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A B S T R A C T

Background: Immune dysregulation may play a role in the development of Rett syndrome (RTT), a neuro-
developmental disorder caused by mutations of the MECP2 gene. Abnormal cytokine concentrations have been
documented in the serum of individuals with RTT. Measurement of salivary cytokines has been investigated as a
potential alternative approach to measurement in blood and serum, but it is unclear whether salivary cytokine
concentrations can provide valid information about systemic immune function in neurodevelopmental disorders.
The goal of this study was to evaluate the potential validity of salivary cytokines as biomarkers of immune
dysregulation in RTT.
Methods: Saliva samples from 16 individuals with RTT (all female; age range 2–40 years) and 16 healthy control
females (age range 2–40 years) were analyzed for concentrations of 12 cytokines. Between-group differences in
concentrations, and correlations with clinical severity in the RTT group were evaluated.
Results: Concentrations of several salivary cytokines (IL-1β, IL-6, IL-8, IL-10, GM-CSF, TNF-α, and VEGF) were
increased in RTT compared to controls. The same cytokines showed significant positive correlations with clinical
severity scores. There were no differences in concentrations of IL-2, IL-4, IL-5, IL-12p70, and IFN-γ.
Conclusion: The results suggest that salivary cytokines may be a possible indicator of immune dysregulation in
RTT. Future research should investigate whether these results can be applied to other neurodevelopmental
disorders.
Rett syndrome (RTT) is a neurodevelopmental genetic disorder
caused, in most cases, by loss-of-function mutations to the X-linked
methyl-CpG-binding protein (MECP2) gene (Amir et al., 1999). It is
characterized by apparently normal early development followed by a loss
of acquired communication and motor skills. Following this regression
period, affected individuals typically develop stereotyped hand move-
ments, as well as comorbid health problems such as epilepsy, gastroin-
testinal dysfunction, and autonomic dysfunction (Neul et al., 2010).
There is increasing evidence that mitochondrial dysfunction and immune
dysregulation may play a role in the development of RTT (Cortelazzo
et al., 2014; Derecki et al., 2013; Cronk et al., 2015; Leoncini et al., 2015;
Pecorelli et al., 2016), with evidence of altered cytokine levels in
blood/plasma (Leoncini et al., 2015), and significant correlations be-
tween levels of several specific cytokines and clinical severity.
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There has been increasing interest in the use of salivary biomarkers
for evaluation of disease processes, as saliva is non-invasive and painless
to collect, and does not require highly trained collection staff (e.g.,
Shields et al., 2019). It has been suggested that, among the general
population, salivary cytokine dysregulation more accurately reflects an
individual’s oral health environment than their overall systemic immune
function (e.g., Riis et al., 2014). However, in Down syndrome, another
neurodevelopmental disorder characterized by immune dysregulation,
oral cytokine concentrations do not appear to be related to oral health,
suggesting that different mechanisms may underlie oral cytokine pro-
ductions among at least some populations with genetic neuro-
developmental disorders (Tsilingaridis et al., 2012). This suggests that
different mechanisms may underlie oral cytokine production among at
least some populations with genetic neurodevelopmental disorders.
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Together with the practical advantages of saliva as a diagnostic biofluid,
the evidence that oral cytokines may reflect systemic processes within
certain clinical groups warrants further investigation. The purpose of the
current study was to evaluate the potential validity of salivary cytokines
as biomarkers of immune dysregulation in RTT. To this end, we sought to
answer two specific research questions: a) Are there significant differ-
ences in concentrations of salivary cytokines between a sample of in-
dividuals with RTT and a group of age-matched healthy females? and b)
Are there relationships between concentrations of salivary cytokines and
overall clinical severity within the RTT sample?

1. Materials and methods

1.1. Participants

A total of 18 females with confirmed pathogenic mutations of MECP2
and clinical diagnoses of classic RTT were recruited through Gillette
Children’s Specialty Healthcare. Control participants were selected from
among a larger set of female participants recruited at the University of
MinnesotaDriven toDiscover research building at theMinnesota State Fair
matched as closely as possible (e.g., within 12 months) to the participants
with RTT. Potential participants with known chronic health conditions
were excluded from participating in the control group. All participants (or
their parent/legal guardian, as applicable) provided informed consent
prior to participation in the study. All study activitieswere approved by the
University of Minnesota Institutional Review Board.

Two samples from each of the two groups were excluded due to below
detectable levels of all cytokines, resulting in a final sample of 32 par-
ticipants: 16 in the RTT group (mean age: 18.5 years, range: 2–40), and
16 in the comparison group (mean age: 17.1 years, range: 2–40). Both
groups consisted of 15 (94%) white and non-Hispanic/Latina partici-
pants, and one (6%) Asian participant. Among those in the control group,
3 (19%) were prescribed some form of hormonal birth control, and one
(6%) an over the counter allergy medication for seasonal allergies. The
remaining control participants did not report use of any medications
daily. Demographic characteristics and medication status of each of the
participants in the RTT sample are reported in Table 1. Although all
participants had received formal genetic testing documenting pathogenic
mutations of MECP2, two parents no longer had access to the original
testing documentation and could not recall the specific mutation
information.
1.2. Saliva collection and preparation

Due to the significant communication and motor impairments among
Table 1
Clinical characteristics of participants with RTT.

ID Age Mutation Medications

Seizures Laxatives/acid reducers Anxiety/depression

1 2 P156G þ þ –

2 3 P152R – – –

3 6 T158M þ – –

4 8 G128P þ þ –

5 9 R270X – þ –

6 10 Q152P þ – –

7 14 Deletion þ þ –

8 16 Ins/del þ þ –

9 21 K144X þ þ þ
10 22 R294X þ þ –

11 23 R294X þ þ –

12 23 R133C – þ þ
13 30 R280X – þ þ
14 30 R133C þ þ þ
15 39 MEPC2* þ – –

16 40 MEPC2* – þ –

Note: *All participants had genetic testing that identified a pathogenic mutation of M
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the RTT group, whole saliva samples could not be obtained using the
passive drool approach. Instead, approximately 3mL of unstimulated
saliva was collected from all participants using Toothette® oral swabs
(Sage products, Cary IL, USA). To do so, the inside of the participant’s
mouth was swabbed using 3–4 swabs, which were then placed into
centrifuge tubes, and spun at 3000 rpm for 5min to extract the saliva
from the sponges. Samples were aliquoted into 100 μL cryovials and
frozen at �80C.

1.3. Saliva assays

All assays were completed at the University of Minnesota Department
of Pediatrics Cytokine Reference Laboratory, a CLIA-88 licensed facility.
A commercially-available 12-plex human cytokine Luminex high per-
formance assay (LBHS000; R&D Systems, Minneapolis, MN, USA) was
used to evaluate levels of salivary cytokines: for IL-1 β, IL-2, IL-4, IL-5, IL-
6, IL-8, IL-10, IL-12p70, GM-CSF, IFN-γ, TNF-α, and VEGF. Dilution series
and standard curves were run for all samples. All assays were performed
in duplicate. All cytokine levels are reported in pg/mL. The inter-assay
and intra-assay CVs for these analytes are below 15% and 10%, respec-
tively, according to the manufacturer.

1.4. Clinical information

For the participants with RTT, clinical severity was assessed using the
Kerr clinical severity scale (Kerr et al., 2001). This scale includes 20 items
reflecting common symptoms of RTT scored on a 3-point scale, ranging
from 0 to 2, with higher scores reflecting greater symptom severity. Items
were scored based on a combination of parent/caregiver reported survey
items, review of medical records, and in-person assessment.

1.5. Data management and statistical analyses

All variable distributions were evaluated for potential outliers prior to
analysis. For cytokine levels that were below the detection range for the
assay, the value for each cell was replaced by half of the lower limit of
detection (e.g., Zhang et al., 2004). Because most of the distributions of
the cytokine levels were highly skewed, variables that deviated signifi-
cantly from normality were log-transformed prior to statistical analysis.
Descriptive statistics are reported as untransformed means and
inter-quartile ranges. Independent samples T-tests were used to compare
differences in mean cytokine levels by medication status, and between
the RTT and control groups. Because clinical severity generally increases
with age among individuals with RTT (Cuddapah et al., 2014), partial
correlations controlling for age were used to evaluate relationships
Eats orally Kerr CSS

Hormonal contraceptives Anticholinergics Steroids

– – – Y 24
– – – Y 10
– – – N 25
– – – Y 13
– – – Y 21
– þ þ N 26
– – – Y 15
– – – Y 28
– – – Y 20
– – – N 33
– þ þ N 31
þ þ – Y 15
– – – Y 18
þ – – Y 24
– – þ Y 32
– – – Y 14

ECP2, but not all parents knew the specific mutation information.
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between cytokine levels and clinical severity scores within the RTT
group. P-values associated with the T-tests and correlations were cor-
rected for multiple comparisons using the Benjamini-Hochberg correc-
tion (Benjamini and Hochberg, 1995).

2. Results

Detectable levels of each analyte were found in at least 80% of the
samples in both groups for all analytes except IFN- γ, which was
detectable in only about half the samples in both groups (see Table 2).
None of the analytes were significantly associated with age in either
group. There were no differences in concentrations of any of the analytes
associated with the use of anticonvulsants, laxatives, acid reducers,
medications prescribed anxiety or depression, antihistamines, or anti-
cholinergics in the RTT group (no members of the control group reported
any of these medications at the time of participation). When participants
from both groups were analyzed together, there were no significant
differences in concentrations associated with the use of hormonal con-
traceptives. When the groups were analyzed separately, however, in-
dividuals in the control group taking hormonal contraceptives had
significantly lower levels of IL-1β and IL-8 compared to the rest of the
control group (see supplemental materials for additional details). There
were no significant differences in concentrations by hormonal contra-
ceptive status in the RTT group. Within the RTT group, differences were
observed among participants taking oral or inhaled steroids for respira-
tory issues, which was associated with higher concentrations of IL-1β, IL-
6, IL-8, IL-10, GMCSF, TNF-α, and lower concentrations of IL-4. Partici-
pants taking steroids also had significantly higher clinical severity scores
compared to the rest of the group. Because it was unclear whether hor-
monal contraceptives and/or steroids affected concentrations of the cy-
tokines, all subsequent analyses were conducted with the full sample,
then replicated using a reduced sample excluding participants taking
either of those medication classes, as a conservative test of the patterns of
results. There were few differences between the two sets of analyses and
thus only the results of the full sample are reported (results of these
analyses are available in supplemental materials).

2.1. Differences between the RTT and control groups

Elevated levels of IL-1β, IL-6, IL8, IL-10, GM-CSF, TNF- α and VEGF
were observed in the RTT group compared to the control group (see
Fig. 1). None of the cytokines analyzed were significantly lower in the
RTT group compared to controls. There were also discrepancies in the
distributions of the concentrations across the two groups, with the RTT
group showing a much wider range of values for IL-1 β, IL-6, IL-8, GM-
CSF, and TNF-α compared to controls, but IL-2, IL-4, and IL-5 showing
Table 2
Untransformed means and interquartile ranges (IQR) for all cytokines (in pg/mL) for
RTT group.

Analyte LLOD (pg/mL) Control Rett

% detect Median (IQR) % detect Median

IL-1βa 0.10 100 38.8 (27.6–66.7) 100 142.9 (7
IL-2 0.03 81 0.42 (0.17–1.39) 94 0.65 (0.
IL-4 1.00 100 23.1 (20.0–41.2) 100 22.4 (18
IL-5 0.06 100 0.38 (0.21–0.94) 100 0.42 (0.
IL-6a 0.09 100 1.65 (0.91–2.38) 100 3.96 (2.
IL-8a 0.08 100 189.0 (115.6–348.9) 100 671.9 (2
IL-10a 0.10 94 0.69 (0.41–1.14) 100 1.58 (0.
IL-12p70a 0.24 63 0.48 (0.12–6.69) 81 1.31 (0.
GM-CSF 0.30 100 0.79 (0.56–1.33) 100 2.05 (0.
IFN-γa 0.10 50 0.36 (0.05–1.42) 56 0.34 (0.
TNF-αa 0.10 100 7.72 (4.93–10.44) 100 11.01 (6
VEGFa 0.10 100 209.4 (156.8–346.0) 100 533.3 (3

Note: LLOD: Lower limit of detection for each assay.
a Denotes variable was log-transformed for all statistical analyses.
b CSS: Clinical severity score. Correlations between concentrations and clinical sev
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less variability in the RTT group compared to controls.

2.2. Correlations with clinical severity

Among the cytokines that were elevated in the RTT group, IL-1β, IL-6,
IL8, IL-10, GM-CSF, and TNF-α showed showing very strong associations
(r> 0.70) with clinical severity scores, however VEGF was not signifi-
cantly correlated with clinical severity (see Fig. 2).

3. Discussion

To the best of our knowledge, this is the first study examining levels of
salivary cytokines among individuals with RTT, and evaluating re-
lationships between concentrations of these analytes and clinical
severity. The results suggest that several cytokines are increased in the
saliva of individuals with RTT compared to healthy, age-matched fe-
males, providing further evidence for a role of inflammation or immune
dysregulation in RTT. Specifically, concentrations of IL-1β, IL-6, IL8, IL-
10, and TNF-α were all elevated in the RTT samples compared to the
control group and were strongly associated with clinical severity scores.
These findings appear to be relatively robust in that the associations
remained even after removing several participants who were taking
medications that may have affected the results.

Two studies have previously examined cytokine levels in the blood/
serum of individuals with RTT, with some divergent results. Pecorelli
et al. reported significantly elevated concentrations of IL-8 in the serum
of individuals with RTT compared to healthy controls. They did not find
any significant differences between the groups in concentrations of IL-1β,
IL-4, IL-5, IL,6, IL-10, IL-12, GM-CSF, IFN-γ, TNF-α, or VEGF. It should be
noted, however, that the study only had 10 participants with RTT and 8
controls, and that these participants were not matched for age or sex,
which may account for some of the null findings. In contrast, Leoncini
et al. (2015) reported significant elevations in IL-4, IL-5, IL-6, IL-8, and
TNF-α, significant decreases in IFN-γ and IL-12p70, and no significant
differences in IL-1β and IL-10 in the blood of 16 individuals with RTT
compared to a sample of 24 healthy females of comparable age. The
results of the current study are somewhat consistent with the results of
Leoncini and colleagues in that we identified significant increases in IL-6,
IL-8, and TNF-α. Notably, all of these cytokines are produced by macro-
phages, which have been shown to be direct targets of MeCP2 (Cronk
et al., 2015; Schafer and Stevens, 2015).

On the other hand, we saw increased concentrations of analytes that
were unchanged in previous studies examining blood/serum concentra-
tions. Some of these (i.e., IL-1β, GM-CSF) are produced by macrophages,
whereas IL-10 and VEGF are not. This saliva/blood discrepancy is
consistent with previous work in Down syndrome, as Tsilingaridis et al.
both groups, and correlations between concentrations and clinical severity in the

Group diff. p-value Correlation with CSSb Correlation p-value

(IQR)

4.8–479.3) .002 .815 .001
25–1.34) .488 -.197 .598
.7–35.8) .431 -.190 .598
22–0.65) .383 -.073 .868
03–10.65) .006 .817 .001
71.5–3763.8) .002 .824 .001
96–3.06) .051 .788 .001
24–4.37) .765 -.214 .598
24–4.37) .004 .725 .004
05–1.36) .983 .044 .875
.57–24.25) .051 .781 .001
56.9–710.1) .006 .512 .087

erity score within RTT only.



Fig. 1. Distributions of concentrations of the salivary analytes that differed between the control and Rett syndrome groups. White centers represent participants who
were taking steroids and gray circles represent participants taking hormonal contraceptives at the time of collection.
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(2012) found that concentrations of eight of nine cytokines evaluated
were elevated in the gingival crevicular fluid of individuals with Down
syndrome compared to healthy controls (the ninth analyte was not
significantly different between the groups), whereas Cetiner et al. (2010)
found elevated levels of IL-4 and IL-10, but decreased levels of IL-6 and
TNF-α in the serum of individuals with Down syndrome. These discrep-
ancies suggest that, although production of cytokines in the blood and
oral environments are both altered in at least some neurogenetic disor-
ders, the specific mechanisms underlying these changes may be distinct.

A limitation of the current study is that we did not collect information
on the oral health of the participants in either group, and factors such as
periodontal disease are known to affect cytokine levels among in-
dividuals without systemic diseases. As noted previously, however, this
relationship was not found in a sample of individuals with Down syn-
drome. Additionally, a study of salivary cytokines in children with ce-
rebral palsy (Santos et al., 2017) found a similar dissociation between
cytokine concentrations and oral health measures among children with
more severe motor impairments, suggesting that the dissociationmay not
be specific to genetic neurodevelopmental syndromes. Although in-
dividuals with RTT do present with oral health problems
4

(Fuertes-Gonz�alez and Silvestre, 2014), considering the strength of the
relationships between clinical severity and cytokine concentrations, it
seems unlikely that oral health alone would account for the findings.
Nevertheless, future research should address the relationships between
oral health and salivary cytokine concentrations in RTT and other neu-
rodevelopmental syndromes.

Another limitation of the study is that the sample size, although
relatively large for a rare disorder, was not large enough to allow for
more fine-grained analyses of the relationships between specific clinical
features and cytokine levels. Previous studies have documented re-
lationships between cytokine levels and epilepsy (Yu et al., 2012), which
may have played a role in the current findings. There were no significant
differences in concentrations within this sample with regards to epilepsy
treatment status, but the relatively small sample may have obscured
potential differences. We did observe differences in cytokine concentra-
tions within the control group with regard to hormonal contraceptives,
but we did not see the same pattern within the RTT group, and removing
participants who were using hormonal contraceptives did not change any
of the patterns observed. The number of participants in both groups using
birth control was very small, however, resulting in two potential



Fig. 2. Relationships between concentrations of salivary analytes and clinical severity scores in the Rett syndrome group. White centers represent participants who
were taking steroids, and gray circles represent participants taking hormonal contraceptives at the time of collection.
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explanations for the results: a) the effect was not observed in the RTT
group due to inadequate statistical power, or b) the effect observed in the
control group was spurious due to the small samples. Nevertheless, future
studies should examine this factor, as, to our knowledge, there is no
research specifically evaluating the impact of hormonal contraceptives
on salivary cytokine concentrations. We also observed differences in
cytokine concentrations among the three participants with RTT who
were using steroids during the study. Although it is likely that steroids
would have an impact on immune and inflammatory processes, thereby
resulting in changes in cytokine concentrations, it remains unclear
whether the differences observed in the study were attributable to steroid
use, or whether the relationship would be explained primarily by the
relationship between cytokine concentrations and clinical severity. As
the relationships remained statistically significant when these partici-
pants were excluded from analyses, it seems likely that the steroids did
not have a large enough impact to alter the general patterns of results, but
additional research is needed to fully elucidate these relationships.

4. Conclusions

This study is the first to examine salivary cytokine concentrations
among individuals with RTT and provides evidence of disruption to the
5

oral immune environment associated with MeCP2 deficiency. The strong
correlations between the cytokine concentrations and clinical severity
provide additional support for the potential role of immune dysregula-
tion in the etiology of RTT symptoms and suggest that measurement of
salivary cytokines may provide a useful non-invasive, and less resource-
intensive alternative to blood/serum collection.
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