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Altered inflammasome activation in neonatal encephalopathy 
persists in childhood
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Summary

Neonatal encephalopathy (NE) is characterized by altered neurological 
function in term infants and inflammation plays an important pathophysi-
ological role. Inflammatory cytokines interleukin (IL)- 1β, IL- 1ra and IL- 18 
are activated by the nucleotide- binding and oligomerization domain 
(NOD)- , leucine- rich repeat domain (LRR)-  and NOD- like receptor protein 
3 (NLRP3) inflammasome; furthermore, we aimed to examine the role of 
the inflammasome multiprotein complex involved in proinflammatory 
responses from the newborn period to childhood in NE. Cytokine con-
centrations were measured by multiplex enzyme- linked immunosorbent 
assay (ELISA) in neonates and children with NE in the absence or pres-
ence of lipopolysaccharide (LPS) endotoxin. We then investigated expres-
sion of the NLRP3 inflammasome genes, NLRP3, IL- 1β and ASC by poly-
merase chain reaction (PCR). Serum samples from 40 NE patients at days 1 
and 3 of the first week of life and in 37  patients at age 4– 7  years were 
analysed. An increase in serum IL- 1ra and IL- 18 in neonates with NE on 
days  1 and 3 was observed compared to neonatal controls. IL- 1ra in NE 
was decreased to normal levels at school age, whereas serum IL- 18 in NE 
was even higher at school age compared to school age controls and NE 
in the first week of life. Percentage of LPS response was higher in new-
borns compared to school- age NE. NLRP3 and IL- 1β gene expression were 
up- regulated in the presence of LPS in NE neonates and NLRP3 gene 
expression remained up- regulated at school age in NE patients compared 
to controls. Increased inflammasome activation in the first day of life in 
NE persists in childhood, and may increase the window for therapeutic 
intervention.
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Introduction
Neonatal encephalopathy (NE) is a clinically defined syndrome 
of altered neurological function in term infants manifested 

by a subnormal level of consciousness or seizures, often 
associated with respiratory difficulties and slowed reflexes [1], 
and is associated with cerebral palsy and developmental delay. 
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Although therapeutic hypothermia (TH) has improved patient 
outcomes for infants with NE, morbidity remains high [2,3].

Inflammation plays an important pathophysiological role 
in perinatal brain injury and NE. During inflammation, 
expression of inflammatory mediators and proinflammatory 
cytokines activate the microglia which induce brain damage 
[4,5]. The tertiary stage of brain injury is presented weeks 
to years after the injury and is caused by persistent inflam-
mation, resulting in impaired neurogenesis, cellular growth 
and maturation [6]. We have previously described systemic 
inflammation and alteration of cytokine production in 
neonates with NE which persists in childhood [7– 10].

The nucleotide- binding and oligomerization domain 
(NOD)- like receptor family, NOD- like receptor protein 3 
(NLRP3) is the most widely studied inflammasome and is 
expressed in the cytosol of monocytes, neutrophils, lym-
phocytes and dendritic cells. NLRP3 inflammasome mediates 
innate immune defence against pathogens including viruses, 
bacteria, reactive oxygen species (ROS) and damaged mito-
chondria [11– 14]. The NLRP3 inflammasome activation leads 
to the cleavage of pro- caspase- 1 into the active form of 
caspase- 1. Caspase- 1 then activates the proinflammatory 
cytokines interleukin (IL)- 18 and IL- 1β [13]. The NLRP3 
inflammasome has been implicated in the pathogenesis of 
a wide variety of diseases, including genetically inherited 
autoimmune and chronic diseases, such as inflammatory 
bowel disease, rheumatoid arthritis and multiple sclerosis 
[15]. The inflammasome plays an important role in inflam-
mation and brain injury, and has been shown to be up- 
regulated in neonatal hypoxic– ischaemic brain injury in 
mice [16]. IL- 1β has a key role in traumatic brain injury, 
cerebral ischaemia, subarachnoid, intracerebral haemorrhage 
and NE [9,17,18]. IL- 1β induces brain injury by the pro-
duction of nitric oxide, activation of the necroptotic and 
apoptotic pathways and modulation of the mitogen- activated 
protein kinase (MAPK) pathway [19,20]. Manipulation of 
the inflammasome has showed promising results in traumatic 
brain injury [21]. Anakinra, canakinumab and rinolacept 
are safe and licensed immunomodulator drugs that interfere 
with the binding of IL- 1 to its receptor in immune- mediated 
diseases, so understanding the role of the inflammasome 
in NE could lead to the identification of a therapeutic target 
[22,23]. We hypothesized that changes in the inflammasome 
responses are present in NE and may persist in later child-
hood. In this study, we describe the altered inflammasome 
response in neonates and school- age children with NE.

Materials and methods

Ethical approval

This study was approved by the ethics committees of Rotunda 
Hospital, Coombe Women and Infants University Hospital 

and the National Maternity Hospital in Dublin, which are 
all tertiary neonatal intensive care units (NICUs) and national 
referral centres for therapeutic hypothermia, and Tallaght 
University Hospital. Families received verbal and written 
information on the study and written consent was obtained.

Patient groups

This multi- centre study recruited participants consecutively 
in two separate cohorts. The neonatal group was enrolled 
from the Neonatal Inflammation and Multiorgan dysfunction 
and Brain Injury Research (NIMBUS) study. The neonatal 
control group (n = 19) included samples which were obtained 
from healthy neonates in the first week of life. Healthy 
controls were born following a full- term normal delivery 
with normal Apgar scores, neurological examination and 
postnatal course and no underlying co- morbidities. The 
neonatal NE group (n = 40) included serial samples obtained 
during the first week of life from neonates with NE. The 
school- age post- NE cohort was recruited at follow- up from 
a neonatal group in the Multi- Organ Dysfunction and EEG 
(MODE) study: school- age control group (n  =  40) samples 
were obtained from healthy children between 4 and 7 years 
of age. The school- age NE group (n  =  37) samples were 
obtained from children (aged 4– 7 years) after NE [9,24].

All NE groups were divided by severity of encepha-
lopathy according to Sarnat and Sarnat [25]. Children in 
the NE II/III group received therapeutic hypothermia (TH) 
in the neonatal period in accordance with the TOBY (total 
body hypothermia for neonatal encephalopathy) criteria 
for 72 h duration [26]. Infants with congenital abnormali-
ties, confirmed sepsis or evidence of maternal substance 
abuse were not enrolled.

Cytokine analysis

Peripheral blood was collected in a sodium citrate anti- 
coagulated blood tube and analysed within 2  h of phle-
botomy. Whole blood was incubated in the presence or 
absence of 10  ng/ml of lipopolysaccharide (LPS) (Sigma 
Life Science, Dublin, Ireland) at 37°C for 1  h. The plasma 
was then separated by centrifugation and stored at −80°C 
for later batch processing. IL- 1β, IL- 18 and IL- 1ra produc-
tion was measured using a multiplex cytokine array cus-
tomized for this study by Meso Scale Discovery (Manchester, 
UK) and analysed on the Sector imager and validated 
(Meso Scale Discovery) [7,9].

Quantitative real- time polymerase chain reaction 
(qRT– PCR) and analysis

Whole blood was incubated at 37°C for 1  h in the pres-
ence or absence of 10 ng/ml LPS. RNA was extracted using 
a Ribopure blood kit (Thermo Fisher Scientific, Waltham, 
MA, USA), following the manufacturer’s instructions. RNA 
purity and concentration were determined using the 
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NanoDrop ND- 100 spectrophotometer and analysed using 
ND- 1000 version 3.1.2 software. qPCR was performed using 
TaqMan primer probes (NLRP3, ASC and IL- 1β); the evalu-
ation of gene expression was performed by TaqMan® RT– 
PCR. Glyceraldehyde 3- phosphate dehydrogenase (GAPDH) 
was used as an endogenous control for data normalization. 
The 7900HT fast RT– PCR system (Thermo Fisher Scientific) 
was used and relative quantification (RQ) values were cal-
culated using the 2−ΔΔCt method [27].

Statistical analysis

Statistical analysis was carried out using the PASW sta-
tistical package version 24. Continuous normally distributed 
data were displayed as means and standard deviations 
(s.d.) and comparisons between groups (NE versus control) 
were made using the Mann– Whitney U- test; when com-
paring LPS responses we used Wilcoxon’s signed- rank test 
and when comparing between cohorts (neonate versus 
child) we used the analysis of variance (anova) Kruskal– 
Wallis test with Dunn’s correction. Significance was assumed 
for values P  <  0·05.

Results

Clinical characteristics

This study enrolled 136 newborns (n  =  59) and school- 
age children (n  =  77). Serum samples were taken on days 
1 (D1) and 2 (D2) of life from newborns enrolled from 
the NIMBUS cohort (19 newborn controls and 40 NE). 
The grades of encephalopathy were as follows: moderate 
NE (grade II, n  =  38) and severe NE (grade III, n  =  2), 

and all infants with NE received TH. Twenty- one neonate 
infants had seizures and 12 had abnormal magnetic reso-
nance imaging (MRI) (Table 1). From the 19 neonatal 
controls five were male, with a mean (s.d.) gestation of 
39·2 (1·6) weeks, birth weight 3·3 (0·5) kg.

School- age post- NE 37 children were also enrolled (age 
range  =  4– 7 years) from the MODE cohort, including 40 
age- matched controls. The grades of encephalopathy in 
childhood post- NE were as follows: grade 0 (n  =  2); mild 
NE (grade I, n  =  11); moderate NE (grade II, n  =  22); 
and severe NE (grade III, n  =  2). Fifteen school- age chil-
dren completed TH in the neonatal period, as some eligible 
infants died or had severe persistent pulmonary hyperten-
sion. Seventeen infants developed clinical seizures in the 
neonatal period and 13 had an abnormal MRI brain. There 
were no significant differences between the NE groups 0/I 
and II/III regarding gestational age, birth weight and gender. 
Infants with NE were significantly more likely to be deliv-
ered by lower- section caesarean section or instrumental 
delivery and had significantly lower Apgar scores at 1 and 
5  min compared to controls [9] (Table 1). From the 40 
school- age controls 28 were male, with a mean (s.d.) ges-
tation of 40 (0·9) weeks, birth weight 3·6 (0·5) kg.

Alteration of immune system in patients with NE and 
remains altered in childhood

IL- 18 and IL- 1β regulate cells of the immune system, 
guiding the subsequent immune responses [28]. IL- 18, 
IL- 1β and IL- 1ra concentrations were measured in serum 
from neonates. No difference in serum IL- 1β was observed 
between neonate controls and NE neonates at days 1 (D1) 
and 3 (D3) at baseline (Fig. 1a). However, IL- 1β was lower 

Table 1. Demographics: newborns and school- age children with neonatal encephalopathy (NE)

Variables

Neonates School age

P- valueNE II/III (n = 40) NE 0/1 (n = 13) NE II/III (n = 24)

GA (weeks)a 37·15 (1·94) 39·7 (1·43) 40·5 (1·21) 0·06
BW (kgs)a 3·32 (1·50) 3·48 (1·6) 3·61 (1·6) 0·31
Gender, male, n (%)b 29 (72) 9 (76) 14 (58) 0·70
Delivery n (%) LSCS 3 (7·5) 7 (53) 11 (45) 0·70

SVD 37 (92) 3 (23) 7 (29) 0·73
Inst 6 (15) 3 (23) 6 (25) 0·73

Apgar at 1 min Median (IQR)c 2 (1– 7) 5 (3– 6) 2 (1– 5) 0·003
Apgar at 5 min Median (IQR)c 4 (2– 9) 7 (5– 8) 4 (2– 7) 0·01
Apgar at 10 min Median (IQR)c 6 (3– 10) 7·5 (6– 9) 5 (3– 7) 0·01
TH, n (%)b 40 (100) 0 (0) 15 (62) < 0·001
Seizures, n (%)b 21 (52·5 ) 0 (0) 17 (70) < 0·001
MRI: abnormalb 12 (30) 0/0 13 (50) < 0·001

GA = gestational age; BW = birth weight; LSCS = lower section caesarean section; SVD = spontaneous vaginal delivery; Inst = instrumental delivery.
aFor normally distributed data, mean ± standard deviation is expressed and the independent Student’s t- test was used for comparison, where P < 0·05 

is significant with 95% confidence intervals.
bFor binary variables, the χ2 test was used for comparison.
cFor skewed data, medians and interquartile ranges (IQRs) are expressed and the Mann– Whitney U- test was used for comparison.
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in neonates with NE compared to controls in response 
to LPS at days 1 and 3 (D1, P = 0·0034 and D3, P = 0·0004, 
respectively; Fig. 2a).

IL- 1ra concentration was increased threefold in NE on 
D1 (P  =  0·0242) and D3 (P  =  0·0006) compared to neo-
natal controls in the absence of stimulation (Fig. 1b). 
There were similar differences upon LPS stimulation at 
D1 (P  =  0·0004) and D3 (P  =  no difference was observed 
in IL- 1ra concentration in response to LPS in neonates 
with NE and controls (Fig. 2b).

IL- 18 was higher in NE neonates at D1 and D3 compared 
to controls at baseline (D1, P  =  0·0217 and D3, P  =  0·0240; 
Fig. 1c). When stimulated with LPS IL- 18 response was 
similar in neonates with NE and neonatal controls (Fig. 2c).

We then measured IL- 18, IL- 1β and IL- 1ra concentrations 
in serum of children at school age post- NE. No difference 
was observed in serum IL- 1β at baseline between school- age 
controls and post- NE (Fig. 1a). A significant increase was 
shown in both control children and children at school age 
post- NE upon LPS stimulation compared to baseline 
(P  <  0·0001, P  <  0·0005, respectively). IL- 1ra was similar 
in children with NE and age- matched controls in the absence 
or presence of LPS (Figs. 1b and 2b). IL- 18 was higher in 
children with NE at school age than school- age controls at 
baseline (P  =  0·015; Fig. 1c). The IL- 18 LPS response was 
similar in controls and NE at school age (Fig. 2c).

When we compared IL- 18, IL- 1β and IL- 1ra concentration 
between neonates and school age children, we found that 

Fig. 1. Interleukin (IL)- 18 was altered in neonatal encephalopathy (NE) patients compared to controls. Serum samples was obtained from patients 
with NE and controls on days 1 and 3 of life and at school age (4– 7 years old). Cytokine concentrations were measured by multiplex enzyme- linked 
immunosorbent assay (ELISA). Graphs show median concentration of inflammasome related cytokines IL- 1β (a), IL- 1ra (b) and IL- 18 (c) in neonatal 
controls (Neo con, n = 19) and neonatal encephalopathy on days 1 (D1, n = 40) and 3 (D3, n = 26) as well as controls (Child con, n = 40) and NE 
patients at school age (Child NE, n = 37; *P < 0·05, **P < 0·01, ***P < 0·001 using the Mann– Whitney compared test) and following lipopolysaccharide 
(LPS) stimulation.

(a) (b) (c)

Fig. 2. Lipopolysaccharide (LPS) response was increased with age. Serum samples from neonatal encephalopathy (NE) patients and controls were 
stimulated with 10 ng/ml of LPS for 1 h, cytokine levels were measured by multiplex enzyme- linked immunosorbent assay (ELISA) and the 
percentage of LPS response was calculated. Graphs show the percentage of LPS response for IL- 1β (a), IL- 1ra (b) and IL- 18 (c) in neonatal controls 
(Neo con, n = 19) and neonatal encephalopathy on days 1 (D1, n = 40) and 3 (D3, n = 26) as well as controls (Child con, n = 25) and NE patients at 
school age (Child NE, n = 34; *P < 0·05, **P < 0·01, ***P: < 0·001 using the Mann– Whitney compared test).

(a) (b) (c)
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IL- 1β was similar in school- age controls compared to neo-
natal controls at baseline; however, an increase of IL- 1β was 
observed in in neonatal controls in the presence of LPS 
(P  <  0·0005; Figs. 1a and 2a). IL- 1ra showed a decreasing 
trend in expression at school age compared to neonates at 
baseline. This decrease was significant between the NE groups 
at both D1 and D3 (P < 0·0001 and P ≤ 0·0001, respectively) 
upon LPS stimulation. The percentage response to LPS from 
baseline was significantly lower in control children compared 
to neonatal controls (P  <  0·0001); IL- 18 concentration in 
serum increased with age and was 2.5- fold higher in school 
age controls than control neonates (P  <  0·0013). In contrast, 
IL- 18 was higher in NE than controls at D1 and D3 
(P  <  0·0001, P  =  0·0031, respectively; Fig. 1c).

Inflammasome gene expression in neonates with NE

IL- 18 and IL- 1β are NLRP3 inflammasome- related 
cytokines. No difference was observed in NLRP3 expres-
sion in peripheral blood from NE neonates and healthy 
controls at baseline. However, in neonates with NE NLRP3 
expression was up- regulated on D3 in the presence of 
LPS in comparison to baseline (P  =  0·0028; Fig. 3a). The 
expression of ASC was similar in controls and NE and 
was not altered after LPS stimulation compared to non- 
stimulation in newborns (Fig. 3b). IL- 1β gene expression 
was up- regulated with LPS stimulation in neonatal controls 
(P  =  0·008) and NE (P  <  0·0001 at D1 and D3; Fig. 3c). 
However, IL- 1β expression after LPS stimulation was sig-
nificantly lower in NE on D1 (P = 0·03) and D3 (P = 0·04) 
compared to neonatal controls (Fig. 3c).

Persistent alteration in inflammatory responses in 
childhood following NE

Persistent alteration of IL- 18 was observed in school- age 
children after NE was compared to age- matched controls. 
To study if alteration of the inflammasome responses 

following NE were persistent at school age, inflammasome 
gene expression in whole blood before and after stimula-
tion with LPS was measured. NLRP3 (Fig. 4a) and ASC 
(Fig. 4b) gene expression was not altered after LPS stimu-
lation in school- age children at baseline. However, NLRP3 
was up- regulated in children with NE at school age after 
LPS stimulation compared to LPS- stimulated controls 
(P  =  0·008; Fig. 4a). NLRP3 gene expression was up- 
regulated in children with NE after LPS stimulation com-
pared to unstimulated samples from children with NE 
(P  =  0·03; Fig. 4a). No difference was observed in ASC 
gene expression between children with NE after LPS 
stimulation compared to baseline. However, LPS induced 
an increase in ASC expression in NE children at school 
age compared to controls (Fig. 4b). No difference was 
observed in IL- 1β gene expression between children with 
NE or controls in the presence or absence of LPS (Fig. 
4c). These results indicate that NLRP3 gene expression 
is increased at D3 of life and remains elevated in child-
hood, inducing an altered and hyperresponsive immune 
response.

Discussion

The inflammasome- related cytokines IL- 18 and IL- 1RA 
were up- regulated in newborns with NE compared to 
controls in the absence of stimuli. However, IL- 1ra was 
reduced to normal levels at school age, whereas IL- 18 
increased with age, and was higher in children post-
 NE at school age compared to school- age controls and 
NE at D1 and D3 and in neonatal versus child controls. 
In the presence of stimulus, IL- 1β and IL- 1RA decreased 
with age, and IL- 1ra was also increased at D1 and D3 
in neonatal NE versus NE at school age. When IL- 18 
was compared between the groups, we found a per-
sistent increase with age in both the control and the 
NE group.

Fig. 3. NLRP3 and IL- 1β gene expression was increased in patients with neonatal encephalopathy (NE) in response to lipopolysaccharide (LPS). 
Serum samples from NE neonates and controls were stimulated with 10 ng/ml of LPS for 1 h. Gene expression of NLRP3, ASC and IL- 1β was 
measured by polymerase chain reaction (PCR) neonatal controls (n = 5) and in NE on days 1 (D1, n = 10) and 3 (D3, n = 10) of life. Graphs show fold 
change expression of NLRP3 (a), ASC (b) and IL- 1β (c) when the control vehicle is normalized to 1 (*P < 0·05, **P < 0·01, ***P < 0·001 using the 
Mann– Whitney compared test).

(a) (b) (c)
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IL- 1 is dramatically up- regulated in the brain during 
neuroinflammation [29]. IL- 1RA antagonizes IL- 1 signal-
ling to maintain homeostasis and the IL- 1/IL- 1RA balance 
in healthy brains [29]. IL- 1RA has been shown to protect 
rodents against ischaemia, traumatic brain injury and sei-
zures [30]. In this study, we observed an increase of IL- 
1RA in patients with NE in the first week of life; however, 
this was reduced later in life, suggesting an acute neuro-
protective role of IL- 1RA in NE.

IL- 18 was increased with age. Different studies have 
reported various cytokines such as IL- 18, IL- 2, IL- 6, IL- 8, 
IFN- γ and TNF- α to increase in older individuals [31,32]. 
Serum IL- 18 was higher in children with NE than in 
age- matched controls. Elevated IL- 18 has been associated 
in humans with multiple sclerosis and Alzheimer’s disease 
[33,34].

Cytokines are known to activate leucocytes peripherally, 
which cross the blood– brain barrier (BBB) and produce 
more cytokines [35].

The BBB plays an important role in injury sustained 
in NE. An altered BBB allows leucocyte recruitment into 
the brain. Reperfusion post- ischaemia causes leucocyte 
activation and ROS release that further exacerbates the 
injury. Dammann et al. hypothesized that the leucocytes 
that contribute to brain injury are derived from outside 
the brain, and that by modulating leucocyte migration 
brain injury may be reduced [36].

We have previously reported that infants that require 
resuscitation are hyporesponsive to LPS stimulation [37]. 
Neonates that require resuscitation have increased neu-
trophil and monocytes CD11b and Toll- like receptor 
(TLR)- 4 in response to LPS [8]. Persistent monocyte 
inflammation has been observed in school- age children 
with periventricular leucomalacia- induced cerebral palsy 
[38]. We have previously reported granulocyte– macrophage 

colony- stimulating factor (GM- CSF), TNF- β, IL- 2, IL- 6 
and IL- 8 to be elevated in school- age children after NE 
compared to age- matched controls [9].

The use of LPS challenges the innate immune system 
and examines its response ex vivo following an endotoxin 
encounter. Prior exposure of innate immune cells to 
endotoxin causes them to become refractory to subse-
quent endotoxin challenge, and is termed ‘endotoxin 
tolerance’. This previous endotoxin exposure inducing 
LPS tolerance is known as a form of innate immune 
memory. This may result in reduced response to inflam-
matory stimulus, reducing the inflammatory cytokine 
output causing a relative immunosuppression. The 
reduced inflammatory response may be beneficial in 
preventing excessive inflammation, which may cause tis-
sue damage and be detrimental [9,39].

The inflammasome is a key regulator of proinflammatory 
responses and a potential immunomodulatory target without 
compromising anti- bacterial immunity completely. The 
cytokines secreted following inflammasome activation 
include IL- 1 and IL- 18 and regulate cells of both the innate 
and adaptive immune systems, guiding subsequent immune 
responses. IL- 1β and IL- 18 activation depend upon the 
NLRP3 inflammasome [40]. The inflammasomes are com-
plexes of proteins that induce inflammation in response 
to microbes and sterile stressors. Inflammasomes are formed 
by activation of nucleotide- binding oligomerization domain- 
like receptor family proteins (NLRP). In the presence of 
LPS or a fungal organism, the NLRP3 inflammasome induces 
the secretion of the proinflammatory cytokines IL- 1β and 
IL- 18 [41]. The inflammasome genes IL- 1β and NLRP3 
were altered in infants with NE during the first week of 
life. IL- 1β and NLRP3 were up- regulated after LPS stimula-
tion in NE. Our study also showed significantly higher 
expression of the inflammasome genes NLRP3 and ASC 

Fig. 4. Nucleotide- binding and oligomerization domain (NOD)- like receptor protein 3 (NLRP3) inflammasome gene expression is higher in children 
with neonatal encephalopathy (NE). Serum samples from NE children and controls were stimulated with 10 ng/ml of lipopolysaccharide (LPS) for 1 h. 
Gene expression of NLRP3, ASC and IL- 1β was measured by polymerase chain reaction (PCR) in control children (Child con, n = 5) and in NE 
children (Child NE, n = 5) after stimulation. Graphs show fold change expression of NLRP3 (a), ASC (b) and IL- 1β (c) when the control vehicle is 
normalized to 1 (*P < 0·05, **P < 0·01 using the Mann– Whitney compared test).

(a) (b) (c)
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in children with NE in comparison to age- matched controls, 
suggesting an altered inflammatory response in children 
with NE after LPS stimulation that persists. The inflam-
masome plays an important role in the innate immune 
response in the central nervous system [21] and has been 
explored in animal models of NE, but not human models 
[42– 44]. Exploration of the inflammasome in NE will fur-
ther explain the infant’s inflammatory phenotype and 
potential future immunomodulation.

ASC deficiency is neuroprotective in neonatal hypoxic– 
ischaemic brain damage in mice, while NLRP3 deficiency 
increases brain damage, indicating a future potential immu-
nomodulatory role of manipulating inflammasome com-
ponents as therapy in NE [45]. In an animal model of 
traumatic brain injury, NLRP3 inflammasome complex 
assembly increased [46]. NLRP3- deficient mice were exam-
ined in comparison to controls, with no difference in the 
cerebral infarct size at 24 h [44]. However, when examined 
at a later time- point of 7  days, NLRP3- deficient mice had 
larger infarct volumes in comparison to control and ASC- 
deficient mice had smaller infarct sizes [45]. This suggests 
that NLRP3 deficiency is detrimental in brain injury, 
whereas ASC deficiency is neuroprotective, suggesting that 
future manipulation of ASC could be postulated as a target 
immunomodulatory therapy in NE.

The inflammasome plays an important role in the innate 
immune response in the central nervous system, with 
promising results demonstrating improved outcomes fol-
lowing its manipulation in traumatic brain injury [21]. 
There are safe and licenced immunomodulators manipu-
lating the inflammasome in immune- mediated diseases, 
so understanding its role in NE could lead to a therapeutic 
target. At present, three IL- 1 blockers have been Food 
and Drug Administration (FDA)- approved that effectively 
reduce IL- 1 activation with limited side- effect profiles [47]. 
Abnormal inflammasome gene expression may suggest a 
future target for immunomodulation, with therapies already 
having an acceptable safety profile such as anakinra, an 
IL- 1ra antagonist.

Anakinra has been shown to mitigate neuroinflamma-
tion and brain damage [48]. Che et al. showed that anti- 
IL- 1β attenuated tissue damage after perinatal 
hypoxic– ischaemic reperfusion by the reduction of caspase-
 3 activity in a sheep model of hypoxic– ischaemic encepha-
lopathy [49]. Anakinra has a long- term effect even after 
treatment has been suspended [50].

This work provides important new findings in both 
describing the role of the innate immune system and 
provides new insights into the mechanisms that could 
provide new approaches to immunomodulation

In conclusion, we have described dysregulated inflamma-
tion seen in newborns with NE which persists into childhood. 
Hypoxia– ischaemia induces IL- 1β and IL- 18 production. For 

the first time, to our knowledge, our study has described 
the alteration in the inflammasome response in NE and its 
persistence at school age, suggesting that targeting the inflam-
masome pathway or IL- 1 may be a therapeutic option to 
manage persistent inflammation in children with NE.
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