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BACKGROUND: For sudden infant death syndrome (SIDS), an impaired immunocompetence has been discussed for a long time.
Cytokines and chemokines are soluble immune mediators (SIM) whose balance is essential for the immune status. We hypothesized
that an imbalanced immune response might contribute to the etiology of SIDS.

METHODS: We investigated 27 cytokines, chemokines, and growth factors in protein lysates of lungs derived from 29 SIDS cases
and 15 control children deceased for other reasons.

RESULTS: Except for the CCL5, no significant differences were detected in the lungs between SIDS cases with and without mild
upper respiratory tract infections. In contrast, IL-1RA, IL-7, IL-13, and G-CSF were decreased in the merged SIDS cases compared to
control cases without evidence of infection. Plotting SIM concentrations against infant age resulted in increasing concentrations in
control but not in SIDS lungs, indicating a disturbed immune maturation. Moreover, an age-dependent shift towards a Th2-related
pattern was observed in SIDS.

CONCLUSIONS: Our findings suggest that an impaired maturation of the immune system, an insufficient response to respiratory
pathogens, and an immune response modulated by Th1/Th2 imbalance might play a possible role in triggering SIDS. These findings

might in part be explained by chronic stress.

Pediatric Research (2023) 93:1239-1249; https://doi.org/10.1038/s41390-022-02203-8

IMPACT:

® Maturation of the cytokine and chemokine network may be impaired in SIDS.
® An imbalance between Th1- and Th2-related cytokines, which may reflect a state of chronic stress causing a more Th2 shift.
® An impaired immune maturation, an insufficient response to respiratory pathogens, and an immune response modulated by

Th1/Th2 imbalance might play a possible role in SIDS.

INTRODUCTION

Sudden infant death syndrome (SIDS)' is the leading cause of
death between 1 month and 1 year of age among infants in the
developed countries. The triple risk model suggests that a
combination of a critical development stage, a vulnerable infant,
and exogenous factors is linked to SIDS.2 Nevertheless, the specific
etiologic mechanism remains unclear.

Among the numerous etiologies discussed in the context of
SIDS, various predisposing factors associated with inflammatory
reactions have been recognized for a long time: mild infection in
the respiratory tract prior to death is frequently observed and
might trigger a cascade leading to SIDS via an imbalanced
immune response.>” Hence, numerous, in part contradictory,
studies have been performed by measuring inflammatory cells,
immunoglobulins, or cytokines in upper respiratory tracts and
lungs®™'® or typing gene polymorphisms.'®2° These controversial
results are major hurdles for hypotheses explaining whether an
altered immunological homeostasis may occur in the respiratory

system and how it might affect the infant’s physiology and organ
function. It has been speculated that dysregulated cytokines or
other soluble immune mediators (SIMs) may lead to SIDS via
respiratory control, hyperthermia, vascular shock, and cardiac
arrhythmia.2' To our knowledge, only two previous studies have
investigated the cytokine expression in the lungs in SIDS. One
study tested only one cytokine (interleukin (IL)-2) and failed to
demonstrate this protein in post-mortal lung bronchioalveolar
lavage fluid.'® The other study investigated several cytokines at
the mRNA level using reverse transcriptase—polymerase chain
reaction and the protein level via immunocytochemistry but is
available as abstract only.'> Therefore, the magnitude of
alterations of SIMs in the lungs of SIDS victims remains largely
unknown.

Immune regulation involves several mechanisms, among which
the balance between T helper 1 (Th1) and T helper 2 (Th2) activity
is one of the most widely accepted.?*?*> The Th1 response is
related to the pro-inflammatory response, which is essential to
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Table 1. Control cases with detailed information.

Coded Group Gender Age Postmortem
case no. (weeks) interval (days)
ci1-2 Control™ Female 1 2

C2-2 Control™ Male 17 2

C4-2 Control ™ Male 1 3

C6-2 Control™ Male 21 2

C9-2 Control™ Female 13 1

C13-2 Control™ Female 25 2

C-S16-2 Control™ Female 10 1

C14-2 Control ™ Male 9 2

C20-2 Control™ Male 65 3

C21-2 Control™ Male 0 2

C8-2 Control™ Male 15 1

C10-2 Control™ Male 23 3

C3-2 Control™ Female 97 2

C7-2 Control™ Male 8 1

C12-2 Control™ Female 63 4

mount a protective response against infections, while the Th2
response is more associated with a negative feedback of
inflammatory responses, allergic responses, and humoral immu-
nity.>* Measurement of the cytokine/chemokine network allows to
distinguish between Th1 and Th2 predominance.

We thus hypothesized that a dysregulated immune response,
possibly in combination with a respiratory infection, may be
involved in the etiology of SIDS. Therefore, our study aimed to
investigate the cytokine/chemokine network by profiling 27 SIMs
in lung tissue of SIDS vs. deceased control children to further
explore potential mechanisms of pulmonary inflammation in SIDS.

MATERIALS AND METHODS

Study participants

The subjects investigated were 44 control and SIDS cases autopsied at the
Institute of Legal Medicine, MHH, between 2010 and 2020. Approval was
given by the local ethics committee (No. 1211-2011). All the cases were
categorized into four groups based on the cause of death. Control™ group:
controls without signs of infection; control*: controls with signs of
infection; SIDS™ group: SIDS cases without evidence of infection; SIDS*
group: SIDS cases with evidence of mild upper respiratory tract infection.
For none of the SIDS cases, specific causes of death were determined after
thorough postmortem examinations and death scene investigations.
Detailed information (cause of death, age, sex, infection, circumstances
around the death, and related risk factors) of control and SIDS cases is
given in Tables 1 and 2. Lung tissues were sampled during the autopsy and
were stored at —80 °C for long-term storage.

Measurement of SIMs using multiplex arrays

Protein was extracted from 3 mm x 3 mm specimens of the lung tissue
using the Bio-Rad cell lysis Kit (#171304011, BioRad, Hercules, CA). Protein
concentration was determined by Pierce™ BCA Protein Assay Kit (#23225,
Thermo Scientific, Waltham, MA), and was adjusted to 1000 pg/mL using
Sample Diluent (BioRad, Hercules, CA). The concentrations of SIMs were
measured in lung protein lysates containing 50 ug protein using Bio-Plex
Pro™ Human Cytokine 27-Plex Assay (#500KCAFOY, BioRad, Hercules, CA)
in accordance with the manufacturer’s instruction. Standard curves and
concentrations were calculated with Bio-Plex-Manager 6.2 software
(BioRad, Hercules, CA). Concentrations below the lower limit of detection

SPRINGER NATURE

Storage Cause of death Infection duration
period in history (days)
(years)
Heart defect —
9 Trauma —
9 Heart defect —
9 Heart defect —
8 Trauma —
5 Metabolic disorder —

(LCHAD defect)

8 Trauma and —
cardiomyopathy

2 Trauma —

1 Trauma —

1 Premature placental —
ablation

9 Trauma and aspiration 2
pneumonia

8 Aspiration pneumonia 2

9 Sepsis 2

9 Sepsis 3

8 Sepsis 4

(LLOD) were assigned the value of the LLOD, concentrations beyond the
upper limit of detection (ULOD) assigned the value of the ULOD.

Heatmap cluster analysis and principal component analyses
(PCAs)

The heatmap was generated using R (version 4.0.4). SIM concentrations
were log-transformed (mean = 0, variable 1) and scaled in the level of each
SIM. The SIDS and control cases were assigned into 4 subgroups by
columns, and the cytokine markers were classified into 4 functional
subgroups by rows. The red color represents high-expressed and the blue
color low-expressed analytes. Moreover, to assess the differences among
the 4 different groups in this study, the PCA was utilized to cluster the
samples based on their similarity using R (version 4.0.4).

Statistical analysis

The distribution of variables was analyzed with the Shapiro-Wilk (S-W)
normality test. Quantitative data of the original cytokine/chemokine
concentrations were expressed in the form of medians and ranges due to
the non-normal distribution data. A Kruskal-Wallis one-way ANOVA with
Dunn’s correction was used for multiple comparisons, and a
Mann-Whitney U-test was used to compare two groups of continuous
variables. A Chi-square (x%) test was used to calculate statistical significance
for sex proportion in four subgroup groups. A Spearman’s rank correlation
analysis (for non-normal distribution data) was used to test for correlation
between age and cytokine concentrations. To get a general overview of
the age-related changes in the cytokine/chemokine milieu in human lungs
in young infants, average values of mean-centered scaled cytokine
concentrations were utilized. To that end, we calculated the mean value
for all samples for each cytokine and expressed the individual values in
percentage of the mean. Then, the sum for all cytokines was calculated for
each sample. A p value <0.05 (two-tailed) was accepted as indicating
statistical significance. All statistical analyses were performed using the
SPSS 24.0 software (SPSS Inc. Chicago) or R (version 4.0.4).

RESULTS

There were no significant differences in age (Median: 11 vs. 23 vs.
14 vs. 17 weeks, p > 0.05), the composition of sex (Male proportion:
60% vs. 60% vs. 70% vs. 67%, p > 0.05), the postmortem interval
(Median: 2 vs. 2 vs. 2 vs. 2 days, p > 0.05), and the sample storage

Pediatric Research (2023) 93:1239-1249
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Table 3. Summary of participant demographics.
Characteristics Control ™ Control " SIDS ™~ SIDS* p value
Number of cases 10 5 20 9 -
Age in weeks, median (range) 11 (0-65) 23 (8-97) 14 (3-36) 17 (6-29) p>0.05
Male gender, % 60% 60% 70% 67% p>0.05
Postmortem interval in days, median (range) 2 (1-3) 2 (1-4) 2 (1-4) 2 (1-3) p>0.05
Sample storage period in years, median (range) 8 (1-9) 8 (8-9) 8 (3-10) 8 (6-9) p>0.05
Th1 shift, were identified in SIDS compared to Control . Based on
Table 4. 27 SIMs included in the study. these results, a prqnounced Th2 shift was detectable in SIDS.
Moreover, associations between SIM levels and age were
Pro- Pro- Anti- Growth examined. For this analysis, only the controls™ with an age of
inﬂanjmatory inﬂamm_atory inﬂa[mmatory factors less than 52 weeks were used. (Fig. 3). Seven SIMs (IL-1B3, IL-17, G-
cytokines chemokines mediators CSF, FGF basic, CCL3, CXCL8, and CXCL10) were strongly positively
IL-1B CCL1 (MCP-1) IL-TRA FGF basic correlated to age in Control™, but not in SIDS. Only IFN-y and IL-
L2 CCL3 (MIP-10) IL-4 G-CSF jRAhwege posliEiver correilited vr\‘/itr;dage. nzithz SII|DS ?roup, butdnot
) g i i in the Control™ group, although older individuals also seemed to
IL-6 e el ) IL-5 GRREh have higher levels of these cytokines. IL-6 was positively
IL-7 CCL5 (RANTES) IL-9 PDGF-bb correlated with age in both the Control~ and SIDS groups,
IL-12 (p70) CCL11 (Eotaxin) IL-10 VEGF although the correlation coefficient in the Control™ group was
IL-15 CXCL10 (IP-10) IL-13 twice that of the SIDS group. When plotting the normalized means
e CXCL8 (L-8) for all SIMs against age, they increased in the Control™ group
(r=0.67, p=0.047), but not in the SIDS group (r=0.12, p = 0.56)
IFN-y (Fig. 4a). The same principle was used for the Th1/Th2 ratios of
TNF-o mean-centered scaled cytokine concentrations that were nega-

period (Median: 8 vs. 8 vs. 8 vs. 8 years, p>0.05) between the
Control~, Control™, SIDS™, and SIDS™ groups (Table 3).

The SIMs included in this study are given in Table 4 and were
classified into 4 subgroups according to the function in
inflammatory responses. The ratio of Th1/Th2 was calculated by
involved cytokines (Th1 cytokines: IL-1B, IL-2, IL-8/CXCLS, IL-12,
TNF-a, and IFN-y; Th2 cytokines: IL-4, IL-5, IL-10, and IL-13). The raw
data for the concentrations of SIMs are listed in Supplementary
Table S1.

To display the differences of SIMs in lung tissue, heatmap and
PCAs were utilized (Fig. 1). The PCA plot clearly indicated that
Control™ samples are different from the other groups and
separate into a unique cluster. While Control™ samples appeared
to differ from both SIDS groups, SIDS™ and SIDS™ samples seemed
not to differ from each other despite the documented infections
in the SIDS* group. Detailed statistical analyses revealed no
significant differences for these proteins except for the pro-
inflammatory chemokine CCL5, (Table 5) that was higher in the
SIDS™ group (p = 0.020). Since otherwise no significant differences
and, upon histologic examination of the lungs (data not shown),
no signs of infection were found, both groups were merged into
one new group (“SIDS”) for further analysis.

Differences in the concentrations of these SIMs among the
Control~, Control™, and pooled SIDS groups are shown in Table 6.
As expected, nearly all SIMs had elevated concentrations in the
Control™ group, a pattern dominated by a typical pathogen-driven
response via IL-1(3, IL-1RA, IL-6, CXCL8 (IL-8), G-CSF, CXCL10 (IP-10),
and CCL2 (MCP-1). On the other hand, the concentrations of four
SIMs (IL-1RA, IL-7, IL-13, and G-CSF) were significantly lower in the
SIDS group, compared to the Control™ group (Fig. 2). Besides,
most of the other SIMs displayed lower concentrations in SIDS,
arguing for a down-regulation, although no statistical significance
was reached.

Selected ratios of Th1- and Th2-associated cytokines with
significant discrimination capacity between the Control™ and SIDS
groups are displayed in Table 7. Eight decreased Th1/Th2 ratios,
indicating a Th2 shift, and two increased ratios, arguing for a

SPRINGER NATURE

tively correlated with increasing age in the SIDS group (r=—0.48,
p =0.0082), but not in the Control™ group (r=0.11, p=0.79)
(Fig. 4b).

DISCUSSION

Slight infection in the respiratory tract is frequently observed in
SIDS and there is speculation about an impaired inflammatory
response,” but this potential relationship is still debatable and not
fully understood.*”*> We performed a multiplex analysis of SIM
levels in the lung tissue from SIDS and control cases to gain
insight into the possible role of the pulmonary inflammatory
response. We found decreased cytokine concentrations (IL-1RA, IL-
7, IL-13, G-CSF) and a shift towards a Th2-dominated pattern in
SIDS. For the first time, we demonstrate the lack of an age-
dependent increase of the mean SIM production in SIDS lungs as
opposed to control lungs (Fig. 4a) and an age-dependent shift
towards Th2-related response in SIDS but not in controls (Fig. 4b).

Initially, we observed no differences between SIDS cases with
mild upper airway infections (SIDS*) and those without any signs
of infection (SIDS™) except for the elevation of CCL5 in the SIDS™
cases. CCL5 is a key pro-inflammatory chemokine, typically
activated late (3-5 days) after T cell activation. Up-regulated
levels of CCL5 are observed in most respiratory viral infections.?
The increased concentration of CCL5 is the only parameter in
concordance with the upper airway infections reported for the
SIDS™ group. Nevertheless, as other pro-inflammatory mediators
(e.g. IL-2, IL-6, IFN-y, CXCL10, CXCL8) that are involved in CCL5-
mediated effects were not increased, the consequence of this
finding is unclear and needs to be further investigated in larger
cohorts. For further analysis, since SIDS™ and SIDS™ samples
showed no overall statistical significance, both groups were
merged into one (“SIDS”").

When comparing the Control~, Control*, and pooled SIDS
groups, almost all cytokines, except CCL5, were massively
increased in the Control* group, supporting the concept that
lungs of infants are able to mount robust inflammatory
responses to infection. Therefore, this Control™ group confirms

Pediatric Research (2023) 93:1239-1249
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® siDs* b Control”

@ Control
® siDs”
@® sIps*
IL-1B
IL-2
IL-6
| IL-7
IL-12 (p70)
IL-15
IL-17
IFN-y
TNF-a.
CXCL8 (IL-8)
CXCL10 (IP-10)
CCL1 (MCP-1)
CCL3 (MIP-1at)
CCL4 (MIP-1p)
CCL5 (RANTES)
CCL11 (Eotaxin)
IL-1RA/IL-1B
IL-1RA
IL-4
IL-5
IL-9
IL-10
IL-13

FGF basic
G-CSF
GM-CSF
PDGF-bb
VEGF

PC2

Computational visualization of cytokine expression in four groups of Control~, Control™, SIDS™, and SIDS™. a Heatmap based on

cytokine, chemokine, and growth factor concentrations in the lungs. b A principal component analysis (PCA) was displayed in a three-

dimension (3D) plot of the four groups.

the reliability of the protein-based method of our study.
Nevertheless, for further analysis only Control™ and SIDS groups
were compared.

Prior studies on cytokine levels are scarce and contra-
dictory. Vege et al. reported increased IL-6 in the cerebrospinal
fluid (CSF) and elevated IL-6 receptor (IL-6R) in the arcuate
nucleus,?®7° but no significant differences of IL-1p, IL-6, and TNF-
a in CSF and serum were demonstrated by another group.?’
However, decreased immune-related gene expression was
revealed using a whole-genome gene expression assay by
Ferrante et al.>’ In this study, a down-regulated expression of
myeloid differentiation primary response 88 (MyD88), an impor-
tant signaling component of toll-like-receptors (TLR) in the brain,
as well as CCL3 and Protein Unc-13 Homolog D (UNC13D) in the
liver, were observed, implying a peculiar form of immunodefi-
ciency. Lung tissue was not included in this study. Although we
did not test UNC13D or MyD88 and found no differences between
SIDS and control™ for CCL3 concentrations, the lack of responses
to infection in our SIDS lung samples would support the idea of
insufficient pathogen responses.'

For SIDS lungs, we describe herein, for the first time, a down-
regulation of inflammatory SIMs, as four inflammatory mediators
(IL-1RA, IL-7, IL-13, and G-CSF) were significantly decreased
(Table 6). Even more so, we found a Th2-dominated shift of the
cytokine milieu in the lungs that might contribute to pulmonary
failure in SIDS. This finding strongly supports the hypothesis that a
peculiar modification of the immune response to pathogens as
well as in the immune homeostasis is implicated in the etiology
of SIDS.

These findings are in accordance with an abstract reporting that
inflammatory cells expressing Th2 cytokines might be increased in
lung tissue of SIDS.'* Unfortunately, the authors apparently have
never published these data as full article and presented neither
original data nor a detailed discussion. Nevertheless, from our
findings of a Th2-shifted cytokine milieu, the question arises
whether or via which mechanisms this phenomenon might
increase the risk of an infant to succumb to SIDS. In another
context, such a shift is extensively observed in neonates who are
susceptible to pathogens and at risk to develop allergic reactions.>

27-31

1
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One approach to explaining the etiology of SIDS is the allergy to
bacterial toxins: It is speculated that non-antibody-regulated
induction of mast cell degranulation, leading to anaphylaxis, is
activated in SIDS via increased IFN-y induced by pyrogenic
staphylococcal toxins.” However, we did not find elevated IFN-y
concentrations in SIDS lungs. Furthermore, anaphylaxis triggered
by degranulation of mast cells is usually accompanied with
elevated IL-4 and IL-13® (which were not elevated in our study)
rendering an allergic reaction rather unlikely in our cases.
Therefore, up to now, it is still unclear how a Th2 shift and the
connected dysfunctional immune response might contribute to
SIDS and further studies are needed to explore these
interconnections.

Another interesting finding in our study appears to be the
correlation between age and both pulmonary cytokine levels and
Th1/Th2 balance. During infancy, the immune system is constantly
maturing and both retardation and acceleration of this process
might be deleterious.>* This maturation process linked to a
“trained” immunity increasingly in contact with and adapting to
external influences leads to an increase in cytokine production
capacity during the first year of healthy infants.>>>°

Nevertheless, up to now, no studies investigating the relationship
between inflammatory mediators and age have been performed in
SIDS. We observed that the concentrations of ten SIMs in SIDS or
(and) controls were positively linked with increasing age (Fig. 3).
However, this increase is less steep in SIDS than in controls. This
observation can also be demonstrated for the normalized average
mean-centered scaled cytokine concentrations (Fig. 4a): The overall
cytokine concentrations were positively correlated with increasing
age in the Control™ group, but not in the SIDS group. The results in
the Control™ group were thus generally in line with the expected
maturation process, but the SIDS group showed a retarded
maturation process. As stringently stated in the triple risk
hypothesis,? there are vulnerable phases in the development of
(some) infants during which stress that otherwise is of little
consequence, might lead to SIDS. In line with our results, we thus
propose that a part of SIDS cases seems to be related to an impaired
maturation of the immune system that might have an influence on
this vulnerable phase.

SPRINGER NATURE
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Table 5. Statistical differences in the SIM level of SIDS™ and SIDS™ cases.

SIMs Concentration (pg/mL) Trends for SIDS™, p value

compared to SIDS™
SIDS™ (n = 20) SIDS* (n=9)
Median Range (min.-max.) Median Range (min.-max.)

IL-TRA/IL-1B 649.13 14.13-3307.89 865.37 421.86-1166.50 0.183
IL-18 2.50 1.13-102.93 2.23 1.50-4.30 0.799
IL-1RA 1637.73 480.40-4714.64 2302.13 660.04-2775.29 0.417
IL-2 1.35 0.21-11.81 0.90 0.21-1.57 0.153
IL-4 0.81 0.37-4.62 0.58 0.45-0.92 0.085
IL-5 113.05 35.72-370.81 89.33 83.28-136.2 0.216
IL-6 11.75 1.51-966.13 51.23 3.41-168.71 0.501
IL-7 4.10 1.36-10.86 4.54 1.36-10.04 0.799
CXCL8 (IL-8) 47.72 11.94-4710.41 59.47 17.96-188.93 0.945
IL-9 108.33 81.34-128.01 115.87 97.81-123.42 0.140
IL-10 1.74 1.12-2.69 1.74 1.12-2.37 0.835
IL-12 (p70) 1.96 0.48-6.84 1.48 0.74-4.23 0.908
IL-13 0.38 0.03-1.24 0.48 0.03-0.87 0.729
IL-15 9.30 1.38-73.23 2.75 1.38-35.92 0.340
IL-17 430 2.74-23.89 3.85 3.41-8.33 0.729
CCL11 (Eotaxin) 9.79 4.05-96.86 9.94 4.05-14.76 0.835
FGF basic 17.49 3.28-104.41 12.53 7.53-29.98 0.069
G-CSF 126.80 22.47-1463.04 61.24 31.50-251.60 0.183
GM-CSF 1.35 0.21-5.53 0.74 0.38-2.06 0.317
IFN-y 18.03 7.79-35.65 20.86 6.42-27.03 0.871
CXCL10 (IP-10) 32533 57.77-2352.20 32533 78.28-1716.34 0.945
CCL1 (MCP-1) 120.07 35.09-1333.63 131.14 61.8-385.91 0.945
CCL3 (MIP-1a) 21.36 5.75-276.06 11.20 8.65-31.08 0.095
PDGF-bb 1.20 0.91-34.26 1.20 1.20-1.20 0.532
CCL4 (MIP-1p) 149.01 107.57-599.01 146.82 116.63-255.55 0.627
CCL5 (RANTES) 2269.15 981.32-5804.05 3809.19 2418.74-5156.29 t 0.020
TNF-a 25.88 19.46-98.41 28.88 23.24-38.21 0.660
VEGF 17.33 1.80-145.79 1.80 1.80-81.34 0.274

Note: p value <0.05 is marked in bold. The Mann-Whitney U-test was used to compare two groups of continuous variables.
SIDS™ SIDS cases without evidence of infection, SIDS™ SIDS cases with evidence of mild infection in the anamnesis or autopsy.

Interestingly, also the Th1/Th2 balance (mean-centered scaled
ratios) was shifted to Th2 activation with increasing age in SIDS,
but not in the Control™ group (Fig. 4b). This age-dependent shift
might be interpreted as consequence of an up to now unknown
impaired development of the extremely complex immune system
in SIDS, e.g., by a hitherto not characterized immune deficiency.
However, there is also another explanation by the evidence that
children that later succumb from SIDS are subjected to chronic
stress.’*® The reasons for this stress might be manifold: E.g.
sleeping in a prone position or an impairment of the serotonergic
system.”” It is well known that chronic stress can lead to a shift
from Th1 to Th2 immune responses.>® We, thus, tend to propose
that the increase in a Th2-guided response observed in our cases
may be, at least in part, a consequence of chronic stress for the
exposed infants, although the possibility remains that it reflects a
hitherto not elucidated primary problem of the immune system.
Whatever the reason for this Th2-guided shift may be, this
aberration should mostly concern older infants (e.g., from
6 months on). However, most SIDS cases occur between the
second and fourth month of life. But SIDS is considered a multi-

SPRINGER NATURE

etiology syndrome and we argue that our findings might be at
least for a subgroup of SIDS (i.e., the older ones) of importance.

There were several limitations in this study. First, a limited
number of controls could be included into this study. Second,
only one sample from the lungs was investigated and, therefore,
focal alterations could not be investigated in detail. In many
cases inflammation in the lungs is localized rather than
generalized. Despite a thorough and detailed histological
examination, a single sample, although representative to a
certain extent, is still subject to possible sampling error. Third, it
is well known that infections can vary depending on the type of
pathogen. Moreover, they are dynamic processes with mediator
concentrations varying over the course of the infection. In the
present study, SIDS cases with diverse kinds of mild infections
and a wide range of disease duration are included, which may
influence the assessment of the results. Fourth, although no
statistical differences in postmortem intervals and sample
storage periods were observed between four groups, our
samples varied widely in these respects, which also might
influence the levels of inflammatory mediators.
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Fig.2 Comparisons of SIM concentrations between the Control™ and SIDS groups displayed by violin plots. The black dash line represents
the median of SIM concentrations in each group. The dash line in gray represents the first or the third quartile. *p < 0.05.

Table 7. Statistical differences in the Th1/Th2 ratio with significant differences of control™ and SIDS cases.

Th1/Th2 ratios

IL-1B/IL-4
IL-1B/IL-5
IL-1B/IL-10
IL-2/IL-4
IL-2/IL-10
CXCL8/IL-4
CXCL8/IL-5
CXCLS8/IL-10
TNF-o/IL-10
TNF-o/IL-13

Control™ (n=10)

Median
6.63
0.05
3.12
2.58
1.04

314.74
1.75

132.69

11.52
42.08

Range
16.58
0.26
9.03
14.86
3.77
662.96
10.50
367.72
180.56
362.75

SIDS (n=

Median
3.28
0.02
1.67
1.57
0.71

72.18
0.54

33.91

15.20

81.89

29)

Note: A p value < 0.05 (two-tailed) was accepted as indicating statistical significance.
The Mann-Whitney U-test was used to compare two groups of continuous variables.
Control~ controls without signs of infection, SIDS sudden infant death syndrome.

SPRINGER NATURE

Trends for SIDS p value

Range
27.27 | 0.012
0.27 l 0.013
37.56 l 0.016
2.69 l 0.021
4.27 ! 0.031
1002.30 l 0.013
12.57 | 0.005
1744.59 | 0.006
38.51 1 0.014
1250.08 1 0.013
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CONCLUSION

In summary, our results revealed four decreased mediators in SIDS
and a Th2-guided shift in SIDS. More importantly, for the first time,
it was demonstrated that there seems to be no correlation
between age and the concentrations in cytokines in SIDS as

Pediatric Research (2023) 93:1239-1249

opposed to the Controls and that there may be an age-dependent
Th2 shift in SIDS, but not controls. We conclude that an impaired
maturation of the immune system, an insufficient response to
respiratory pathogens and an immune response modulated by
Th1/Th2 imbalance might play a possible role in triggering SIDS.
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Fig. 4 Correlations between age and the average value of all cytokine levels (mean-centered scale) in the Control™ and SIDS groups.
a The correlation between age and the average value of mean-centered scaled cytokine concentrations. b The correlation between age and

the Th1/Th2 ratio of mean-centered scaled cytokine concentrations.

These findings might be explained in part by chronic stress.
Further studies focusing on the immune status should be carried
out in the lung as well as in other organs or tissues as well as the
circulating compartment of the blood.
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