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Autism spectrum disorder (ASD) is characterized by impaired social
interactions and communication. The pathogenesis of ASD is not
known, but it involves activation of microglia. We had shown that
the peptide neurotensin (NT) is increased in the serum of children
with ASD and stimulates cultured adult humanmicroglia to secrete
the proinflammatory molecules IL-1β and CXCL8. This process is
inhibited by the cytokine IL-37. Another cytokine, IL-38, has been
reported to have antiinflammatory actions. In this report, we show
that pretreatment of cultured adult human microglia with
recombinant IL-38 (aa3-152, 1–100 ng/mL) inhibits (P < 0.0001)
NT-stimulated (10 nM) secretion of IL-1β (at 1 ng/mL) and CXCL8
(at 100 ng/mL). In fact, IL-38 (aa3-152, 1 ng/mL) is more potent
than IL-37 (100 ng/mL). Here, we report that pretreatment with
IL-38 (100 ng/mL) of embryonic microglia (HMC3), in which secre-
tion of IL-1β was undetectable, inhibits secretion of CXCL8 (P =
0.004). Gene expression of IL-38 and its receptor IL-36R are de-
creased (P = 0.001 and P = 0.04, respectively) in amygdala from
patients with ASD (n = 8) compared to non-ASD controls (n = 8),
obtained from the University of Maryland NeuroBioBank. IL-38 is
increased (P = 0.03) in the serum of children with ASD. These
findings indicate an important role for IL-38 in the inhibition of
activation of human microglia, thus supporting its development as
a treatment approach for ASD.
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Autism spectrum disorder (ASD) is characterized by impaired
social interactions and communication, as well as stereo-

typic behaviors (1, 2), affecting 1 in 54 children in the United
States (3). ASD may involve inflammation of the brain (4, 5) as
evidenced by activation of microglia that secrete the proin-
flammatory cytokine IL-1β and the chemokine CXCL8 (6–8).
These mediators are increased in the serum, cerebrospinal fluid,
and brain of many patients with ASD (9–11). We recently
reported significantly increased gene expression of additional
proinflammatory molecules IL-18, its receptor IL-18R (12), and
microRNA-155 (miR-155) (13) in the amygdala of children with
ASD (14–16).
Previously we reported that the peptide neurotensin (NT) (17)

is increased in the serum of patients with ASD (18, 19) and that NT
can stimulate cultured adult human microglia to secrete IL-1β and
CXCL8 (8). Recently, we reported that IL-37, a member of the IL-1
family of cytokines with antiinflammatory actions (20–24), can in-
hibit cultured human adult microglia stimulated by NT (12).
IL-38, like IL-37, also belongs to the IL-1 family and has been

reported to have antiinflammatory activity (25, 26). IL-38 exists
intracellularly as a precursor full-length form called IL-38 (aa1-152)
and must be cleaved at the N terminus before it is secreted extra-
cellularly as an active forms (27) that are presently known (28).

The main receptor for IL-38 is IL-36R, with the cofactor IL1-
R9 and IL-1 receptor accessory protein-like 1 (IL-1RAPL1) also
involved in the inhibitory action of IL-38 (29).
In this report, we compared the effect of the recombinant

active forms of IL-38 (aa2-152, aa5-152, and aa3-152) to that of
IL-37 using both cultured adult and embryonic human microglia
stimulated by NT. We also investigated gene expression of IL-38
and its main receptor IL-36R in amygdala that regulate behavior
(14, 15) and microglia express receptors for NT (30).

Results
IL-38 Inhibits Secretion of IL-1β from Adult Human Microglia
Stimulated by Neurotensin. Human microglia were pretreated
with human recombinant IL-37 (100 ng/mL) and three human
recombinant IL-38 analogs (aa2-152, aa5-152, aa3-152, 100 ng/mL)
for 24 h and then were stimulated with NT (10 nΜ) for 24 h to
determine the secretion of IL-1β and CXCL8. The IL-38 analogs
aa2-152 and aa5-152 were equally potent to IL-37b inhibiting IL-1β
and CXCL8 secretion from microglia by about 30% (Fig. 1).
However, IL-38 aa3-152 inbibited (P < 0.0001) IL-1β secretion by
100% (Fig. 1).

Dose–Response of IL-38 on Secretion of IL-1β and CXCL8 from Adult
Human Microglia Stimulated by Neurotensin.Human microglia cells
were pretreated with IL-38 (aa3-152, 1–100 ng/mL) for 24 h and
then were stimulated with NT (10 nΜ) for 24 h to determine the
secretion of IL-1β and CXCL8. All conditions were performed in
triplicates for each dataset and repeated twice (n = 2). IL-38 aa3-152

Significance

These findings indicate the important role of IL-38 in the ini-
hibition of neurotensin-stimulated activation of microglia and
the resulting release of proinflammatory molecules. Moreover,
the reduced expression of IL-38 in the amygdala indicates that
it may not be sufficient to prevent inflammation, and that its
administration could serve as a novel treatment for children
with autism spectrum disorder.
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inhibited (P < 0.0001) secretion of IL-1β by almost 90% even at
1 ng/mL (Fig. 2).

Effect of IL-38 on Secretion of IL-1β and CXCL8 on Secretion from
Embryonic Human Microglia Stimulated by Neurotensin. Embryonic
microglia (HMC3) were pretreated with human recombinant IL-
37b (100 ng/mL) and the three human recombinant IL-38 ana-
logs (aa2-152, aa5-152, aa3-152, 100 ng/mL) for 24 h and then
were stimulated with NT (10 nΜ) for 24 h to determine the se-
cretion of IL-1β and CXCL8. Embryonic microglia (HMC3) do
not secrete IL-1β (31), but secretion of CXCL8 was inhibited
(P = 0.004) by all IL-38 analogs equally (100 ng/mL) (Fig. 3).

Gene Expression of IL-38 and IL-36R Is Decreased in the Amygdala of
Children with ASD.Gene expression levels of (i) IL-38 and (ii) the IL-
38 receptor IL-36R in the amygdala of ASD and non-ASD subjects
were measured by qRT-PCR. Gene expression was normalized to
18S rRNA control gene. Gene expression of both IL-38 (P = 0.001)
and IL-36R (P = 0.04) was reduced in children with ASD (Fig. 4).

IL-38 Is Increased in the Serum of Children with ASD. IL-38 levels are
increased (P = 0.033) in the serum of children with ASD com-
pared to non-ASD controls (Fig. 5).

Discussion
In this report, we show that IL-38 can inhibit NT-stimulated
secretion of proinflammatory molecules from cultured human
adult (IL-1β and CXCL8) and embryonic (CXCL8) microglia.
Embryonic microglia do not secrete IL-1β (31). We chose to use
human embryonic microglia (32) because unlike adult microglia,
they may better reflect how microglia from children with ASD
would respond (33). IL-38 is known to inhibit immune processes
(34), but its effect on human microglia or its gene expression in
the brain had not been investigated until now.
This study shows that IL-38 is a more potent inhibitor than IL-

37, which we had previously reported to be able to inhibit NT-
stimulated gene expression and secretion of IL-1β and CXCL8
from cultured human adult microglia (12).
In this report, we show decreased gene expression of IL-38

and IL-36R in amygdala of children with ASD. Previously, we
had reported that gene expression of IL-37 is increased in the
brain of children with ASD (12). The reason for these seemingly
opposite findings is not clear. We speculate that the increase in
IL-37 may serve to compensate for the decreased expression of
IL-38.

- NT           IL-37b         IL-38          IL-38         IL-38
(aa2-152)  (aa5-152) (aa3-152) 

- NT           IL-37b       IL-38          IL-38         IL-38
(aa2-152)  (aa5-152) (aa3-152) 

Fig. 1. IL-38 inhibits secretion of IL-1β (Left) and CXCL8 (Right) from adult human microglia stimulated by neurotensin. Human microglia cells were pre-
treated with IL-37 (100 ng/mL) and three IL-38 analogs (aa2-152, aa5-152, aa3-152, 100 ng/mL) for 24 h and then were stimulated with NT (10 nM) for 24 h to
determine the secretion of IL-1β by specific ELISAs. All conditions were performed in triplicates for each dataset and repeated twice (n = 2).

- NT IL-38            IL-38 IL-38
(aa3-152)    (aa3-152)     (aa3-152) 

1 ng/mL      10ng/mL    100 ng/mL

- NT IL-38                IL-38 IL-38
(aa3-152)         (aa3-152)       (aa3-152) 
1 ng/mL           10ng/mL       100 ng/mL

Fig. 2. Dose–response of IL-38 on secretion of IL-1β (Left) and CXCL8 (Right) from adult human microglia stimulated by neurotensin. Human microglia cells
were pretreated with IL-38 (aa3-152, 1–100 ng/mL) for 24 h and then were stimulated with NT (10 nM) for 24 h to determine the secretion of IL-1β by specific
ELISAs. All conditions were performed in triplicates for each dataset and repeated twice (n = 2).

16476 | www.pnas.org/cgi/doi/10.1073/pnas.2004666117 Tsilioni et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 J
an

ua
ry

 3
, 2

02
2 

https://www.pnas.org/cgi/doi/10.1073/pnas.2004666117


www.manaraa.com

An additional finding in this report is that of increased serum
levels of IL-38 in about 30% of children with ASD, as compared
to non-ASD controls. It is interesting to speculate that children
with higher serum IL-38 had fewer ASD-related symptoms. If
such cooccurrence were true, it would imply that peripeheral IL-
38 could cross the blood–brain barrier and partially correct any
IL-38 deficinecy in the amygdala.
Amygdala are responsible for social behavior (14, 15), and

dysfunctional neuronal connectivity in the amygdala has been
associated with ASD (35). Schumann and coworkers had shown
that brains of children with ASD have an increased number of
neurons and greater dendritic density in the basal amygdala than
age-matched non-ASD controls (36). They also reported that
enlargement of the amygdala in toddlers with ASD related to
severity of behavior (37). Their findings are consistent with de-
creased synaptic pruning by microglia when they are in their
activated proinflammatory phase (M2). This data are also con-
sistent with our hypothesis that focal inflammation in the
amygdala could contribute to the pathogenesis of ASD
(Fig. 6) (38).
It is not clear what stimulates inflammation in the amygdala.

Increased neurotensin could be one reason for the inflammation
because (i) it stimulates embryonic microglia and (ii) is increased

in the serum of most children with ASD (18, 19). Other stimuli of
microglia activation could include mast cell-derived molecules
(39), mycotoxins (40), or gut-derived neurotoxins (41) such as
propionic acid (42).
IL-38 exists intracellularly as a precursor full-length form (aa1-

152), which must be cleaved at the N terminus before it is se-
creted extracellualry as an active form (27), like other members
of the IL-1 family (27). The processing sites have not been
identified. Vassili Kalabokis (Bio-techne) synthesized the most
plausible active analogs used in the present study: (i) IL-38 aa3-
152, (ii) aa2-152, and (iii) aa5-152, and we show that the aa5-152
fragment shows the most inhibitory activity
Both the cultured human adult and embryonic microglia used

in this study were immortalized and may not reflect the behavior
of primary microglia that are difficult to derive and keep in
culture. Nevertheless, we had previously reported that immortalized
and human adult microgliagave comparable results (8). Unfortu-
nately, no information on the severity of symptoms or the presence
of any concurrent diseases was available for the children with ASD.
A follow-up study using brain samples from a different brain bank
where such information is available would be very useful.

Conclusion
Since the prevalence of ASD has been projected to increase from
1 in 54 children presently to 1 in 40 children in the United States
by 2025 (43), it is even more urgent to develop effective thera-
pies. The present study indicates the important role of IL-38 in
the inhibition of activation of microglia, thus supporting its de-
velopment as a treatment for autism spectrum disorder.

Materials
Human recombinant IL-37, Isoform b, N terminus: Val46 and IL-38 analogs
(aa2-152, aa5-152, and aa3-152) were synthesized and donated by R&D
Systems (Minneapolis, MN). Human recombinant IL-37, Isoform b (Val46-
Asp218) was from from R&D Systems, catalog no. 7585-IL. DNA sequences
encoding IL-38 analogs (aa2-152, aa5-152, and aa3-152) were expresed in
Escherichia coli at R&D Systems. The recombinant IL-38 proteins were puri-
fied by standard chromatographic methods to greater than 95% purity and
the N-termini were confirmed by N-terminal sequencing analysis. Endotoxin
level of all IL-38 variants was less than 0.10 EU per 1 μg of the protein by the
limulus amebocyte lysate method (R&D Systems).

NT and lipopolysaccharide (LPS) were purchased from Sigma-Aldrich.
Taqman gene expression primers were purchased from Applied Biosystems.
Enzyme-linked immunosorbent assay (ELISA) kits for IL-38, IL-1β ,and CXCL8
were purchased from R&D Systems.

Methods
Human Serum Samples. Blood (1 mL) was obtained on empty stomach or at
least 2 h from a meal because NT is known to increase postprandially (44).
Blood was obtained between 9 and 11 AM to avoid any diurnal variations,

- NT             IL37b            IL-38            IL-38 IL-38
(aa2-152)    (aa5-152)    (aa3-152) 

Fig. 3. Effect of IL-38 on secretion of CXCL8 from neonatal human micro-
glia stimulated by neurotensin. Human microglia cells were pretreated with
IL-38 (aa3-152, 1–100 ng/mL) for 24 h and then were stimulated with NT (10
nM) for 24 h to determine the secretion of CXCL8 by specific ELISAs. All
conditions were performed in triplicates for each dataset and repeated twice
(n = 2).

Non-ASD
n=8

ASD
n=8

Non-ASD
n=8

ASD
n=8

A B

Fig. 4. Decreased gene expression levels of IL-38 and IL-36R in the amygdala of children with ASD. Gene expression levels of IL-38 (A) and IL-36R (B) in the
amygdala of ASD and non-ASD subjects were measured by qRT-PCR. Gene expression was normalized to 18S rRNA control gene. Measurements were
repeated three times each.
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which has been reported to affect even allergic responses (45, 46). Blood was
collected in serum separator vacutainer tubes (BD Biosciences). One blood
sample was collected in ethylene diamine tetraacetic acid containing tubes
in order to separate the plasma for later use. The second blood sample was
allowed to clot at room temperature for about 15–30 min, and then was
centrifuged at 1,000–2,000 × g for 10 min at 4 °C. The upper clear fraction
(serum) was carefully removed and aliquoted (0.5 mL per tube) into clean
plastic capped tubes. All ASD and non-ASD control blood samples were la-
beled with a code number, age, and sex and were stored at −80 °C. They
were later shipped on dry ice to Tufts University for further analysis.

Institutional review board review approval and informed consentwere not
required for this study because the samples had been previously obtained for
other purposes and were provided without any identifiers.

Serum IL-38 Measurement. IL-38 (DY9110-05) levels in serum samples from
children with ASD were quantified by using commercially available ELISA
kits (R&D Systems) as per manufacturer’s instructions. For all experiments the
minimum detectable level by ELISA was 5 pg/mL.

Human Brain Samples. Postmortem human brain tissues of deceased Cauca-
sian male children (3–14 y old) with ASD (n = 8) and non-ASD (n = 8) were
obtained from the NIH NeuroBioBank at the University of Maryland, Balti-
more, MD (https://neurobiobank.nih.gov; application approved October 30,
2015; Biospecimen availability confirmed). Samples were obtained from
Amygdala. The only inclusion criteria used were males, 1–12 y of age, who
had died in car accidents. Unfortunately, there is no available information of
how diagnosis of ASD was reached, what the level of cognitive or functional
level was before death, or the presence of any comorbidities. Controls were
selected without any known brain disease or trauma and were matched to
the subjects with ASD to the extent possible.

Frozen brain tissues were sectioned (30 μm thickness) using a Cryostat.
Brain areas were available from the same subjects, which allowed direct
comparisons of outcome measures between regions within the same sub-
jects. Samples were provided from males only because ASD is four times
more common in males than females and to avoid any additional gender
and hormonal variabilities. The deceased children whose brain samples were
analyzed were unrelated to those whose serum was obtained.

RNA Isolation from Brain Tissue. Total RNA was extracted from frozen brain
tissue specimens from ASD and non-ASD subjects using the mirVana miRNA
Isolation Kit (Ambion, Life Technologies) after frozen tissue section ho-
mogenization. Reverse transcription (RT) was performed with 500–1,000 ng
of total RNA using the SuperScript III First-Strand Synthesis System (Invitrogen,

Inflammation

Activated Microglia 
in Amygdala

Decreased 
IL-38

Administration of IL-38

Amygdala

B

A

Fig. 6. (A) Diagrammatic representation of the proposed role of IL-38 in autism. Gene expression of IL-38 is decreased (violet letters) in the amygdala, which
regulates behavior of autistic children, and IL-38 inhibits release of proinflammatory molecules from human microglia (green box and line), suggesting that
administering IL-38 could be a way to address some aspects of autism. (B) Diagrammatic representation of the proposed interactions and sites of action of IL-
38. Neurotensin from an unidentified source (brain or gut) stimulates microglia in the amygdala to secrete the proinflammatory molecules IL-1beta and
CXCL8, which contribute to focal inflammation and disrupt neuronal connectivity. This process could be inhibited by IL-38 (green line), the gene expression of
which, and possibly of its receptor IL-36R, is reduced in amygdala of children with ASD, thus permitting inflammation.
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Non-ASD
n=12

ASD
n=20

Fig. 5. Increased IL-38 serum concentration in children with ASD. Symbols
represent individual data points: The long horizontal lines represent the
mean, and the shorter ones show the SD for each group.
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Life Technologies). RNA purity (A260/280 ratios) was calculated, and RNA in-
tegrity numbers (RIN) for all samples were reported by the brain bank.

Real-Time qRT-PCR. qRT-PCR was performed using Taqman gene expression
assays (Applied Biosystems) to assess the gene expression of IL-38
(Hs00544661_m1) and IL-36R (Hs00543916_m1). All qPCR studies were con-
ducted using inventoried Taqman gene expression probes from Invitrogen,
which were validated by the vendor and publicly available. Samples were
run for 45 cycles using the Applied Biosystems 7300 Real-Time PCR System.
Normalization of gene expression to 18SrRNA (4310893E) and comparison of
gene expression between groups was calculated according to the 2 -ΔΔCt
method by Schmittgen (47).

For all messenger RNA studies, tissue samples were included if RIN is above
5.0. However, due to evidence showing that RIN values are not always the
most accurate predictors of RNA quality in human postmortem brain samples
(48), postmortem interval and pH measures were used as indicators of tissue
quality, as these factors have been reported to correlate with protein levels
(49). Furthermore, cause of death was used as an additional indicator of
tissue integrity (50).

Human Microglia Cell Cultures. The immortalized human microglia-SV40 cell
line derived from primary human microglia was purchased from Applied
Biological Materials Inc. (ABM Inc.) and was cultured in Prigrow III medium
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/strep-
tomycin in type I collagen-coated T25-flasks (ABM Inc.). Microglia-SV40
maintain their phenotype and proliferation rates for over 10 passages,
during which all experiments were performed using multiple microglia
thaws and subcultured cells. Experiments were carried out in type I collagen-
coated plates (BD PureCoat ECM Mimetic Cultureware Collagen I peptide
plates, Becton Dickinson) (51). Cell viability was determined by Trypan blue
(0.4%) exclusion.

The HMC3 cell line was isolated from primary mixed cultures of human
spinal cord and cortical cells derived from 8- to 12-wk-old embryos. The
HMC3 cells were immortalized through transfection with SV40 large T an-
tigen, were purchased from American Type Culture Collection (ATCC) and
were cultured in EMEM (ATCC 30–2003) medium supplemented with 10%
FBS (ATCC 30–2020) and 1% penicillin/streptomycin in Corning T-75 flasks.
HMC3 microglia cells maintain their phenotype and proliferation rates for
over 10 passages, during which all experiments were performed using
multiple microglia thaws and subcultured cells. Experiments were carried
out in clear polystyrene plates (Corning). Cell viability was determined by
Trypan blue (0.4%) exclusion.

The cultured microglia were not used after 10 passages in order to avoid
the possibility they may change their phenotype while in culture.

IL-1β and CXCL8 Secretion from Human Adult and Embryonic Microglia. SV40
microglia (0.5 ×105 cells per well) were seeded in 12-well, type I collagen or
poly-L-lysine-coated plates (Becton Dickinson) and HMC3 microglia were
seeded in 12-well plates (Corning) for 24 h. Pretreatment with human rIL-38
(100 ng/mL) for 24 h and then stimulation with NT (10 nM) or LPS (10 ng/mL)
(Sigma-Aldrich) for 24 h was carried out. Supernatant fluids were collected,
and IL-1β (DY201) and CXCL8 (DY208) secretion from human microglia-
conditioned culture medium was quantified by using commercially avail-
able ELISA kits (R&D Systems) as per manufacturer’s instructions. For all ex-
periments, the control cells were treated with equal volume of culture
medium and the minimum detectable level for all mediators by ELISA was
5 pg/mL.

Statistical Analysis. All conditions were performed in triplicate, and all ex-
periments were repeated at least three times (n = 3). Results from cultured
cells are presented as mean ± SD. Comparisons were made between control
and stimulated cells using the unpaired, two-tailed, Student’s t test with
significance of comparisons denoted by the horizontal lines and by *P <
0.05, **P < 0.001, and ***P < 0.0001 (52). Analysis of human brain samples
are presented as a scattergram with symbols representing individual data
points and the horizontal lines representing the mean for each group.
Normality of distribution was checked with the Shapiro–Wilk’s test.
Depending on whether data were normally distributed, comparison be-
tween the non-ASD and the ASD groups was performed using either paired
t test or Wilcoxon matched-pairs signed rank test. Significance of compari-
sons is denoted by P < 0.05 (*), P < 0.001 (**), and P < 0.0001 (***). The
analysis was performed by using the GraphPad Prism version 7.0 software
(GraphPad Software).

Data Availability. All data have been disclosed in the sections above.
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