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Role of NLRC3 in modulating inflammatory @
responses in neonates

Meng Zhang' and Mingming Zhang?"

Abstract

Objective This study sought to investigate the role and molecular mechanisms of nucleotide-binding
oligomerization domain (NOD)-like receptor family caspase activation and recruitment domain (CARD)-containing 3
(NLRC3) in the inflammatory responses of neonates, thereby developing new clinical insights into the occurrence and
prevention of neonatal infections.

Methods Peripheral blood samples were collected from full-term infants (n=49) and preterm infants (n=41) without
any signs of intrauterine infection, as well as from healthy non-pregnant adults (n=45). A real-time polymerase chain
reaction was used to assess the expression levels of NLRC3 and NOD-containing protein 1 (NOD1) in the isolated
mononuclear cells. Whole blood from the adults, full-term infants, and preterm infants was stimulated for four hours
with a mixture of herpes simplex virus type 60 DNA (HSV-60 DNA) and lipopolysaccharides (LPS) or LPS alone or blank
medium. An enzyme-linked immunosorbent assay was employed to measure the tumor necrosis factor-alpha (TNF-
a), interleukin 6 (IL-6), and interleukin 1 beta (IL-1() levels in the supernatant.

Results The gene expression levels of NLRC3 were significantly lower in the full-term and preterm infants than

in the adults, with the preterm infants showing notably lower levels when compared with the full-term infants. A
positive correlation was found between the NLRC3 and NOD1 expression levels in the neonates (both full-term and
preterm), indicating lower NLRC3 expression to be associated with lower NOD1 expression. After LPS stimulation,
the production of TNF-q, IL-6, and IL-1(3 in the whole blood of the preterm and full-term infants was significantly
lower than in that of the adults. Moreover, stimulation with a combination of LPS and HSV-60 DNA resulted in similar
TNF-q, IL-6, and IL-1 production across the blood samples from preterm infants, full-term infants, and adults. When
compared with LPS stimulation alone, the LPS and HSV-60 DNA mixture significantly reduced the release of TNF-

a, IL-6, and IL-1(3 in the adults. In the neonates, however, only the release of TNF-a was significantly reduced, as no
notable difference was observed in the IL-6 and IL-1f3 levels.

Conclusion The reduced expression and functional impairment of NOD-like receptors, such as NLRC3 and NOD1, in
neonates, may contribute to their heightened susceptibility to severe infections. This finding indicates new avenues
for the prevention and treatment of neonatal infections.
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Introduction

Microbial infections represent a significant risk factor
for severe illness during infancy, while severe infections
are a leading cause of neonatal mortality. Indeed, reports
indicate that millions of newborns succumb to infectious
diseases annually [1, 2], a phenomenon that is primar-
ily attributed to the immature state of both innate and
acquired immunity in neonates [3].

Previous studies have focused on the innate immune
components in neonates (e.g., nucleotide-binding oligo-
merization domain-containing protein 1 [NOD1]) in
the context of responses to microbial infections. Both
NOD1 and NOD-like receptor family caspase activa-
tion and recruitment domain (CARD)-containing 3
(NLRC3) are members of the pattern recognition recep-
tor (PRR) family that play essential roles in the detec-
tion of pathogens and tissue damage [4]. They also fulfill
critical functions in terms of the immune response and
inflammatory signal transduction. For instance, through
its CARD domain, NOD1 recruits and binds to receptor-
interacting protein 2 (RIP2) from the receptor-interact-
ing protein (RIP) family, thereby activating downstream
signaling via the nuclear factor kappa B (NF-xB) and
mitogen-activated protein kinase (MAPK) pathways,
which subsequently induces the production of inflam-
matory cytokines [5, 6]. Moreover, NLRC3, when acti-
vated by herpes simplex virus type 60 DNA (HSV-60
DNA), inhibits the degradation of NF-«xB by suppressing
the activation of the inhibitor of nuclear factor kappa-B
kinase (IKK), leading to the dissociation and inhibition
of the activation of the NF-kB heterodimer p50. As a
consequence, p50 is unable to enter the nucleus to initi-
ate specific gene transcription, which suppresses T-cell
activation and reduces cytokine release. Upon activa-
tion, NOD1 and NLRC3 act on the same downstream
pathways and can competitively bind with the apoptosis-
associated speck-like protein via CARD-CARD interac-
tions, thereby bridging pro-caspase-1 and pro-caspase-5.
This interaction regulates the cleavage of pro-caspase
and both the maturation and secretion of pro-interleukin
1 beta (pro-IL-1P) and pro-interleukin 6 (pro-IL-6) [7].
Additionally, both receptors have tumor necrosis factor
receptor-associated factor (TRAF)-binding sequences on
their nucleotide-binding domains (NBDs), enabling them
to interact with the adaptor molecule TRAF®, altering its

Table 1 Clinical information concerning premature newborns,
full-term newborns, and adults (z +£SD)

Group Adult Full-Term Preterm
Control Neonates Neonates

Number of cases (n) 45 49 41

Gender (male/female) 22/23 21/28 20/21

Weight (kg) (z £SD) 5893+10.65 34+041 2.03+0.39

Age (years/weeks) (x+SD)  26.1+2.58 3896+1.68 31.54+3.23
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ubiquitination pattern and modulating the TNF-a release
levels [8]. In terms of the immune responses of neonates
to microbial infections, NODI1 not only functions as a
pro-inflammatory component but may also be involved
in mechanisms that modulate and potentially inhibit
the inflammatory response, a role that has received less
research attention and so remains poorly understood.
This study sought to investigate the expression and
functional mechanisms of NLRC3 in neonates, particu-
larly its role during infection-induced immune responses.
By elucidating the involvement of NLRC3, this study
aimed to provide new clinical insights concerning the
treatment and prevention of neonatal infections.

Subjects and methods

Study population

The research protocol for this study has been approved
by the Ethics Committee of Xuzhou Central Hospital,
with the approval number XZXY-LK-20200103-016.
Informed consent has been obtained from the parents or
legal guardians of the participating neonates. The neo-
natal peripheral blood specimens were obtained from
newborns admitted to the Obstetrics and Neonatol-
ogy Departments of Xuzhou Central Hospital in China
between January 2020 and December 2022. The mothers
of the participating neonates were under 35 years of age
and without malignancies, genetic disorders, or infec-
tious diseases such as hepatitis B, hepatitis C, or AIDS.
Moreover, they did not experience severe complications
during pregnancy. Newborns showing any signs of intra-
uterine infections, such as chorioamnionitis, umbilical
cord abnormalities, chorionic plate abnormalities, or
placental infections, were excluded from the specimen
collection. The adult peripheral blood specimens were
obtained from volunteers at Xuzhou Central Hospital
(with written consent for their use in scientific research).
Adults exhibiting clinical symptoms of infection or ele-
vated clinical infection markers (including C-reactive
protein [CRP], white blood count [WBC], etc.) were not
included in the specimen collection (see Table 1).

Specimen collection

Peripheral blood samples were collected from the neo-
nates within two hours of birth. More specifically, using
a 5 mL sterile disposable syringe (Shanghai Double-Dove
Industry CO., LTD., Shanghai, China), 2 mL of peripheral
venous blood was drawn via the elbow vein and placed
in heparinized anticoagulant tubes (Becton, Dickinson
and Company, NJ, USA). Prior to the collection, routine
disinfection of the collection site and surrounding skin
was performed to minimize the risks of infection and
contamination. This study utilized residual blood samples
collected during the routine examinations performed
upon the admission of pediatric patients after the blood
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needed for essential tests had been extracted. No addi-
tional blood was drawn specifically for the purposes of
this study. Samples of less than 2 mL were excluded from
the analysis.

Peripheral blood specimens were collected from the
healthy non-pregnant adult volunteers using a similar
method, with 2 mL drawn via the elbow vein and trans-
ferred to heparinized anticoagulant tubes. Routine dis-
infection of the collection site and surrounding skin was
also conducted prior to the collection.

Isolation of peripheral blood mononuclear cells (PBMCs)
Each peripheral blood sample was transferred to a 15 ml
centrifuge tube (Corning, USA) and diluted with phos-
phate-buffered saline (PBS) at a ratio of 1:1 (PBS: blood).
Another 15 ml centrifuge tube (Corning, USA) was
prepared and 4 ml of lymphocyte separation medium
(RPMI 1640 medium; HyClone, USA) was added to it.
The diluted blood mixture was slowly layered on top of
the lymphocyte separation medium, with care taken not
to disturb the interface between the blood and the lym-
phocyte separation medium. The mixture was then cen-
trifuged at 1600 rpm for 30 min. After centrifugation,
the liquid separated into five layers, with the PBMC layer
(i.e., a narrow, white, cloudy band in the middle) primar-
ily containing lymphocytes and monocytes. The PBMC
layer was transferred to a new 15 ml centrifuge tube and
PBS was added at twice its volume. Next, the sample
was thoroughly mixed and centrifuged at 1600 rpm for
10 min. The supernatant was carefully discarded, 1 ml of
TRIzol was added, and the sample was mixed thoroughly
and transferred to a 1.5 ml Eppendorf (EP) tube. The
sample was then stored at -80 °C.

Real-Time quantitative polymerase chain reaction (qPCR)
analysis

PBMCs were isolated from the blood samples of the neo-
nates (preterm and full-term) and adults (Tianjin Haoy-
ang Biotechnology Co., Ltd., China). Next, mRNA was
extracted from the cells, reverse-transcribed into cDNA
under specific conditions using reverse transcriptase
(Promega, China), and assessed for the NLRC3 mRNA
expression levels via real-time PCR technology using the
2-AACt method. The following real-time PCR primers
were used:

NLRC3
Forward: 5'-GTGCCGACCGACTCATCTG-3'.
Reverse: 5'-GTCCTGCACTCATCCAAGC-3'.

NOD1

Forward: 5'-CAGGTCTCCGAGAGGGTACTG-3'.
Reverse: 5'-TGTGTCCATATAGGTCTCCTCCA-3'.
B-actin (internal control):
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Forward: 5'-CACGAAACTACCTTCAACTCC-3'.
Reverse: 5'-CATACTCCTGCTTGCTGATC-3'.

Treatment

In a 48-well culture plate, 50 pl of anticoagulated whole
blood was added to each well. Then, 450 ul of RPMI 1640
medium containing either lipopolysaccharide (LPS; 100
ng/ml; G-Clone (Beijing) Biotechnology Co., Ltd., Bei-
jing, China), a mixture of LPS (100 ng/ml) and HSV-60
DNA (100 ng/ml; InvivoGen, Toulouse, France), or blank
medium as a control, with 5% fetal calf serum (FCS), was
added. The plate was then incubated in a 37 °C incubator
for four hours. After incubation, the medium containing
the whole blood was transferred to a 1.5 ml centrifuge
tube and centrifuged at 3000 rpm for 10 min. The super-
natant was carefully collected and stored at -80 °C until
required for future analysis.

Cytokine detection

After culturing the peripheral blood for four hours,
the sample was centrifuged, and the supernatant was
collected. The release levels of tumor necrosis factor-
alpha (TNF-a), IL-6, and IL-1 were measured using
an enzyme-linked immunosorbent assay (ELISA). The
ELISA kits were provided by Hangzhou Lianke Biotech-
nology Co., Ltd., and all the procedures were carried out
according to the manufacturer’s instructions. The lower
detection limits for TNF-a, IL-6, and IL-1p are 1.0 pg/
mlL, 3.9 pg/mL, and 1.17 pg/mL, respectively. When the
measured value falls below the lower detection limit,
missing results may occur. In such cases, half of the lower
detection limit is used as the recorded result. All col-
lected blood supernatants were stored at -80 °C until all
samples were collected, after which they were analyzed
together using ELISA.

Statistical analysis

Statistical analysis of the experimental data was con-
ducted using Statistical Package for the Social Sciences
(SPSS) version 20.0 software. The results are presented as
the mean + standard deviation (" x+ SD). The comparison
of gene expression and cytokine levels was performed
using a one-way analysis of variance (ANOVA), followed
by Tukey’s Honest Significant Difference (HSD) test. Sta-
tistical significance was set at P<0.05.

Results

Participant demographics

Based on the inclusion and exclusion criteria, a total of
45 adults were included in the adult group, compris-
ing 22 males and 23 females, with an average weight of
58.93+10.65 kg and an average age of 26.1 + 2.58 years. In
the full-term group, 49 neonates were included, compris-
ing 21 males and 28 females, with an average weight of
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Fig. 1 Comparison of the NLRC3 (A) and NOD1 (B) mRNA levels among the preterm newborns, full-term newborns, and adults. Gene expression levels

are normalized to the level of housekeeping gene (GAPDH). Note: ***, P<0.001
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Fig. 2 Correlation analysis of the NLRC3 and NOD1 expression in the
neonates

3.4+0.41 kg and an average gestational age of 38.48+5.27
weeks. In the preterm group, 41 neonates were included,
comprising 20 males and 21 females, with an average
weight of 2.03+0.39 kg and an average gestational age of
33.54+ 1.6 weeks (Table 1).

Moreover, among the 49 full-term neonates, 2 devel-
oped sepsis, and 7 developed neonatal pneumonia in the
later stages. Among the 41 preterm infants, there was
1 case of pyogenic meningitis, 3 cases of sepsis, and 11
cases of neonatal pneumonia in the later stages.

Comparison of the NLRC3 and NOD1 expression levels

As shown in Fig. 1, real-time PCR analysis of the NLRC3
and NOD1 mRNA expression levels in the adults, full-
term infants, and preterm infants revealed that both
were expressed at measurable levels in the full-term

and preterm infants. Here, the gene expression level of
NLRC3 in the full-term and preterm infants was sig-
nificantly lower than that in the adults (P<0.01). Fur-
thermore, the NLRC3 gene level in the preterm infants
was markedly lower than that in the full-term infants
(P<0.001, Fig. 1A). As shown in Fig. 1B, when compared
with the adults, both the preterm and full-term infants
had significantly lower NOD1 expression levels (P<0.01).
While the NOD1 expression level in the full-term infants
was higher than that in the preterm infants, this differ-
ence was not statistically significant.

Correlation of NLRC3 and NOD1 expression in neonates
Spearman correlation analysis was conducted on the
NLRC3 and NOD1 expression in the PBMCs from the
neonates (both full-term and preterm). The results indi-
cated a positive correlation between the NLRC3 and
NODI1 expression levels (Fig. 2). More specifically, lower
NLRC3 expression levels corresponded to lower NOD1
expression levels.

Differences in inflammatory responses mediated by the
NLRC3 agonist HSV-60 DNA

Following LPS stimulation of the whole blood samples
obtained from the neonates and adults, the levels of
TNF-«, IL-6, and IL-1B produced by the full-term and
preterm infants were found to be significantly lower than
those produced by the adults (P<0.01). However, after
stimulation with a mixture of LPS and HSV-60 DNA,
no significant differences were observed in the levels
of TNF-q, IL-6, and IL-1p among the full-term infants,
preterm infants, and adults. When compared with the
LPS-alone stimulation group, the levels of TNF-a, IL-6,
and IL-1B produced by the adults in the LPS and HSV-
60 DNA mixture stimulation group were significantly
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Fig. 3 Comparison of the pro-inflammatory factor (TNF-a [A], IL-6 [B], and IL-1B[C]) release after LPS-alone and LPS plus HSV-60 DNA stimulation. Note:

a, P<0.05

reduced (P<0.01), whereas the levels of TNF-«, IL-6,
and IL-1P produced by the full-term and preterm infants
showed no significant changes (Fig. 3).

Discussion

When compared with adults, neonates exhibit higher
susceptibility to microbial infections and systemic
inflammatory response syndrome (SIRS). This suscep-
tibility primarily stems from the immature state of both
the innate and adaptive immune systems in neonates [3].
Notably, PRRs such as NOD1, which are representative
of pro-inflammatory receptors, are expressed at lower
levels and functionally impaired in neonates. This defi-
ciency significantly contributes to PRRs’ delayed recog-
nition and sluggish initiation of inflammatory responses
against microbial infections, which has been reported in
prior studies [9, 10]. However, a comprehensive immune
response to infection requires not only the involve-
ment of pro-inflammatory receptors but also the regula-
tion of immune checkpoints to terminate inflammatory
responses in a timely fashion and prevent the occurrence
of cytokine storms, although this is currently an under-
research area. Previous studies have demonstrated that
NLRC3 negatively influences NF-kB activation, thereby
both inhibiting the function of NLRs and terminat-
ing immune responses [11, 12]. In the present study, we
investigated the expression of NLRC3 in neonates and
the inflammatory response following stimulation with
NLRC3 agonists such as HSV-60 DNA, LPS, or a com-
bination of the two. Our aim in so doing was to explore
the functional characteristics and mechanisms of anti-
inflammatory receptors involved in neonatal immune
responses.

Using real-time PCR technology, we determined the
expression levels of NLRC3 in preterm infants, full-term
infants, and adults. We observed significantly lower lev-
els of NLRC3 expression in both the preterm and full-
term infants when compared with the adults, although

the preterm infants exhibited even lower expression lev-
els when directly compared with the full-term infants.
NLRC3, which is known as an inhibitory NLR, can pre-
vent overactivation of the immune system. Moreover,
activation of NLRC3 competitively inhibits downstream
pathways, including the TLR/STING/NF-kB and PIK3/
mTOR pathways, thereby negatively regulating immune—
inflammatory responses [13-15]. Consequently, the
defective expression of NLRC3 in neonates can lead to
inaccurate and delayed regulation of immune responses,
resulting in the increased release of inflammatory media-
tors and higher susceptibility to severe infections such as
SIRS, sepsis, and septic shock. Schneider et al. [16] found
that LPS increases the serum concentrations of IL-6 and
TNF-a in NLRC3-/- mice, leading to more severe symp-
toms of endotoxin shock due to the production of cyto-
kine storms. Additionally, prior reports indicated that
overexpression of NLRC3 in macrophages reduces the
mRNA expression of TNF-a and IL-6, which further con-
firms the anti-inflammatory role of NLRC3 [17].
Furthermore, we performed a Spearman correlation
analysis between the NLRC3 and NOD1 expression levels
in the neonates (both preterm and full-term), revealing
a significant positive correlation between the expression
within mononuclear cells. This suggests that reduced
NLRC3 expression correlates with decreased NOD1
expression, thereby contributing to the broad reduction
in PRR expression in innate immune cells and potentially
exacerbating severe infections. Both NOD1 and NLRC3
are recognized as critical innate immune receptors [18],
which are essential for rapid immune responses to patho-
gen invasion or tissue damage. Abnormal expression of
these receptors exacerbates the severity of infections,
as evidenced by the delayed bacterial clearance seen in
NODI-/- mice [19] and the impaired cytokine responses
of mononuclear cells in preterm infants, primarily due
to defective NOD1 responses [20]. Moreover, activation
of NLRC3 in dendritic cells (DCs) reduces Th1 and Th17
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differentiation, whereas NLRC3-/- mice show enhanced
Th1 and Th17 differentiation in DCs [21].

To elucidate the differences in inflammatory responses
between the neonates and the adults, we compared the
production of inflammatory cytokines in neonatal and
adult peripheral blood stimulated with LPS alone or LPS
plus HSV-60 DNA in vitro. HSV-60 DNA is a 60 bp oli-
gonucleotide that contains a viral DNA motif derived
from the genome of HSV type 1 (HSV-1), which exhib-
its the biological functions of HSV-1. Previous reports
have indicated that NLRC3 can recognize the double-
stranded DNA of HSV-1 with high affinity. Furthermore,
upon binding to HSV-1 DNA, NLRC3 is specifically acti-
vated, and once activated, NLRC3 can inhibit the release
of downstream inflammatory factors via suppressing
proteasome components such as IKK, ASC, and TRAF
[7, 14, 22]. Kollmann et al. observed that neonatal blood
produces significantly lower levels of both TNF-a and
IL-6 than adult blood when stimulated with LPS, which
is suggestive of impaired inflammatory responses in neo-
nates [23]. Thus, we utilized whole blood stimulation to
simulate the inflammatory response following bacterial
infection and observed that following LPS stimulation,
the preterm and full-term infants produced significantly
lower levels of TNF-a, IL-6, and IL-1p when compared
with the adults. Moreover, following stimulation with a
mixture of LPS and HSV-60 DNA, there was no signifi-
cant difference in the levels of TNF-a, IL-6, and IL-1j
among preterm infants, full-term infants, and adults.
Notably, post-stimulation with the LPS and HSV-60
DNA mixture, the adults exhibited markedly reduced
levels of TNF-qa, IL-6, and IL-1p release when compared
with stimulation using LPS alone, whereas the neonates
showed a significant reduction in only the TNF-a release,
with no significant differences observed in the IL-6 and
IL-1p release levels. This underscores that while NLRC3’s
function in neonates is intact, it does not exert the same
inhibitory regulation of inflammatory responses as in
adults, possibly contributing to neonates’ increased sus-
ceptibility to severe infections. Additionally, Xu et al. [24]
discovered that NLRC3 negatively regulates the K63-
linked ubiquitination of TRAF6, potentially reducing the
downstream signaling. After LPS stimulation, Nirc3-/-
macrophages exhibited significantly higher nuclear p65
levels when compared with wild-type cells. Moreover, the
phosphorylation of p65 in macrophages lacking NLRC3
occurred earlier and persisted for longer when compared
with wild-type cells, indicating a minimal impact on sig-
naling transduction via this pathway in the absence of
NLRC3. Conversely, enhanced NLRC3 expression sup-
pressed the functionality of receptors such as NODI,
thereby attenuating the inflammatory responses.

During the research phase, the data collection
proved challenging due to the impact of the COVID-19
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epidemic. As a result, this study had a small sample size,
which may have influenced the final results. Further-
more, investigation of the molecular signaling pathway of
NLRC3 is still ongoing, but upon completion, the results
may provide a more comprehensive understanding of the
role of NLRC3 in neonatal infections.

Conclusion

Our findings indicated that when compared with adults,
both full-term and preterm infants exhibited significantly
lower expression levels of NLRC3 and NOD. Moreover, in
neonatal mononuclear cells, there was a notable positive
correlation between the NLRC3 and NOD1 expression
levels. Following stimulation with an LPS and HSV-60
DNA mixture, the levels of TNF-«, IL-6, and IL-1p were
markedly reduced in the adult group. By contrast, in the
neonatal group, only the release level of TNF-a was sig-
nificantly reduced, whereas the IL-6 and IL-1p release
levels showed no significant difference. These findings
reveal widespread deficiencies in the PRRs within neo-
nates. On the one hand, abnormalities in pro-inflamma-
tory receptors, as exemplified by NOD1, contribute to
neonatal difficulties in terms of pathogen recognition and
the delayed initiation of inflammatory responses. On the
other hand, defects in anti-inflammatory receptors such
as NLRC3 impair the timely regulation of inflammation,
resulting in cytokine storms and thus exacerbating the
occurrence of severe infections. Such insights deepen
our understanding of the characteristics of the neonatal
innate immune system and suggest new immunological
bases for the development of strategies to prevent and
treat neonatal infections.
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