively, FGD5-AS1 augments tumor growth by
enhancing cancer progression and M2 macrophage polarization.

The IncRNA AP000439.2 has recently been identified as a prognostic marker for renal cell
carcinoma (RCC) patient survival [146,147]. Exosomes from human RCC cell lines have been shown
to induce M2 polarization in co-cultured THP-1 cells [118]. AP000439.2 promotes M2 polarization
through the phosphorylation of STAT3 and NF-«B p65 subunit, which, in turn, enhances the
migration potential of cocultured cancer cell lines. The impact of exosomal AP000439.2 on macrophage
M2 polarization and RCC growth has been confirmed in a xenograft tumor mouse model [118].
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LncRNA Five Prime to Xist (FTX), an evolutionarily conserved regulator of XIST expression, is
associated with various conditions including malignancies, endometriosis, and stroke, functioning
through miRNA sponging [148,149]. Liu et al. observed decreased FTX levels in cirrhosis patients,
linking it to abnormal activation of CD14+ CD16+ monocytes via the miR-545/T cell immunoglobulin
and mucin domain 3 (Tim-3) axis [115]. Moreover, FTX suppression in THP-1 cells increases NF-kB
activity and proinflammatory cytokine expression, suggesting that a reduction in FTX might
accelerate tumor progression by enhancing inflammation in the tumor microenvironment (TME)

LncRNA HOTAIR, known for its role in gene regulation and epigenetic modifications, is
implicated in various human diseases [150]. It is often overexpressed in cancer, contributing to tumor
progression, metastasis, and poor prognosis by altering gene expression related to the cell cycle,
apoptosis, and metastasis [150,151]. HOTAIR is also associated with central nervous system
disorders, fibrosis, and inflammatory conditions, impacting cellular processes and immune
responses [152-155]. It regulates glucose transporter isoform 1 (GLUT1) expression in human
neuroblastoma cells and macrophages by stimulating NF-xB activity, suggesting a role in metabolic
reprogramming in cancer [116,156]. In addition, inflammatory activation of macrophages triggers
HOTAIR expression, which then promotes NF-kB activation and cytokine gene expression by aiding
in the degradation of IxBat [157]. HOTAIR's expression pattern in cancer tissue macrophages remains
unexplored and warrants future investigation.

Elevated levels of IncRNA HOXA transcript at the distal tip (HOTTIP) have been observed in
AML patients and cell lines, such as U937 and THP-1 [158]. HOTTIP facilitates cell proliferation via
the miR-608/DET1- and DDB1-associated 1 (DDA1) axis, with DDA1 being a gene known for its
oncogenic properties [158,159]. In squamous cell carcinoma, Ml-derived exosomes containing
HOTTIP inhibit cancer cell proliferation and induce apoptosis by activating the TLR5/NF-kB
pathway [120]. Additionally, exosomal HOTTIP influences the M1 polarization of circulating
monocytes [120]. The comprehensive role of HOTTIP in cancer progression remains an area for future
exploration.

Cyclooxygenase (COX)2, linked with inflammation in immune cells, is implicated in several
cancers [160]. LncRNA p50-associated COX2 extragenic RNA (PACER), located upstream of the
COX2 promoter, regulates COX2 expression [106]. PACER, through its association with p50,
facilitates p65/p50 heterodimer binding to the COX2 promoter, recruiting p300 histone
acetyltransferase [106]. Its expression is upregulated in various cancer tissues, influencing COX2 and
PGE2 synthesis and cancer cell proliferation, migration, and invasion [161-163]. PACER's role
extends beyond cancer, regulating COX2 in cells infected with Mycoplasma pneumoniae and
showing altered expression in bipolar disorder patients [164,165].

LncRNA cardiac hypertrophy-related factor (CHRF) functions as an oncogene, promoting
migration and invasion in various tumor types [166]. In a silica-induced pulmonary fibrosis mouse
model, CHRF activates inflammatory and fibrotic pathways via the miR-489/MyD88 and miR-
489/SMAD3 axes, with SMAD3 being an adaptor in receptor-regulated signaling [108,167]. CHRF's
pro-inflammatory effects are also observed in LPS-induced acute lung injury [168]. However, its
specific role in macrophage inflammation within the TME remains unclear, necessitating further
research.

LncRNA SNHG1, commonly overexpressed in various cancers as an oncogene, affects cellular
signaling via interactions with miRNAs and signaling regulators [169]. In cholangiocarcinoma cell
lines, SNHGI is associated with increased proliferation and invasion, mediated by NF-«B activation
through the miR-140/TLR4 axis, contributing to an inflammatory TME [170]. In an LPS-induced acute
lung injury model, SNHG1 is upregulated in M1 polarized THP-1 cells, enhancing NF-kB activation
and inflammation through interaction with HMGB1 [113]. However, SNHGI1's specific role in
macrophage-related TME remains unexplored.

These findings highlight the intricate relationship between macrophages, IncRNAs, and NF-«xB
in cancer, affecting cell proliferation, invasion, inflammation, and macrophage polarization. The
dichotomy of macrophages, especially TAMs, underscores their potential as therapeutic targets. Their
influence extends to inflammation, TME modulation, angiogenesis, and immunosuppression,


https://doi.org/10.20944/preprints202401.2228.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 January 2024 doi:10.20944/preprints202401.2228.v1

10

making them key in the interplay between cancer cells and the immune system. Understanding
IncRNA-driven macrophage NF-«B regulation is essential for developing targeted cancer therapies.
Despite advances, many aspects of IncRNA functions in cancer and inflammation require further
exploration, presenting exciting opportunities for future research and potential therapeutic
interventions.

5. Autoimmunity and hypersensitivity

Increased GAS5 levels have been found in exosomes from nasal mucus of allergic rhinitis
patients and a mouse model, promoting macrophage NF-«B activation and M1 polarization.[119,171].
GASS5 influences this by inhibiting mTORC1/ULK1/ATG13-mediated autophagy, leading to NF-kB
activation [119]. Specifically, GAS5's activation of NF-kB signaling occurs through the suppression of
autophagy-dependent degradation of IKKa/f in macrophages [119]. GAS5 also enhances Ml
macrophage polarization, observed in hyperglycemia-induced differentiation in diabetics and in
pneumonia-affected children's macrophages [172,173]. It suppresses the Janus kinase 2/STAT3
pathway, promoting M1 while inhibiting M2 polarization via the miR-455-5p/SOCS3 axis [173]. In
diabetes, hyperglycemia-induced GAS5 expression shifts polarization from M2 to M1 by
upregulating STAT1 [172]. This shift is significant since M1 macrophage-driven inflammation
worsens diabetic wounds, suggesting that reducing GAS5 could facilitate wound healing by
promoting an M1 to M2 transition. On the other hand, microglia exhibit increased GAS5 expression
in multiple sclerosis and experimental autoimmune encephalomyelitis (EAE) mouse models [174].
GASS5 hinders M2 polarization by recruiting the polycomb repressive complex 2 (PRC2), suppressing
topoisomerase-related function 4 transcription, crucial for M2 polarization [174]. Ito et al. found that
reducing GAS5 expression leads to M2b polarization, while increasing it has the opposite effect [175].
GASS5 also plays a role in regulating NLRP3 inflammasome formation in cardiomyocytes [176]. In
contrast, GAS5 expression levels are decreased in various cancer tissues [177,178]. This decrease is
attributed to GAS5's ability to induce apoptosis and inhibit tumor proliferation and metastasis
through interactions with miRNAs and proteins. The Ml-enhancing property of GAS5 might
contribute to its reduced expression in cancer tissues, necessitating further investigation. Overall,
research indicates that GAS5 boosts NF-kB-mediated inflammation and shifts macrophage
polarization towards M1, while inhibiting GAS5 has the opposite effect in various diseases.

LncRNA-Cox2, located near the COX2 gene [179], is linked with chronic inflammatory diseases
and innate immune activation [180,181]. In Systemic Lupus Erythematosus (SLE) patients, elevated
serum IncRNA-Cox2 levels correlate with neurological symptoms [182]. It is highly induced in an
NF-kB-dependent manner in activated macrophages and interacts with the switch/sucrose
nonfermentable (SWI/SNF) chromatin remodeling complex [179,183]. This interaction enhances the
expression of NF-kB-induced late inflammatory genes [105]. In neuroinflammation, IncRNA-Cox2
promotes NLRP3-inflammasome formation and hinders autophagy by binding and facilitating the
p65 subunit's nuclear transport [104]. However, its role in inflammation is subject to debate, as it
appears to suppress inflammation in M1 macrophages and BMDM:s in septic mouse models [183,184],
indicating a complex influence in inflammatory contexts.

During allergic disease development, a type 2 immune response led by Th2 cells, eosinophils,
basophils, and M2 macrophages is predominant [185]. In allergic rhinitis clinical samples and animal
models, a downregulation of IncRNA miR222 host gene (MIR222HG) was observed, linking it to the
type 2 response [109]. MIR222HG is upregulated in M1 macrophages but downregulated in M2
macrophages, with its overexpression reducing M2 polarization and allergic inflammation.
MIR222HG activates the NF-kB pathway via the miR-146a-5p/TRAF6 axis [109]. This suggests that
MIR222HG downregulation in allergic rhinitis contributes to pathogenesis by favoring M2
macrophage polarization, and its overexpression might alleviate the condition.

Celiac disease, characterized by constant NF-kB activation, shows increased cardiac and
apoptosis-related IncRNA (CARLR) expression in patient samples [103,186]. CARLR expression rises
in THP-1 cells post-LPS stimulation. CARLR interacts with activated NF-«B following IxB
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dissociation, boosting the expression of cytokines such as IL-1f3 and COX2, also elevated in celiac
disease samples [103]. This suggests a crucial role of CARLR in the disease's inflammatory response.

NAIL, an evolutionarily conserved IncRNA, exhibits increased expression in inflamed ulcerative
colitis patient samples compared to non-inflamed ones [110]. It activates NF-kB by binding to Wip1
phosphatase, thereby removing Wip1 from its substrates, including p38 MAPK and p65, which plays
a key role in the inflammatory process of ulcerative colitis.

LncRNA P53-induced transcript (PINT) is upregulated in the intestinal mucosa of ulcerative
colitis patients and in inflammatory bowel disease mouse models [107]. In macrophages, LPS induces
PINT expression in an NF-kB-dependent manner. Acting as a scaffold, PINT enables the binding of
p65 and EZH?2, a histone methyltransferase and epigenetic regulator, to NF-«xB sites on target
promoters [187]. This complex stimulates TNF-a expression while inhibiting other proinflammatory
mediators like CCL2/7 and intercellular adhesion molecule-1.

MALAT1, with high expression in severe acute pancreatitis patients' plasma and corresponding
mouse models, plays a critical role in this condition [121,188]. Its suppression reduces tissue injury
and inflammation. Additionally, MALAT1 is found in serum EVs of acute pancreatitis patients,
stimulating macrophages to activate TLR4/NF-kB signaling and M1 polarization via the miR-181a-
5p/HMGBI axis [121,188]. In endothelial progenitor cell-derived exosomes, MALAT1 triggers BMDM
differentiation into osteoclasts, binding to miR-124 [189]. High glucose levels in macrophages also
prompt MALAT1-containing exosome secretion [190], highlighting its role in cellular communication
through EVs.

These research underscores the pivotal roles of various IncRNAs in autoimmune,
hypersensitivity, and inflammatory conditions. These IncRNAs modulate NF-«xB activity, either
directly or indirectly, impacting macrophage polarization and immune responses. The intricate
relationship between these IncRNAs and macrophage NF-kB dynamics opens avenues for targeted
therapies in such diseases. Given NF-«B's association with inflammation, macrophage polarization,
apoptosis, and pyroptosis, modulating IncRNA functions could favorably alter disease progression
by influencing NF-«B activity.

6. Discussion

Research targeting IncRNAs in disease treatment shows promise, particularly through
suppression or overexpression in animal models. For instance, suppressing MALAT1 with siRNA
mitigates sepsis-related inflammation [37-39], while its overexpression exacerbates atherosclerosis
severity [91]. Similarly, altering the M1/M2 macrophage polarization balance can influence disease
progression. Knockdown of GAS5 in diabetic wound healing models encourages M1 to M2 transition,
enhancing wound healing [172], and its suppression reduces EAE progression by inhibiting M1
polarization [174]. Reducing IncRNA-Cox2 in HCC models strengthens M2 macrophage polarization,
promoting tumor growth [191].

LncRNA-targeting therapies primarily use nucleic acid-based methods like antisense
oligonucleotides (ASOs), RNA interference with siRNA or shRNA, and innovative approaches like
CRISPR/Cas and exosome-mediated transfer [192,193]. While clinical trials have mainly focused on
miRNAs, the exploration of IncRNAs as diagnostic markers and therapeutic targets is growing. For
example, MALAT1 and IncRNA prostate cancer antigen 3 are being studied as diagnostic markers
for prostate cancer. Trials involving ASncmtRNA-targeting ASOs, such as Andes-1537 [194], are
assessing safety and efficacy in various cancers, indicating a progressing field in IncRNA-based
treatments.

The expression of IncRNAs that regulate macrophage NF-kB activity is implicated in various
human diseases. Animal studies targeting these IncRNAs have yielded promising results, positioning
them as potential future therapeutic targets. The primary focus will be on reducing macrophage
inflammation in chronic inflammatory diseases, hypersensitivity, autoimmune disorders, and cancer.
A secondary objective will involve balancing M1 and M2 macrophage polarization in these
conditions. While the use of NF-kB-targeting IncRNAs as therapeutic agents is still in its early stages, the
critical role of macrophage NF-kB in disease pathogenesis makes these targets particularly promising.
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7. Conclusion and future directions

This review has comprehensively explored the dynamic interplay between IncRNAs, NF-xB
activation, and macrophage function across various diseases, including sepsis, atherosclerosis,
cancer, autoimmune, and hypersensitivity conditions. It has revealed the critical roles of different
IncRNAs in modulating inflammatory responses and macrophage polarization, presenting them as
potential biomarkers and therapeutic targets. The contrasting roles of certain IncRNAs, such as
MALATI and GASS, in different disease contexts highlight the complexity of their functions and
necessitate further research for better understanding and clinical application.

Future research should focus on unraveling the detailed mechanisms of how IncRNAs influence
NF-«B pathways and macrophage polarization in various diseases. The development of more specific
and effective IncRNA-targeted therapies, possibly using advanced techniques like CRISPR/Cas9 and
exosome-mediated delivery, is another crucial direction. Clinical trials focusing on the therapeutic
potential of IncRNAs, their safety, and efficacy in human diseases will be vital. Additionally,
exploring the role of IncRNAs in other immune cells and their interaction with macrophages could
provide a more comprehensive understanding of immune regulation and disease pathogenesis.
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