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Background: Atopic disorders have been reported in CHARGE syndrome, but the prevalence and underlying
mechanisms are not known.

Methods: We performed a retrospective study of atopic disorders in 23 individuals with CHARGE syndrome, and
reviewed other published reports of atopic disorders in CHARGE syndrome. We assayed for enrichment of atopic
disorders in CHARGE syndrome based on gender and presence of a CHD7 pathogenic variant.

Results: In our cohort, 65% (15/23) of individuals with CHARGE syndrome were found to have a pathogenic
CHD7 variant. Overall, 65% (15/23) of individuals with CHARGE had atopic disorders. Among the 23 in-
dividuals with CHARGE, 22% (5/23) had food allergy, 26% (6/23) exhibited drug allergy, 22% (5/23) had
contact allergy, 9% (2/23) had allergic rhinitis, and 22% (5/23) had asthma. In our cohort, the proportion of
males to females with CHARGE and atopic disorders was 11:4 (P < 0.01), and there was no significant dif-
ference between atopic disorders in individuals with CHD7 pathogenic variants and those without CHD7 pa-
thogenic variants (P > 0.05).

Conclusion: In our cohort of 23 individuals with CHARGE syndrome, 15 (65%) exhibited atopic disorders, with a
slight male predominance.

1. Introduction CHARGE syndrome and review other published studies.

CHARGE syndrome is a rare, multiple congenital anomaly disorder 2. Materials and methods
caused by heterozygous pathogenic variants in the CHD7 gene (Vissers
et al., 2004). The birth prevalence of CHARGE syndrome is estimated at
one in 15,000 to 17,000 newborns (Janssen et al., 2012). CHD7 encodes

All individuals included in the study were diagnosed and evaluated
at The University of Michigan Pediatric Genetics clinic between 2003

a member of the Chromodomain Helicase DNA (CHD) binding protein
family that regulates gene expression during embryonic development
(Woodage et al., 1997). The main characteristics of CHARGE are ocular
Coloboma, Heart malformations, Atresia of the choanae, Retardation of
growth and/or development, Genital anomalies, and Ear malformations
including hearing loss and vestibular dysfunction. Individuals with
CHARGE syndrome also have other symptoms, some of which occur at
an incidence higher than the general population. For example, Hsu
et al. reported that 65% of individuals with CHARGE syndrome had at
least one atopic disorder (Hsu et al., 2016). However, detailed reports
of atopic disorders in CHARGE syndrome have not yet been published.

Here, we present a retrospective study of atopic disorders in
CHARGE syndrome from our cohort of 23 individuals. We also discuss
the various types of atopic disorders reported in individuals with

and 2016. All individuals fulfilled clinical diagnostic criteria for
CHARGE syndrome (Blake et al., 1998; Hale et al., 2016; Verloes,
2005). CHD7 pathogenic variant screening had been previously per-
formed in all individuals as part of their medical evaluations. All clin-
ical symptoms, allergy histories, feeding histories, laboratory results
and treatment histories were collected through the electronic medical
record (EMR). Food/drug/contact allergy histories were obtained
through physician observation, parental report and/or allergy testing.
Comparisons were carried out relative to gender and CHD7 pathogenic
variant status.

ANOVA was used to compare differences in continuous variables
between groups by Fisher's exact tests. P < 0.05 was considered sig-
nificant.
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Table 2
Atopic features and feeding characteristics of individuals with CHARGE syndrome.

European Journal of Medical Genetics xxx (XxXX) XXX—-XXX

Patient Sex CHD7 Food Drug Contact Allergic Asthma  Atopic Tube Parenteral IgE levels Eosinophils
pathogenic allergy allergy allergy rhinitis disorders feeding  nutrition (0-150 kU/  (0-5%)
variant D

1 M + - - + - - + GJ + NA 1.6-2.5

2 M+ - - + - - + G - 23 1.7-8.5

3 F - - - - - + + - - NA NA

4 M - - - - - + + G - NA 0.3-1.3

5 F - - - - - + + G - NA NA

6 F - - - - - - - - - NA NA

7 M - - + - - + - - NA NA

8 F - + - - + G + NA 0-0.6

9 F - - - - - - - - + NA 0.1-1.1

10 M - - + - - - + - + NA NA

11 M + - - - - + - + NA NA

12 M+ - - - - - + NA NA

13 F + - - - - + + G + NA 1.1

14 M + + - - + - + NA 1.6-4.7

15 F + - - - - - - - + NA NA

16 M + + + + - + G + NA 0

17 M + - + - + - + G + NA 0-1.2

18 F + - - - - - - + NA 0.1-3.20

19 M+ + - - - - + - + NA 0

20 F + - - - - - - G + NA 0.7-5.7

21 F + - - - - - - G + NA 0-0.3

22 F + - - - - - - G, GJ + NA 0

23 M 4+ + + + - - + G + NA 0.2-3.0

#affected, 15, 65% 5, 22% 6, 26% 5, 22% 2, 9% 5,22% 15, 65% 12,52% 17, 74%

percent

-, absent; +, present; #, number affected; NA-no data available; GJ, gastrojejunal tube; G, gastric tube; normal ranges are given for IgE levels and eosinophil percentages.

3. Results

A total of 23 individuals with CHARGE syndrome were included in
our study. The clinical features and CHD7 pathogenic variants of the
individuals are listed in Table 1. The clinical features of the 23 in-
dividuals with CHARGE syndrome have been published previously
(Green et al., 2014; Hale et al., 2016); where relevant, updated clinical
information was provided. The median age of individuals in our cohort
was 13 years (range, three to 33 years), with 12 males and 11 females.
Fifteen of the 23 individuals (65%) were found to carry a pathogenic
CHD7 variant, including two missense, three frameshift, and 10 non-
sense pathogenic variants.

In our cohort, 48% (11/23) of individuals with CHARGE syndrome
were allergic to various allergens. Details are shown in Table 2. Five
individuals (5/23, 22%) were diagnosed with food allergy: three were
diagnosed through physician observation, one was diagnosed via par-
ental report, and one was diagnosed by allergy testing and physician
observation. The ratio of males to females for these five individuals
with food allergy was 4:1 (P > 0.05). The most common allergen was
nuts, and others included egg, gluten protein, and milk. The allergic
phenomena described included nausea, vomiting, abdominal pain,
gastrointestinal distress, loose stools, bloody stools, and respiratory
difficulty. Seven individuals (6/23, 26%) were diagnosed with drug
allergy, all via physician observation. The most common drug allergen
was antibiotics, and the most common symptom was rash. One in-
dividual experienced serum sickness and another individual exhibited
cough. No episodes of anaphylaxis were reported. Five individuals (5/
23, 22%) were diagnosed with contact allergy: one was diagnosed
through allergy testing and four were diagnosed via parental report.
These five individuals with contact allergy were allergic to lanolin,
latex, adhesive tape, ethyl alcohol or natural rubber, mild to severe
rashes reported. Two individuals (2/23, 9%) were reported to have
allergic rhinitis and five (5/23, 22%) had asthma. Twelve individuals
(12/23, 52%) had a history of tube feeding and 17 (17/23, 74%) were
reported to have a history of parenteral nutrition. One individual had
IgE levels measured, and were normal. Eosinophils were measured in

15/23 (65%) of individuals as part of a complete blood cell (CBC)
analysis; among these, only two individuals demonstrated eosinophilia,
on one occasion each.

We asked whether, for our cohort, food allergy was correlated with
histories of tube feeding or parenteral nutrition (see Table 3). Three of
five individuals with CHARGE and food allergy had a history of tube
feeding, whereas nine of 18 individuals with CHARGE but no food al-
lergies had no history of tube feeding. Based on Fisher's exact test, this
was not statistically significant (P > 0.05). All five (5/5, 100%) in-
dividuals with food allergies had a history of parenteral nutrition,
whereas six of 18 (33%) of individuals without food allergies had no
history of parenteral nutrition. This was also not statistically significant
(P > 0.05).

In our cohort, six of 23 individuals had 1,25-dihydroxyvitamin D
(vitamin D) levels measured. Using the consensus classification system
for vitamin D levels (Munns et al., 2016), four exhibited vitamin D
deficiency (less than 25 ng/ml), and the other two had vitamin D levels
in the insufficiency range (25-50 ng/ml). Five of the six (83.3%) in-
dividuals with vitamin D levels also exhibited atopic disorders.

We observed a male predominance of atopic disorders in our cohort
(see Table 4). Among 12 males, 11 exhibited atopic disorders, com-
pared to four of 11 females. The proportion of males and females with
atopic disorders was 11:4 (P < 0.01). Among individuals with atopic

Table 3
Tube feeding and parenteral nutrition histories in individuals with CHARGE syndrome
with or without food allergy.

Tube Without tube Parenteral Without
feeding# feeding (oral nutrition parenteral
feeding) nutrition
With food 3 2 5 0
allergy
Without food 9 9 12 6
allergy
p* 1.0 0.2827

#includes gastrojejunal and gastric tubes. P*: Fisher's exact test.
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Table 4
Individuals with CHARGE syndrome by gender and CHD7 pathogenic variant.

CHD? pathogenic
variant negative

Male Female CHD7 pathogenic

variant positive

With atopic 11 4 9 6
disorders

Without atopic 1 7 6 2
disorders

p* 0.009 0.775

P*: Fisher's exact test.

disorders, there was no significant difference between the number of
individuals with a CHD7 pathogenic variant and those without
(P > 0.05).

Among individuals with CHARGE syndrome, atopic disorders, and a
history of tube feeding, the proportion males to females was 6:3
(P > 0.05) (see Table 5). There was no significant difference between
the proportion of males vs females with atopic disorders and history of
parenteral feeding (P > 0.05).

4. Discussion

Here, we found that 65% (15/23) of individuals with CHARGE
syndrome in our cohort exhibited atopic disorders. In previous studies,
Hsu et al. reported atopic disorders among 65% of individuals with
CHARGE (Hsu et al., 2016), whereas Wong et al. and Theodoropoulos
reported a prevalence estimate of ~30% (Theodoropoulos, 2003; Wong
et al.,, 2015). These differences in prevalence across studies may be
related to sample size or methods of collecting medical information
about the individual participants in each study. Further studies of larger
cohorts should help clarify whether the prevalence of atopic disorders is
higher in CHARGE syndrome than in the general population, which is
estimated to be 10-40% (WAO, 2013).

Individuals with CHARE syndrome in our cohort experienced sev-
eral types of atopic disorders, including food allergy, drug allergy,
contact allergy, atopic dermatitis, allergic rhinitis and asthma. We
found that almost half (48%) of the individuals with CHARGE syn-
drome exhibited food/drug/contact allergy, among which 22% had
food allergy. In the study by Wong (Wong et al., 2015), the most
common atopic disorder was food allergy (25%), and the study by
Theodoropoulos (2003) reported food allergy in one of three in-
dividuals (see Table 6). Together with our data, these studies suggest
that food allergies may be an important type of atopic disorder among
individuals with CHARGE syndrome. Since 2007, the incidence of food
allergy has increased in the general population to 10% of children and
6% of adults (Lee, 2017). Interestingly, food allergy has also been
proposed as the first step in the allergic march, a phenomenon whereby
food allergy may precede and trigger advancement or development of
additional allergies (Allen and Dharmage, 2010). For example, in-
dividuals with food allergies may progress to exhibit early-onset ec-
zema, later-onset allergic rhinitis, and asthma in childhood or adult-
hood (Burgess et al., 2008; Lowe et al., 2008).

Many individuals with CHARGE syndrome experience failure to
thrive in childhood and require feeding support. In a retrospective
study of 302 children in feeding programs, Yeung and colleagues found

Table 5
Individuals with CHARGE and atopic disorders by type of feeding support.
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a higher proportion of food allergy compared to the general population
(Yeung et al., 2015). It seems possible that tube feeding or parenteral
nutrition could increase allergic sensitivity, potentially by reducing
exposure to oral foods and/or lowering the varieties of food types ex-
posed, although we are unaware of studies that have specifically ad-
dressed this. In our cohort, 25% (3/12) of individuals with a history of
tube feeding had food allergy, and 29% (5/17) of individuals with a
history of parenteral nutrition had food allergy, but neither group was
significantly over-represented compared to individuals without tube
feeding or parenteral nutrition histories.

It has been suggested that Vitamin D deficiency in early life may
play a role in the acquisition of food allergies, due to its modulatory
functions in the innate and acquired immune systems (Suaini et al.,
2015). In our cohort, five of six (83%) of individuals with low Vitamin
D levels had atopic disorders. The etiology of vitamin D deficiency
among individuals in our cohort is unclear, and may be associated with
hypoparathyroidism (Abate and Clarke, 2016; Jain et al., 2011), al-
though this was not explicitly tested.

Drug allergy was also relatively common among individuals in our
cohort (26%), at a frequency similar to that of the general population.
We found a slight male predominance of atopic disorders among in-
dividuals with CHARGE syndrome. Males were more likely than fe-
males to have food allergy (4:1), history of tube feeding (6:3), and
history of parenteral nutrition (8:2), but these observations were not
statistically significant. Other studies have attributed differences in
immunity between males and females to sex chromosome and/or sex
hormone differences (Chen et al., 2008; Schieck et al., 2016). Given
that CHD7 regulates gene expression, it is possible that immune-related
gene expression could be affected by heterozygous loss of CHD7 func-
tion. However, we found no correlation between pathogenic CHD7
variant status and presence of atopic disorders.

The prevalence of pathogenic CHD7 variants in our population
(65%) was lower than previous large studies in which up to 90% of
individuals with a clinical diagnosis of CHARGE were found to have
pathogenic variants in CHD7 (Janssen et al., 2012). The relatively lower
prevalence of individuals with pathogenic variants in CHD7 in our co-
hort may reflect ascertainment bias of study recruitment or higher
motivation by parents whose children lack CHD7 variants to participate
in research.

There are several limitations of our study. First, the retrospective
design could have led to omission and underestimation of the types
and/or frequencies of atopic disorders. Second, we did not obtain
longitudinal or natural history data, and some disorders may be tran-
sient or resolved. Third, we did not employ a targeted comprehensive
survey of atopic disorders, relying instead on earlier parental reports
obtained by general questionnaire, physician observation, or in-person
discussions. Finally, the small size of our cohort may not reflect larger
population frequencies or prevalence. However, despite these limita-
tions, we found a high prevalence (65%) of atopic disorders among our
23 individuals with CHARGE syndrome. Among the atopic disorders,
food allergy was most common. While ours is a small study, these ob-
servations raise the possibility that atopic disorders may be more
common in CHARGE syndrome than in the general population, and
warrant further analysis to clarify the prevalence, type, and patho-
genesis of atopic disorders in CHARGE syndrome.

History of tube feeding

No history of tube feeding

History of parenteral nutrition No history of parenteral nutrition

Male with atopic disorders 6 5
Female with atopic disorders 3 1
p* 0.604

8 3
2 2
0.560

P*: Fisher's exact test.
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Table 6
Prevalence of atopic disorders in individuals with CHARGE syndrome.
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Patients Atopic disorders (N, %) Allergy Atopic dermatitis (N, %) Allergic rhinitis (N, %) Asthma

N) (N, %) (N, %)
Our cohort 23 15, 65 11, 48 - 2,9 5,22
Hsu P 20 13, 65 3,15 4, 20 4, 20 9, 45
Theodoropoulos DS 3 1,33 1,33 -
Wong MT 24 8, 33 6, 25 2,8 - 1,4
Range (%) 33-65 15-48 8-20 9-20 4-45
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