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ABSTRACT

Infectious pathogens may represent an environmental risk factor for chronic tic
disorders (CTD). This study aimed to determine whether M. pneumoniae IgG positivity
is associated with the presence or severity of tics. This cross-sectional study used
baseline serum samples from the European Multicentre Tics in Children Studies
(EMTICS) cohorts. We compared M. pneumoniae IgG positivity across three groups:
children and adolescents (3-16 years) with CTD (n=302); first-degree relatives of
people with CTD (3-10 years) who developed tics within a seven-year follow-up period
(n=51); and first-degree relatives who remained unaffected and were =10-years-old at
their last assessment (n=88). The relationship between M. pneumoniae IgG positivity
and the presence and severity of tics was analysed using multilevel models controlling
for site, family relatedness, sex, age, presence of comorbid obsessive-compulsive
disorder and/or attention-deficit/hyperactivity disorder and use of psychotropic
medication. M. pneumoniae IgG positivity was not associated with the presence of
CTD, or the first development of tics as compared to first-degree relatives who
remained unaffected. M. pneumoniae IgG positivity was associated with a moderately
higher tic severity score among the CTD cohort (8 =2.64, s.e. =1.15, p = 0.03). It may
be that M. pneumoniae infection influences tic severity in CTD or, that having a more
severe phenotype, increases the risk of infection. However, it is also possible that the
two are not causally linked and that both infection and greater tic severity are
epiphenomena of shared underlying mechanisms, with neither influencing the other

directly.



INTRODUCTION

Chronic tic disorders (CTD) are common neurodevelopmental conditions
characterised by the presence of motor tics, vocal tics or the combined presence of
both motor and vocal tics known as Tourette syndrome (TS) (American Psychiatric
Association, 2013). TS has an estimated worldwide prevalence of 0.3-0.9% (Knight et
al., 2012). The aetiology of CTD is not fully understood. While there is a strong genetic
component, with estimates of heritability between 0.25 and 0.77 (Mataix-Cols et al.,
2015, Zilhao et al., 2017), environmental factors also play a substantial role (Hoekstra
et al., 2013, Robertson et al., 2017).

Prior studies have suggested infectious agents may be involved in the
pathogenesis of CTD (Krause and Miller, 2012, Martino et al., 2015, Martino et al.,
2020a). The focus of research in this area has been on Group A [B-haemolytic
streptococcal infections given their apparent role in related movement disorders such
as Sydenham'’s chorea and the post-streptococcal syndrome of tics and/or obsessive-
compulsive disorders termed PANDAS (paediatric autoimmune neuropsychiatric
disorders associated with streptococcal infections) (Swedo et al., 1998). However, a
recent prospective cohort study of 715 children and adolescents with TS did not detect
any association between recent exposure to Group A streptococcus and clinically
relevant exacerbations of tics (Martino et al., 2021). Associations between tics and
other infectious pathogens including M. pneumoniae (Muller et al., 2000, Ercan et al.,
2008) and Borrelia burgdorferi (Riedel et al., 1998) have been described in case
reports. There have also been a few small-scale case-control studies that have found
elevated levels of antibodies in individuals with TS compared to controls including anti-
Toxoplasma gondii immunoglobulin G (IgG) positivity (OR 5.827) (Akaltun et al.,

2018), anti-M. Pneumoniae IgA positivity (31% vs. 3%) (Mdller et al., 2004), and anti-



Chlamydia trachomatis 1gG positivity (19.2% vs 0%) (Krause et al., 2012). However,
no infectious agent has been consistently linked to CTD and evidence from larger
sample sizes is limited.

M. pneumoniae is a ubiquitous organism that generally causes a mild acute
respiratory infection (Atkinson et al., 2008). The prevalence of M. pneumoniae IgG
positivity, which is most likely due to past infection, is around 12% in early childhood
and increases to 50-60% in adolescence with no significant difference between sexes
(Tuuminen et al., 2000). M. pneumoniae infection tends to be either asymptomatic or
a self-limiting illness. However, it is also a common cause of community-acquired
pneumoniae and extrapulmonary manifestations can affect any organ, including the
brain (Korppi et al., 2004). There are two reports of children who developed movement
disorders and/or basal ganglia lesions following M. pneumoniae encephalitis (Beskind
and Keim, 1994, El Hafidi et al., 2012) and, as mentioned above, one study (n = 29)
and two case reports have suggested that infection with M. pneumoniae could be
associated with tics (Muller et al., 2004, Ercan et al., 2008, Muller et al., 2000).

This cross-sectional study investigated whether M. pneumoniae IgG positivity
is associated with the presence of CTD, the first development of tics or tic severity.
We used a sub-sample of the European Multicentre Tics in Children Studies (EMTICS)
cohorts based on available baseline serum samples for analysis of M. pneumoniae
IgG positivity. EMTICS is a large prospective European multicentre study of children
and adolescents with CTD and first-degree relatives (mostly siblings) of individuals
with CTD who themselves did not have tics at study entry and were observed for up
to seven years (Schrag et al., 2019). This study investigated whether: (A) children with
CTD have higher rates of M. pneumoniae IgG positivity compared to unaffected first-

degree relatives; (B) the rate of baseline M. pneumoniae IgG positivity is higher in first-



degree relatives who developed tics compared to those who did not develop tics; (C)
M. pneumoniae IgG positivity is associated with higher tic severity in participants with
CTD. To our knowledge, this is the largest study to investigate M. pneumoniae 1gG in
CTD and is unique in its assessment of serum IgG positivity prior to the development

of tics in an at-risk cohort.

PARTICIPANTS AND METHODS
Participants

Participants were from the EMTICS study (Schrag et al., 2019), a prospective
observational cohort study that aimed to assess the contribution of genetic and
environmental risk factors in CTD. Data were collected by 16 child and adolescent
psychiatry and paediatric neurology outpatient clinics across Europe and in Israel. The
project was based on two separate cohort studies: the COURSE study, including
children and adolescents (3-16 years) with a diagnosis of CTD according to DSM-IV-
TR (American Psychiatric Association, 2000), and the ONSET study, an at-risk cohort
of first-degree relatives of children with CTD (3-10 years) without tics, OCD or
trichotillomania. The ONSET cohort was followed up bimonthly for up to three years
to assess the onset of tics according to study protocol. All unaffected children were
recontacted and the majority were re-assessed via a brief telephone interview after
the study ended. The regular study period took place between 2013-2018, with the
final telephone reassessment concluded in May 2020.

The mean age of tic onset in the ONSET cohort was 7.9 years (SD 2.0, range
3.5-13.0); we therefore excluded those who were younger than 10-years-old at the

time of their last assessment and had not developed any tics from the unaffected at-



risk comparison group to reduce the likelihood of including children who might still
develop tics.

Exclusion criteria for both COURSE and ONSET included treatment with
antibiotics during the last month (since a separate antibiotic study was part of the
research plan), a serious medical or neurological illness or an inability to understand
and comply with study procedures (Schrag et al., 2019).

The current study used data from a sub-sample of the EMTICS cohorts. The
original research plan did not include M. pneumoniae as a factor of interest, rather it
was added later as a secondary measure and analysed in remaining available serum
samples. Therefore, the sub-sample in this study comprised all participants for whom
we had baseline serum available to measure M. pneumoniae IgG. Rates of M.
pneumoniae IgG positivity were compared across three groups: 302 participants with
CTD (CTD cohort); 51 first-degree relatives who developed tics within the seven-year
total study period (tic onset cohort); and 88 unaffected first-degree relatives who were
=210 years old at time of their last assessment (unaffected cohort). The study was
approved by the Institutional Review Boards of the participating centres. Parents and
their child or children provided written informed consent or assent before entering the

study.

Clinical Measures

For the COURSE cohort, an established diagnosis of TS, chronic motor tic
disorder or chronic vocal tic disorder was confirmed by trained clinicians using DSM-
IV-TR criteria at baseline (American Psychiatric Association, 2000), as was the
possible presence of comorbid OCD and ADHD. Baseline tic severity was measured

using the Yale Global Tic Severity Score (YGTSS) (Leckman et al., 1989), which



includes the Total Tic Severity Score (range 0-50) comprised of two subscales:
YGTSS Motor Tic Severity Score (range 0-25) and YGTSS Vocal Tic Severity Score
(range 0-25). In addition, the Clinical Global Impression Severity (CGI-S) Scale (Guy,
1976) was used to assess tic severity during the previous week. Participants in the
ONSET cohort suspected of having developed tics were assessed by study clinicians
and the onset of tics was confirmed according to DSM-IV-TR criteria (American
Psychiatric Association, 2000). Use of psychotropic medication during the last two

weeks was documented by the study clinicians.

Laboratory Measures

Samples were sent to the Department of Laboratory Medicine, Munich (LMU)
and stored at -80°C until analysis. Serum IgG against M. pneumoniae were measured
in the ISO 15189 accredited lab on a DiaSorin Liaison analyser using
Chemiluminescence Immunoassay with paramagnetic microparticle solid phase
(CLIA) technology; the analyser range was 1-200 AU/mL. M. pneumoniae elicits
antibody responses after around one week of illness. This is initially an IgM response
before seroconversion to IgG; serum IgG tends to peak at 3-6 weeks, before it
gradually declines (Atkinson et al., 2008). IgG tends to remain elevated in children for
around four years following infection but can also persist indefinitely (Daxboeck et al.,
2003, Jacobs et al., 1986, Foy et al., 1977). Sera IgG = 10 AU/ml was considered
positive for previous infection with M. pneumoniae at any point in time and < 10 AU/ml
as negative (Waris et al., 1998, Almasri et al., 2011). IgG positivity is most likely due
to past infection with M. pneumoniae, rather than acute, and does not provide

information on how recently the participant was infected.



Statistical Analysis

Clinical data of the three groups were described by mean values and standard
deviations or percentages, according to the type of variable. The primary predictor
variable for all our analyses was baseline serum M. pneumoniae IgG positivity (0 =
absence, 1 = presence). We used generalised linear mixed models to assess whether
IgG positivity was associated with i) having a CTD compared to the unaffected cohort;
or i) tic onset compared to the unaffected cohort. In addition, we used linear mixed-
effects models to determine whether iii) IgG positivity was associated with tic severity
within the CTD cohort. Since this is a multicentre study involving siblings, we used
multilevel models with both site and family relatedness as cluster variables. Sex, age,
the presence of a comorbidity (OCD and/or ADHD) and the use of psychotropic
medication in the past two weeks were entered as covariates. Age and sex varied
substantially between cohorts and both were significant predictors of tics, though not
M. pneumoniae IgG positivity. We therefore also conducted a sensitivity analysis with
age and sex matched subgroups (CTD versus unaffected n = 88; tic onset versus

unaffected n=51) using propensity score matching in R (Randolph et al., 2014).

Table 1: Baseline Demographics and Clinical Characteristics

CTD (n = 302) Tic onset (n =51) Unaffected (n = 88)

Age (range) (mean + SD) 4.5-16.99 11.0+27 32-106 6.9+19 4.2-109 7.7+1.8
Sex n (%)



Male 235 77.8% 30 58.8% 36 40.9%

Female 67 22.2% 21 41.2% 52 59.1%
Tic Disorder n (%)

Tourette Syndrome 274 90.7%

Chronic Motor Tic Disorder 26 8.6%

Chronic Vocal Tic Disorder 2 0.7%
Tic severity (range) (mean + SD)

YGTTS Total 0-44 20.1+8.3

YGTTS Motor 0-23 12.8+ 4.5

YGTSS Vocal 0-21 7.4+54

CGl 1-6 3.6+0.9
Psychotropic drug treatment during
the previous 2 weeks n (%) 108 35.8 2 3.9 2 2.3
Comorbidities n (%)

OCD 86 28.5 3.9

ADHD 76 25.2 4 7.8 10 11.4
M. pneumoniae IgG positivity n (%) 48 15.9 9 17.1 15 17.0

Abbreviations: CTD, chronic tic disorder; unaffected, did not develop tics and = 10 years old at last assessment; OCD,
obsessive-compulsive disorder; ADHD, attention deficit hyperactivity disorder; M. pneumoniae IgG, = 10 AU/ml was

considered positive

RESULTS

Study Cohort

Baseline demographic and clinical characteristics of participants are shown in

Table 1. The vast majority of the CTD cohort were diagnosed with TS (n = 274,

90.73%), 26 (8.61%) had a chronic motor tic disorder and 2 (0.66%) a chronic vocal

tic disorder. The average time between baseline and tic onset was 1.1 years (range

0.1 — 5.4 years) and therefore elevation of IgG would be expected to persist during

this time. Increasing age was significantly associated with M. pneumoniae 1gG

seropositivity in the tic onset cohort (p = 0.04) but not in the CTD or unaffected cohorts

and there was no significant association with sex among any of the groups

(Supplementary materials, Table 2 and Graph 1 histograms show the distribution of

seropositivity by age for each group).



Previous infection is not associated with higher odds of tics

M. pneumoniae IgG positivity was not associated with either having CTD when
compared to the unaffected cohort (p > 0.05) (as shown in Table 2), or tic onset when
compared to the unaffected cohort (p > 0.05) (as shown in Table 3). These results
remained non-significant (p > 0.05) when we conducted a sensitivity analysis with age

and sex matched groups (supplementary materials in Table 1).

Table 2: GLM results comparing rates of seropositivity in CTD and

unaffected cohort

Dependent variable (covariates) OR 95% ClI p

CTD versus unaffected

M. pneumoniae 1gG positivity 0.71 0.29-1.75 0.45
Age 1.94 1.58-2.38 <0.01*
- *
Ta%?e):(& GLM results comparing rates of sergplgsitivityq'r?%g'ggset anéo'01
C?tmorbi it%I(IOCED and/or ADHD) 3.23 1.23-8.49 0.02*
unaffected cohor
; catieon 30 OS2t Srdl. S-00
Rependent variable (covariates) OR 95% Cl o]

Note. GLM (generalised linear mixed model) with age, sex, comorbidity (OCD and/or ADHD) and

Msgcbpsativerslisatiraffecteatiates was used. The presence of either or both ADHD and/or

OGR Ri&tREHiaR dgaoFotyditge (@bsence = 0, presege = 1). ngifegiagy ONSET dhilgen
whg\dig not develop tics by end of the study or re-assessg%rg and 2 18 %ec?_ra %Iﬂ CTD, Cla)r%wic*
tic disorder: COURSE children. *p < 0.05. ' ' ' '

Sex 0.54 0.24-1.17 0.12
Comorbid ADHD and/or OCD 0.54 0.13-2.17 0.38
Psychotropic medication 3.02 0.30-30.06 0.34

Note. GLM (generalised linear mixed model) with age, sex, comorbidity (OCD and/or ADHD) and
psychotropic medication as covariates was used. The presence of either or both ADHD and/or
OCD was entered as a single covariate (absence = 0, presence = 1). Unaffected: ONSET children
who did not develop tics by end of the study or re-assessment and = 10 years old; tic onset:
ONSET children with tic onset. *p < 0.05.
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Older age, male sex and the presence of a comorbidity (OCD and/ADHD) were
all significantly associated with having a CTD compared to the unaffected cohort (p <
0.01) (Table 2), whilst older age and male sex were also significantly associated with

the onset of tic compared to unaffected cohort (p < 0.05) (Table 3).

M. pneumoniae IgG positivity associated with tic severity in COURSE

The association between seropositivity and tic severity is shown in Table 4. As
shown in Figure 1, the presence of IgG antibodies against M. pneumoniae was
associated with a higher YGTSS Total Tic Severity Score (8 = 2.64, s.e. = 1.15, p =
0.02). There was a significant association between M. pneumoniae IgG positivity on
the YGTSS vocal subscale (8 =1.02, s.e. =0.62, p = 0.03) but no association with the

CGI-S (see Table 4).

Table 4: Results from LMM on an association between M. pneumoniae IgG positivity
and tic severity scales

:/r;(i;%elg)dent variable (dependent B SE 95% ClI 0
M. pneumoniae 1gG
(YGTSS Total) 2.64 1.15 0.38-4.89 0.02*
(YGTSS Motor) 1.02 0.62 -0.21-2.24 0.10
(YGTSS Vocal) 1.71 0.78 0.18-3.24 0.03*
(CGI-S) 0.17 0.13 -0.09-0.44 0.20

Note. Linear mixed-effects models with age, sex, comorbidity (OCD and/or ADHD) and psychotropic
medication as covariates were used. The presence of either or both ADHD and/or OCD was entered as a
single covariate (absence = 0, presence = 1). YGTSS, Yale Global Tic Severity Scale [Total = motor + vocal
tic severity score (range 0 — 50)]; CGI-S, Clinical Global Impression Severity Scale; *p < 0.05.

Insert Figure 1 — needs updating
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DISCUSSION

The main finding of this multicentre study in children and adolescents with tic
disorders was that M. pneumoniae IgG positivity was not associated with a diagnosis
of CTD or tic onset in a prospective at-risk cohort. M. pneumoniae 1gG positivity,
however, was associated with higher tic severity in children and adolescents with
established CTD.

In the current study, infection rates of M. pneumoniae were not higher among those
with tics than those without. Seropositivity rates among all groups in this study were
lower than those reported elsewhere in the general population (Atkinson et al., 2008,
Tuuminen et al., 2000). The reasons for this observation are not clear. Spread of M.
pneumoniae among children is thought to increase with early day care and school
attendance, in spring and autumn, as well as during cyclic epidemics that tend to occur
every 3-5 years (Atkinson et al., 2008). Reduced attendance as a result of medical
appointments and fewer regional epidemics may partially account for the lower rates
seen in our study population but neither fully explain the marked difference we
observed. Another unexpected finding was that rates M. pneumoniae IgG positivity
were fairly evenly distributed by age across the cohorts (see Supplementary materials
Graph 1) and seropositivity was only associated with age in the tic onset group and
not the CTD or unaffected cohorts. M. pneumoniae IgG persists in the serum for a
long-time following infection (estimates of around 4 years but can be indefinite
(Daxboeck et al., 2003, Jacobs et al., 1986, Foy et al., 1977)), therefore, rates IgG
positivity tend to increase with age during childhood: one population-based study
found the incidence IgG positivity to increase from 12% in pre-school to 50-60% in
adolescents (Tuuminen et al., 2000). One reason why we may not have observed an

association with age in this study might have been because only a relatively small
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number of participants from each group were found to be seropositive, thus reducing
the power and likelihood of observing a significant association. Nonetheless, given the
strong association between age and seropositivity reported in the literature and a
significant association in the tic onset group, we adjusted for age in all our models and
conducted sensitivity analysis with age and sex matched subgroups.

We observed no association between M. pneumoniae IgG positivity and the
presence of a CTD or the first development of tics. The only previous study of M.
pneumoniae in TS found elevated IgA, but not IgG, in 29 individuals with TS (6 to 60
years of age) compared to healthy controls (Muller et al., 2004). The authors proposed
that this may be because M. pneumoniae IgA is particularly elevated in extra-
pulmonary manifestations of M. pneumoniae infection (Mdller et al., 2004). Due to lack
of available serum for analysis, IgA was not measured in this study and should be
considered in future research of suspected M. pneumoniae involvement in
neuropsychiatric disease. Nonetheless, our findings do not suggest that children with
tics or children who will later go on to develop tics are particularly susceptible to M.
pneumoniae infection or mount an unusually sustained response to the pathogen
compared to people without tics.

However, M. pneumoniae IgG positivity was associated with a higher YGTSS total
tic severity score (range 0-50) of 2.64 points on average among participants with CTD
after adjustments for age, sex, the presence of comorbid OCD and/or ADHD and use
of psychotropic medication. This association between seropositivity and greater tic
severity could reflect either a direct or indirect relationship. As this is a cross-sectional
study that only measured IgG antibodies, indicative of past infection, at baseline, a
single point in time, we cannot determine whether previous infection is associated with

tic onset; whether infection coincides with a worsening of symptoms; or whether a
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worsening of symptoms increases the risk of infection. An understanding of this
timeline using prospective longitudinal studies that measure IgG, IgM and IgA
antibodies and multiple measures of tic severity are needed to determine whether
there is a direct relationship between tic severity and M. pneumoniae.

Alternatively, seropositivity and greater tic severity may be epiphenomena of a
shared underlying mechanism, with neither directly influencing the other. Several
studies have indicated that individuals with tic disorders have enhanced immune-
inflammatory responses, including stronger antibody responses (Bombaci et al., 2009,
Martino et al., 2011, Krause et al., 2010), as well as positive correlations between
greater tic severity and interleukin-2 (IL-2) (Bos-Veneman et al., 2011) and the
expression of genes that control immune-modulating neurotransmitters (Tian et al.,
2011a, Tian et al., 2011b, Gunther et al., 2012). In a recent review of immunological
mechanisms in brain development and tic disorders, Martino and colleagues suggest
that abnormal immune priming, most likely driven by a genetic predisposition possibly
interacting with environmental factors, may alter both the maturation of neural
networks and immune regulatory mechanisms (Martino et al., 2020). Thereby,
resulting in the co-occurrence of neurodevelopmental disorders (such as tic disorders)
and hypersensitive immune responses to pathogens (such as to M. pneumoniae)
(Martino et al., 2020). Psychosocial stress, a strong predictor of greater tic severity,
may also influence immune responses to infection via activation of the hypothalamic-
pituitary-adrenal axis (Martino et al., 2020), although this mechanism is yet to be fully
elucidated. Finally, behavioural patterns, which may be accentuated in young people
with greater tic severity and/or a higher comorbid neuropsychiatric burden, could

increase the risk of exposure to infectious pathogens (i.e., “reverse causation”)
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(Martino et al., 2020) and, thus, also indirectly contribute the association observed in

thus study.

Limitations and future directions

This study has a number of strengths: EMTICS recruited a large population of
children and adolescents with CTD from multiple centres across Europe and in Israel.
It is unique In its assessment of first-degree relatives as prospective at-risk cohort and
these children were extensively followed up for a period of up to seven years to assess
the possible onset of tics.

However, there were also some notable limitations. The main limitation is the
lack of longitudinal data or IgA measurements which preclude any analysis of a
temporal relationship or any inference regarding causality. As mentioned,
measurements of M. pneumoniae IgA, in addition to IgG antibodies, would be useful
given previous reports of particular elevation of IgA in extra-pulmonary manifestations
of M. pneumoniae infection (Muller et al., 2004). There was also only a small number
of available serum samples for the tic onset and unaffected cohorts and only a small
proportion of each group were M. pneumoniae IgG positive, which reduced the

likelihood of observing significant differences between groups.

Conclusion

This is the largest cross-sectional study of M. pneumoniae infection in children
and adolescents with CTD to date and the first to prospectively investigate M.
pneumoniae infection in first-degree relatives (siblings) in relation to the onset of tics.
We found no evidence of an association between previous M. pneumoniae IgG

positivity and the presence of CTD or first onset of tics. However, we did observe an
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association between M. pneumoniae IgG positivity and greater tic severity. It is
possible that M. pneumoniae infection influences tic severity in CTD. Alternatively,
greater disease severity may increase the risk of infection. However, it seems more
likely that this observation reflects a propensity toward enhanced immune responses
in people with tic disorders (as has been previously reported) and that greater tic
severity and M. pneumoniae seropositivity share underlying mechanisms rather than
a causal relationship. This is the first study to report this finding and further research
into the relationship between infections and CTD may shed light on the mechanisms

underlying disease onset, severity and course.

17



REFERENCES

ADDABBO, F., BAGLIONI, V., SCHRAG, A., SCHWARZ, M. J., DIETRICH, A,
HOEKSTRA, P. J., MARTINO, D., BUTTIGLIONE, M. & GROUP, E. C. 2020.
Anti-dopamine D2 receptor antibodies in chronic tic disorders. Dev Med Child
Neurol, 62, 1205-1212.

AKALTUN, i., KARA, T., SERTAN KARA, S. & AYAYDIN, H. 2018. Seroprevalance
Anti-Toxoplasma gondii antibodies in children and adolescents with tourette
syndrome/chronic motor or vocal tic disorder: A case-control study. Psychiatry
Res, 263, 154-157.

ALMASRI, M., DIZA, E., PAPA, A., EBORIADOU, M. & SOULIOU, E. 2011.
Mycoplasma pneumoniae respiratory tract infections among Greek children.
Hippokratia, 15, 147-52.

AMERICAN PSYCHIATRIC ASSOCIATION 2000. Diagnostic and statistical manual
of mental disorders: DSM-IV-TR, Washington, DC, American Psychiatric
Association.

AMERICAN PSYCHIATRIC ASSOCIATION, E. 2013. Diagnostic and statistical
manual of mental disorders : DSM-5, Washington, D.C., American Psychiatric
Association.

ATKINSON, T. P., BALISH, M. F. & WAITES, K. B. 2008. Epidemiology, clinical
manifestations, pathogenesis and laboratory detection of Mycoplasma
pneumoniae infections. FEMS Microbiol Rev, 32, 956-73.

BESKIND, D. L. & KEIM, S. M. 1994. Choreoathetotic movement disorder in a boy
with Mycoplasma pneumoniae encephalitis. Ann Emerg Med, 23, 1375-8.

BOMBACI, M., GRIFANTINI, R., MORA, M., REGUZZI, V., PETRACCA, R., MEONI,
E., BALLONI, S., ZINGARETTI, C., FALUGI, F., MANETTI, A. G., MARGARIT,
l., MUSSER, J. M., CARDONA, F., OREFICI, G., GRANDI, G. & BENSI, G.
2009. Protein array profiling of tic patient sera reveals a broad range and
enhanced immune response against Group A Streptococcus antigens. PLoS
One, 4, e6332.

BOS-VENEMAN, N. G., OLIEMAN, R., TOBIASOVA, Z., HOEKSTRA, P. J,,
KATSOVICH, L., BOTHWELL, A. L., LECKMAN, J. F. & KAWIKOVA, |. 2011.
Altered immunoglobulin profiles in children with Tourette syndrome. Brain
Behav Immun, 25, 532-8.

DAXBOECK, F., KRAUSE, R. & WENISCH, C. 2003. Laboratory diagnosis of
Mycoplasma pneumoniae infection. Clin Microbiol Infect, 9, 263-73.

EL HAFIDI, N., ALLOUCH, B., BENBRAHIM, F., CHELLAOUI, M. & EL MAHRAOQUI,
C. 2012. [Mycoplasma pneumoniae encephalitis associated with basal ganglia
necrosis]. Rev Neurol (Paris), 168, 49-52.

ERCAN, T. E., ERCAN, G., SEVERGE, B., ARPAOZU, M. & KARASU, G. 2008.
Mycoplasma pneumoniae infection and obsessive-compulsive disease: a case
report. J Child Neurol, 23, 338-40.

FOY, H. M., KENNY, G. E., SEFI, R., OCHS, H. D. & ALLAN, I. D. 1977. Second
attacks of pneumonia due to Mycoplasma pneumoniae. J Infect Dis, 135, 673-
1.

GUNTHER, J., TIAN, Y., STAMOVA, B., LIT, L., CORBETT, B., ANDER, B., ZHAN,
X., JICKLING, G., BOS-VENEMAN, N., LIU, D., HOEKSTRA, P. & SHARP, F.
2012. Catecholamine-related gene expression in blood correlates with tic
severity in tourette syndrome. Psychiatry Res, 200, 593-601.

18



GUY, W. 1976. Clinical Global Impression (CGI). ECDEU assessment manual for
psychopharmacology.: U.S. Department of Health, Education, and
Welfare, Rockville, MD.

HOEKSTRA, P. J., DIETRICH, A., EDWARDS, M. J., ELAMIN, I. & MARTINO, D.
2013. Environmental factors in Tourette syndrome. Neurosci Biobehav Rev, 37,
1040-9.

JACOBS, E., BENNEWITZ, A. & BREDT, W. 1986. Reaction pattern of human anti-
Mycoplasma pneumoniae antibodies in enzyme-linked immunosorbent assays
and immunoblotting. J Clin Microbiol, 23, 517-22.

KNIGHT, T., STEEVES, T., DAY, L., LOWERISON, M., JETTE, N. & PRINGSHEIM,
T. 2012. Prevalence of tic disorders: a systematic review and meta-analysis.
Pediatr Neurol, 47, 77-90.

KORPPI, M., HEISKANEN-KOSMA, T. & KLEEMOLA, M. 2004. Incidence of
community-acquired pneumonia in children caused by Mycoplasma
pneumoniae: serological results of a prospective, population-based study in
primary health care. Respirology, 9, 109-14.

KRAUSE, D., MATZ, J., WEIDINGER, E., WAGNER, J., WILDENAUER, A,
OBERMEIER, M., RIEDEL, M. & MULLER, N. 2010. Association between
intracellular infectious agents and Tourette's syndrome. Eur Arch Psychiatry
Clin Neurosci, 260, 359-63.

KRAUSE, D. L. & MULLER, N. 2012. The Relationship between Tourette's Syndrome
and Infections. Open Neurol J, 6, 124-8.

KRAUSE, D. L., WEIDINGER, E., MATZ, J., WILDENAUER, A., WAGNER, J. K.,
OBERMEIER, M., RIEDEL, M., MOLLER, H. J. & MULLER, N. 2012. Infectious
Agents are Associated with Psychiatric Diseases. Ment llin, 4, e10.

LECKMAN, J. F., RIDDLE, M. A., HARDIN, M. T., ORT, S. I, SWARTZ, K. L.,
STEVENSON, J. & COHEN, D. J. 1989. The Yale Global Tic Severity Scale:
initial testing of a clinician-rated scale of tic severity. J Am Acad Child Adolesc
Psychiatry, 28, 566-73.

MARTINO, D., CHIAROTTI, F., BUTTIGLIONE, M., CARDONA, F., CRETI, R,
NARDOCCI, N., OREFICI, G., VENESELLI, E., RIZZO, R. & GROUP, I. T. S.
S. 2011. The relationship between group A streptococcal infections and
Tourette syndrome: a study on a large service-based cohort. Dev Med Child
Neurol, 53, 951-7.

MARTINO, D., JOHNSON, I. & LECKMAN, J. F. 2020. What Does Immunology Have
to Do With Normal Brain Development and the Pathophysiology Underlying
Tourette Syndrome and Related Neuropsychiatric Disorders? Frontiers in
Neurology, 11.

MARTINO, D., SCHRAG, A., ANASTASIOU, Z., APTER, A., BENAROYA-MILSTEIN,
N., BUTTIGLIONE, M., CARDONA, F., CRETI, R., EFSTRATIOU, A,
HEDDERLY, T., HEYMAN, I., HUYSER, C., MADRUGA, M., MIR, P., MORER,
A., DEBES, N. M., MOLL, N., MULLER, N., MULLER-VAHL, K., MUNCHAU,
A., NAGY, P., PLESSEN, K. J., PORCELLI, C., RIZZO, R., ROESSNER, V.,
SCHNELL, J., SCHWARZ, M., SKOV, L., STEINBERG, T., TARNOK, Z.,
WALITZA, S., DIETRICH, A. & HOEKSTRA, P. J. 2021. Association of Group
A Streptococcus Exposure and Exacerbations of Chronic Tic Disorders: A
Multinational Prospective Cohort Study. Neurology.

MARTINO, D., ZIS, P. & BUTTIGLIONE, M. 2015. The role of immune mechanisms
in Tourette syndrome. Brain Res, 1617, 126-43.

19



MATAIX-COLS, D., ISOMURA, K., PEREZ-VIGIL, A., CHANG, Z., RUCK, C.,
LARSSON, K. J., LECKMAN, J. F., SERLACHIUS, E., LARSSON, H. &
LICHTENSTEIN, P. 2015. Familial Risks of Tourette Syndrome and Chronic
Tic Disorders. A Population-Based Cohort Study. JAMA Psychiatry, 72, 787-
93.

MULLER, N., RIEDEL, M., BLENDINGER, C., OBERLE, K., JACOBS, E. & ABELE-
HORN, M. 2004. Mycoplasma pneumoniae infection and Tourette's syndrome.
Psychiatry Res, 129, 119-25.

MULLER, N., RIEDEL, M., FORDERREUTHER, S., BLENDINGER, C. & ABELE-
HORN, M. 2000. Tourette's syndrome and mycoplasma pneumoniae infection.
Am J Psychiatry, 157, 481-2.

MULLER-VAHL, K. R., CATH, D. C., CAVANNA, A. E., DEHNING, S., PORTA, M.,
ROBERTSON, M. M., VISSER-VANDEWALLE, V. & GROUP, E. G. 2011.
European clinical guidelines for Tourette syndrome and other tic disorders. Part
IV: deep brain stimulation. Eur Child Adolesc Psychiatry, 20, 209-17.

RANDOLPH, J. J., FALBE, K., MANUEL, A. K. & BALLOUN, J. L. 2014. A Step-byStep
Guide to Propensity Score Matching in R. 19.

RIEDEL, M., STRAUBE, A., SCHWARZ, M. J., WILSKE, B. & MULLER, N. 1998.
Lyme disease presenting as Tourette's syndrome. Lancet, 351, 418-9.

ROBERTSON, M. M., EAPEN, V., SINGER, H. S., MARTINO, D., SCHARF, J. M.,
PASCHOU, P., ROESSNER, V., WOODS, D. W., HARIZ, M., MATHEWS, C.
A., CRNCEC, R. & LECKMAN, J. F. 2017. Gilles de la Tourette syndrome. Nat
Rev Dis Primers, 3, 16097.

SCHRAG, A., MARTINO, D., APTER, A., BALL, J., BARTOLINI, E., BENAROYA-
MILSHTEIN, N., BUTTIGLIONE, M., CARDONA, F., CRETI, R., EFSTRATIOU,
A., GARIUP, M., GEORGITSI, M., HEDDERLY, T., HEYMAN, |, MARGARIT,
l., MIR, P.,, MOLL, N., MORER, A., MULLER, N., MULLER-VAHL, K.
MUNCHAU, A., OREFICI, G., PLESSEN, K. J., PORCELLI, C., PASCHOU, P.,
RI1ZZO, R., ROESSNER, V., SCHWARZ, M. J.,, STEINBERG, T,
TAGWERKER GLOOR, F., TARNOK, Z., WALITZA, S., DIETRICH, A. &
HOEKSTRA, P. J. 2019. European Multicentre Tics in Children Studies
(EMTICS): protocol for two cohort studies to assess risk factors for tic onset
and exacerbation in children and adolescents. Eur Child Adolesc Psychiatry,
28, 91-1089.

SWEDO, S. E., LEONARD, H. L., GARVEY, M., MITTLEMAN, B., ALLEN, A. J.,
PERLMUTTER, S., LOUGEE, L., DOW, S., ZAMKOFF, J. & DUBBERT, B. K.
1998. Pediatric autoimmune neuropsychiatric disorders associated with
streptococcal infections: clinical description of the first 50 cases. Am J
Psychiatry, 155, 264-71.

TIAN, Y., GUNTHER, J. R., LIAO, I. H., LIU, D., ANDER, B. P., STAMOVA, B. S., LIT,
L., JICKLING, G. C., XU, H., ZHAN, X. & SHARP, F. R. 2011a. GABA- and
acetylcholine-related gene expression in blood correlate with tic severity and
microarray evidence for alternative splicing in Tourette syndrome: a pilot study.
Brain Res, 1381, 228-36.

TIAN, Y., LIAO, I. H., ZHAN, X., GUNTHER, J. R., ANDER, B. P., LIU, D, LIT, L.,
JICKLING, G. C., CORBETT, B. A., BOS-VENEMAN, N. G., HOEKSTRA, P. J.
& SHARP, F. R. 2011b. Exon expression and alternatively spliced genes in
Tourette Syndrome. Am J Med Genet B Neuropsychiatr Genet, 156B, 72-8.

TUUMINEN, T., VARJO, S., INGMAN, H., WEBER, T., OKSI, J. & VILJANEN, M.
2000. Prevalence of Chlamydia pneumoniae and Mycoplasma pneumoniae

20



immunoglobulin G and A antibodies in a healthy Finnish population as analyzed
by quantitative enzyme immunoassays. Clin Diagn Lab Immunol, 7, 734-8.

WARIS, M. E., TOIKKA, P., SAARINEN, T., NIKKARI, S., MEURMAN, O.,
VAINIONPAA, R., MERTSOLA, J. & RUUSKANEN, O. 1998. Diagnosis of
Mycoplasma pneumoniae pneumonia in children. J Clin Microbiol, 36, 3155-9.

ZILHAO, N.R., OLTHOF, M. C., SMIT, D. J., CATH, D. C., LIGTHART, L., MATHEWS,
C. A., DELUCCHI, K., BOOMSMA, D. I. & DOLAN, C. V. 2017. Heritability of
tic disorders: a twin-family study. Psychol Med, 47, 1085-1096.

21



SUPPLEMENTAL MATERIAL

Table 1: Sensitivity Analysis —age and sex matched subgroup:
seropositivity and the odds of having CTD or tic onset

Predictor variable (dependent variable) OR 95% ClI p

M. pneumoniae IgG
(Unaffected versus CTD) (n=88) 0.51 0.15-1.73 0.28
(Unaffected versus tic onset) (n=51) 1.26 0.42-3.75 0.68

Note. Propensity score matching. Unaffected (did not develop tics by end of the study or re-

assessment and = 10 years old); CTD, Chronic tic disorder.

Table 2: GLM M. pneumoniae seropositivity association with age and sex in

each cohort

M. pneumoniae seropositivity (predictors) OR 95% ClI p
CTD cohort
Age 0.94 0.84-1.06 0.33
Sex 1.41 0.69-2.90 0.35
Tic onset cohort
Age 1.59 1.01-2.51 0.04*
Sex 1.76 0.37-8.36 0.47
Unaffected cohort
Age 1.48 1.00-2.18 0.05
Sex 1.21 0.34-4.30 0.77

Note. GLM (generalised linear mixed model) with age and sex entered as covariates. Unaffected:
ONSET children who did not develop tics by end of the study or re-assessment and = 10 years
old; CTD, Chronic tic disorder: COURSE children. *p < 0.05.
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