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1 | INTRODUCTION

£ | Karen M. Moritz!?

| Lisa K. Akison'*?

Abstract

Prenatal alcohol exposure (PAE) has well-known teratogenic effects on the develop-
ing fetus, potentially resulting in neurologic impairments. However, there is increas-
ing interest regarding other potential adverse health outcomes related to prenatal
alcohol exposure. The objective of this study was to undertake a systematic review
to identify all the available clinical and preclinical literature investigating immune-
related outcomes in offspring with PAE. A systematic review searching four elec-
tronic databases (PubMed, CINAHL, Web of Science, and Embase) was conducted.
Potential articles were screened against strict inclusion/exclusion criteria. This re-
view specifically focused on evaluating studies related to immune-related outcomes
following PAE. Twelve clinical studies were included in the current review. Six in-
cluded allergy outcomes, four included infection outcomes, and two studies included
both. Thirty-nine preclinical studies were identified examining a wide range of im-
mune outcomes. The current review provides some preliminary clinical evidence that
PAE can influence immune function, including atopic allergy and infection outcomes.
However, there was variability in results across studies, particularly in the atopy area.
Preclinical studies demonstrated some changes in lymphocytes and cytokines in
offspring following PAE. More research investigating the effects of PAE on immune

responses is warranted.

KEYWORDS
allergy, fetal alcohol spectrum disorder, infection, prenatal alcohol exposure

health impacts. Given the cumulative interest regarding the ef-
fects of PAE on other body systems, we conducted a systematic

Exposure to alcohol in utero can lead to a wide range of negative
outcomes, including miscarriage, prematurity, growth restriction,
and neurobehavioral impairments.! Some individuals who expe-
rience prenatal alcohol exposure (PAE) will go on to receive a
diagnosis of fetal alcohol spectrum disorder (FASD), a neurode-
velopmental condition with lifelong implications.2 While the
most widely known consequences of PAE are neurobehavioral
in nature, recent research is drawing attention to other potential

review of all the available literature. Due to the large number of
studies identified, we have grouped studies according to domains
of impairment to allow for in-depth analysis of study quality and
outcomes. The current systematic review focuses on studies re-
porting impacts on the immune system. In the clinical studies, the
focus is specifically on allergy and infection outcomes for indi-
viduals who have experienced PAE, including those who have a
FASD diagnosis.
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There is increasing incidence of allergies and immune-related
complications in the population. For instance, atopic disease, in-
cluding dermatitis, allergic rhinitis, and asthma, has increased in
frequency and now affects approximately 20% of the population
worldwide.® The concept of the “atopic march” has been used to de-
scribe the disease progression from atopic dermatitis in infants to
asthma in children.® The development of these diseases is complex
and influenced by both genetic and environmental factors. For ex-
ample, exposure to allergens including certain foods and dust mites
may trigger atopic dermatitis in children,* but there is also increas-
ing understanding that prenatal events, such as maternal nutri-
tion or exposure to stress, may lead to increased immune disorder
susceptibility for some children.’ Consequently, alcohol exposure
during the prenatal period, a critical window of development, may
play a role in the increasing incidence of these conditions. Alcohol
use during pregnancy is common in many countries. For example, a
recent Australian study found that many women (60.6%) reported
consuming alcohol between conception and pregnancy recognition
and patterns of binge and heavy drinking were more common than
low-level drinking.® Research has started to provide insights regard-
ing how PAE may disrupt the developing immune system. For ex-
ample, a previous clinical study documented a positive association
between PAE and immunoglobulin E in cord blood.” In animal studies,
PAE increased pro-inflammatory cytokines in the serum and spleen
of young rat pups.® There have been a number of previous narrative
reviews on this topic, including the review by Gauthier et al,” who
reviewed the effects of PAE on the developing lung and immune de-
fenses, highlighting that there is currently a lack of clinical awareness
of this topic. Gauthier'® also contributed a review on PAE and the
developing immune system, which emphasized that PAE results in
an increased risk for infections and disease in newborns, which may
continue throughout life. This review highlighted that PAE may have
direct teratogenic effects on the developing immune system, partic-
ularly during the second trimester. However, the review also summa-
rized evidence that heavy to binge levels of PAE can increase the risk
for chorioamnionitis and/or placental abruption, conditions known to
increase the risk for premature delivery. Thus, given the link between
prematurity and the increased risk of infections and infection-related
illnesses, PAE can indirectly affect immune-related outcomes in neo-

nates. Giliberti et al**

contributed a review regarding implications of
PAE for lung development and disease, which provided a summary of
the toxic effects of PAE on the cellular development of the neonatal
lung. To our knowledge, this is the first systematic review on the ef-

fects of PAE on the developing immune system.

2 | METHODS
2.1 | Search strategy

Articles were identified through a systematic search. The aim was to
identify the full range of non-neurologic/behavioral impacts (ie, im-
pacts to all other organs and body systems besides the brain) aris-
ing from PAE. Four bibliographic databases were searched (PubMed,
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Key Message

The current review identified all the available clinical and
preclinical literature investigating immune-related out-
comes in offspring with prenatal alcohol exposure. The
review provides preliminary evidence that PAE can influ-
ence immune function, including atopic allergy and infec-
tion outcomes. However, there was variability in findings
across studies, particularly in the atopy area.

CINAHL, Web of Science, and Embase) from inception to December
2017. An updated search was conducted closer to submission
(October 2018). Search terms were as follows: maternal OR prenatal
OR neonatal OR fetal OR foetal OR pregnancy OR pregnant OR fetal
programming AND alcohol OR ethanol OR fetal alcohol OR foetal al-
cohol AND renal OR kidney OR cardiac OR cardio OR heart OR meta-
bolic OR diabetes OR obesity OR respiratory OR lung OR immune OR
reproductive OR endocrine. This review conformed to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
statement®? and was registered with the international prospective
register of systematic reviews (PROSPERO; CRD42017082627).

2.2 | Inclusion and exclusion criteria

Screening of titles and abstracts was performed against the fol-
lowing criteria: (a) animal/in vivo study (any mammal) with fetal
alcohol exposure or children diagnosed with FASD or PAE; (b) al-
cohol exposure occurred during pregnancy or during the third-tri-
mester-equivalent period in the rat (up to postnatal day [PD] 9);
(c) details of the alcohol exposure: for preclinical studies, alcohol
concentration/dose and accurate timing of exposure must be pro-
vided (any route of administration); for clinical studies, children di-
agnosed with FASD using specified diagnostic criteria or suspected
to have been exposed to moderate-to-heavy fetal alcohol expo-
sure via a stated method of maternal alcohol consumption assess-
ment; (d) a physical health impact of PAE was assessed in offspring
(eg, renal, cardiac, metabolic, reproductive, immune); and (e) inclu-
sion of an appropriate unexposed control group for comparison.
Studies were excluded if they: (a) were not published in English;
(b) only included assessments related to brain-based, neurologic or
behavioral outcomes; (c) only included outcomes related to malfor-
mations, growth rates, or growth restriction; (d) only documented
effects on embryos, fetuses, or neonates during the third-trimes-
ter-equivalent period in the rat; (e) only focused on maternal ef-
fects of alcohol exposure rather than offspring effects; or (f) were

conference abstracts, PhD dissertations, or editorials.

2.3 | Study quality assessment

The methodological quality of the included clinical studies was
assessed using the Downs and Black Checklist.® The checklist
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assesses quality of reporting, internal and external validity, and sta-
tistical power. The checklist was adapted by removing items relat-
ing to interventions, and item 27, instead of rating to an available
range of study power, was rated as to whether the study performed
a power calculation. Two reviewers (NR and LA) independently rated
each of the included studies. Any disagreements were resolved by
discussion between assessors. Initial review of the preclinical studies
indicated most were published more than 20 years ago (28 of the 39
studies were published prior to 1999) and many methodologies used
are no longer considered “gold standard.”** Thus, instead of under-
taking a quality assessment as we have previously performed,>¢
studies were summarized with regard to the alcohol dosage, age of
offspring studied, immune factor assessed, methodology used, and

outcome (See Data S1).

2.4 | Data extraction and synthesis

Data were extracted from each study for the following pre-de-
fined parameters: study type, participant details, assessment and
definition of PAE, relevant outcome assessments, key results, and
conclusions. Given the wide variability in the identified studies,
meta-analysis was not possible and consequently a narrative syn-

thesis method was used.

3 | RESULTS

3.1 | Search results and classification of included
studies by health outcomes

The electronic database search located 3230 citations (after duplicates
were removed), which following title and abstract screening resulted in
245 articles for the full-text review. Reasons for exclusion are provided
in the study flow diagram (Figure 1). A total of 142 articles met the inclu-
sion criteria. Given the large amount of studies identified, we decided to
report detailed results separately. For further details on the search re-
sults, refer to Akison et aI,15 Akison et aI,16 or Reid et al (Revised, JSAD).
The current review provides an overview of the 39 preclinical studies
(Data S1) that were identified, but predominately focuses on the clinical

immune studies, for which twelve studies were included.

3.2 | Quality of methodological reporting in the
clinical studies

See Figure 2 and Data S2 for a summary of the quality assessment.
The quality of the included studies was variable. Two older case-con-

trol studies'”8

obtained the lowest scores, both with 8 out of a possi-
ble 19. In comparison, the highest score was obtained by Wada et al¥?

with 16 out of a possible 19. Items commonly insufficiently addressed

c
2 PubMed (n = 1709; ti,ab)
§ records identified via database |¢ | CINAHL (n = 166; ab)
= searching (n = 5923) Web of Science (n = 2044; topic)
S EMBASE (n = 2004; ti,ab)
2 !
duplicate records removed (n = 2693)
l articles excluded: not the review topic
&o K e.g. brain/neuro/behavior-based, growth, HPA,
'S records screened by title > malformations, maternal effects, exposure
3 and abstract (n = 3230) during lactation (n = 2985)
3
full-text articles excluded:
full-text articles assessed for - abstracft OnIY {->25)
ligibility (n = 245) > on-topic review (n = 24)
elig \ other (editorial, conference
proceedings, etc.) (n = 10)
€ o additional articles included:
> 2S¢ . S
= % 6 é searching on-topic review and
= 2 2L paper reference lists (n = 15);
0 T -3 3 o o updated search before
o PG eligible full-text submission (n =9)°
< 2 articles (n = 142")
immune, infection, cardio-renal metabolic, body intestinal, reproductive
- inflammation, (n =22%) composition liver (n =14) (n=23)
[} allergy (n = 51) (n=32%)
o
S
E I
£

clinical articles included
in current review (n = 12)

longitudinal (n = 6)
L » case-control (n = 4)
cohort (n = 2)

FIGURE 1 Flow diagram of the
literature search strategy and study
selection process based on the PRISMA
statement.'? Studies were grouped

into specific health domains affected

in offspring exposed to alcohol during
development. Data extraction and
reporting in the current review were
specifically done only on clinical studies
reporting on outcomes related to allergy,
infection, inflammation, or immune
function. "Search repeated October 2018.
"Only one study reported on structural
and functional deficits in the lung so is not
classified. #One of the papers contains
data on both metabolic and cardio-renal
outcomes so is counted in both of these
groups. ab, abstract; ti, title
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FIGURE 2 Quality assessment scores for all included studies
based on the Downs and Black assessment criteria.*® Highest
possible score is 19. See Data S2 for details regarding how

the scores were calculated [Colour figure can be viewed at
wileyonlinelibrary.com]

included the following: reporting on the representativeness of study
participants (items 11 and 12), mentioning if an attempt was made to
blind those measuring the main outcomes (item 15), and including a
power calculation to assess sample size validity for detecting a signifi-

cant difference between PAE and control group, if it occurs (item 27).

3.3 | Description of included clinical studies

Details of theincluded studies are summarizedin Table 1. Six studies
were longitudinal designs, of which three were from Denmark.?%-2
Each of the Danish studies examined a different population of par-
ticipants. One?! used data from the National Birth Cohort, where
women were recruited through their general practitioners at

their first antenatal appointment. Yuan et al??

recruited pregnant
women who attended midwife centers and then followed up child
outcomes through the National Hospital Discharge Registry. Most

recently, Carson et al?

analyzed data from the Copenhagen Study
on Asthma in Childhood, which recruited children born to women
with a history of asthma. The three remaining longitudinal studies
were from Norway,?® the United Kingdom (UK),?* and Japan.t? The
Norwegian study23 assessed outcomes from the Mother and Child
Cohort Study, which recruited pregnant women and followed
up children until 7 years of age. The Japanese study®’ recruited
women during pregnancy from a maternal clinic and followed up
until children were 5 years old. The UK study®* examined out-
comes from the Avon Longitudinal Study of Parents and Children,
predominately Caucasian women from Bristol, UK.

Four of the included studies were case-control designs, all of
which were from the United States (US). Two studies®>?® recruited

infants born at Atlanta hospitals. One study?® focused on very
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low-birthweight infants (ie, <1500 g). The other study included both
small-for-gestational-age infants (SGA; birthweight <10th percentile)
and infants who were appropriate for gestational age (AGA). Johnson

et al'’

was the only study to assess infants and children with fetal
alcohol syndrome (FAS). Oleson et al'® tested adolescents (PAE vs
controls) in Atlanta who had been followed up from a longitudinal co-
hort of women who were screened for alcohol use during pregnancy.
The sample was predominately African American and of low socio-
economic status. The remaining two studies were cohort designs.
One was conducted in Argentina,27 which surveyed children under
2 years of age who received care from one of the 12 public hospitals
in the southern region of Buenos Aires. The other study?® was from
Germany and analyzed data obtained from the German Interview and
Examination Survey, which assessed children and adolescents from

167 communities, stratified by federal state and community size.

3.4 | Details of alcohol exposure

Details regarding assessment of PAE are summarized in Table 1.
Notably, a number of studies included in the current review were large
prospective studies with a different primary goal and therefore spe-
cific information regarding PAE tended to be lacking. Seven of the
included studies assessed PAE during pregnancy, frequently referred
to as “prospective” reporting, either by interview or by questionnaire.
Four studies assessed PAE retrospectively, either by interview or by
questionnaire from as early as 48 hours post-delivery®® up to when
children were 17 years old.?® There was a wide variability regarding

19,27

the classification of PAE. For example, some studies classified into

low- and high-exposure groups, but definitions of the groups differed

between studies. Two studies?'?°

provided detailed information re-
garding PAE, broken down by number of drinks per week. Other stud-
ies provided a range and/or mean for the PAE group (eg, ranged from
1 oz of absolute alcohol per week to 75 oz per week).'® One study?® did
not provide information regarding the level, but indicated that there
was a 13.4% prevalence of PAE. Only one study17 was identified that
included children with FASD; however, no details were provided re-

garding the diagnostic criteria, level of PAE, or how this was assessed.

3.5 | Details of control groups

Given that the majority of the studies were longitudinal designs, most
studies did not actively recruit control groups. All children were re-
cruited at the same time and then classified based on PAE. Of the four
studies that specifically included control groups, one?® assessed very
low-birthweight infants across both PAE and non-exposed groups,
who were matched for race, sex, and birthweight. Subsequently,
25

Gauthier et al“> compared the effects of PAE across two groups of

infants who were SGA or AGA. The AGA group was randomly selected

for inclusion as the comparison group. Johnson et al’

compared chil-
dren with FAS, most of whom were SGA, to two groups of typically de-
veloping age-matched control children (one SGA group and one AGA
group). Oleson et al'® included a no-exposure control group of ado-

lescents, whose mothers reported no alcohol use during pregnancy.


www.wileyonlinelibrary.com

REID ET AL.

™ | \wiLEy

TABLE 1 Participant and study characteristics

Study

Study type:
Country

Focused on newborns only

Gauthier et al?

Gauthier et al?®

Included children

Carson et al®®

Johnson et al*’

Case-control:
United States

Case-control:
United States

Longitudinal:
Denmark

Case-control:
United States

Participants

VLBW newborns: alcohol exposed (n = 20); matched?
control (n = 168); alcohol + cocaine (n = 64)

Of 872 newborns, 16%-34% PAE; 1.6%-5.2% to excessive
alcohol

108 of 411 children born to mothers with a history of
asthma had PAE. Followed up until 7 y of age

13 FAS, 13 SGA, 13 AGA control® children. 12 mo to
10.5-y of age

Alcohol exposure

Prospective interview. Self-report of
any alcohol/drug use in pregnancy.
Further details not provided

Retrospective interview within 48 h of
deliveryb

Retrospective online questionnaire
completed when child was 1 mo old®

“Excessive alcohol consumption” fur-
ther details not provided

Libster et al?’ Cohort: 3423 children <2 y hospitalized with severe acute respira- Retrospective questionnaire for PAE
Argentina tory infections. 398 with PAE (low = 210; high = 188)°¢ during 3rd trimester

Linneberg et al?* Longitudinal: 24 341 mother-child pairs in the Danish Birth Cohort Prospective interview at 127 and
Denmark (30%-37% PAE). Assessed at 18 mo of age 30 wké gestation

Magnus et al®® Longitudinal: Assessed: 49 138 children for asthma at 36 mo; 39 791 Prospective questionnaire at 18 and
Norway recurrent LRTIs" at 36 mo; 13 253 asthma at 7 y of age. 30 wk gestation'

32% PAE in 1st trimester

Shaheen et al®* Longitudinal: 13 988 children followed up at 7.5 y of age. 18% reported Prospective questionnaire at 8 and
United PAE 18 wk gestation. Retrospective ques-
Kingdom tionnaire 8 wk post-delivery’

Wada et al*? Longitudinal: 350 children participated in follow-up surveys at 3-5 y of Prospective questionnaire using a 5-d
Japan age (180 males; 166 females)k. 12% reported PAE dietary record at 10 and 29 wk

Included adolescents

Apfelbacher et al?® Cohort: 16 761 reported on PAE. 13.4% reported PAE. Children Retrospective questionnaire. Details
Germany 0-17 y of age randomly selected. 66.6% response rate regarding exposure not provided

Oleson et al'® Case-control: 22 controls (Mage 14.4 y; 10 males, 12 females) and 35 PAE Prospective (further details not
United States (Mage 14.9 y; 19 males, 16 females). 95% African American provided)'

Yuan et al?? Longitudinal: 10 440 full-term infants followed up to 12 y of age through  Prospective questionnaire at 36 wk
Denmark linked hospital records. 81% reported PAE gestation™

Abbreviations: AGA, appropriate for gestational age; d, day; FAS, fetal alcohol syndrome; h, hour; M, mean; mo, month; PAE, prenatal alcohol expo-
sure; SGA, small for gestational age (ie, <10th percentile for gestational age); VLBW, very low birthweight (ie, <1500 g); wk, week; y, year.

#Matched for race, sex, and birthweight.

PReported alcohol use 3 mo prior to pregnancy and during 1st, 2nd, and 3rd trimester; separated into none, <3.5, 3.5-7, 7-14, and >14 drinks/wk.
Excessive alcohol was defined as 27 drinks/wk.

“Mothers drinking minimum of 1 unit of alcohol per week in minimum one of three trimesters were defined as having PAE during pregnancy. One unit
of alcohol was defined as 15 mL or 12 g of alcohol.

dMatched for age and sex.

fLow = < drinking once/wk; high = drinking = once/wk.

fAt 12 wk: 13 054 non-drinkers; 3909 reported 0.5 drinks/wk; 5651 reported 1-1.5 drinks/wk; 5993 reported 2-3.5 drinks/wk; 7191 reported 24
drinks/wk.

8At 30 wk: 11 551 non-drinkers; 3611 reported 0.5 drinks/wk; 4917 reported 1-1.5 drinks/wk; 3253 reported 2-3.5 drinks/wk; 861 reported >4
drinks/wk. PAE defined as 21 drink/wk.

"Lower respiratory tract infections (LRTIs) defined as three or more LRTls during the 1st 36 mo of life. LRTls included maternal report of pneumonia
and/or bronchitis.

i31.8% reported PAE during 1st trimester (68.9% < once per month 80.8% <2 per occasion); 9.7% during 2nd trimester; and 15.6% during 3rd trimes-
ter. Only 7.7% consumed >11 drinks throughout pregnancy.

iFor the last 2 mo of pregnancy, 3780 reported never consuming alcohol; 2947 reported < once/wk; 1475 reported = once/wk (=PAE).

k315 children followed up until 3 y old, 240 followed up until 5y old.

'PAE ranged from 1 oz of absolute alcohol per week to 75 oz/wk, with a mean of 12.4 oz/wk.

M85% reported PAE during pregnancy, and 2.1% consumed 120 g/wk.

asthma), with mixed findings evidenced across the included studies.
3.6 | Summary of atopy study outcomes ) 8 2428

Of the three studies that assessed for eczema, two reported no

The study outcomes are summarized in Table 2. Eight studies in- increased risk associated with PAE and the other study” reported

cluded at least one atopic outcome (ie, eczema, dermatitis, and/or an increased risk. Differences in results may be due to the age of
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TABLE 2 Relevant assessments and key results of included studies

Study Relevant assessments
Included atopy outcomes

Apfelbacher Physician diagnosed eczema

et al®®
Carson Age at 1st atopic dermatitis diagnosis
et al?
Linneberg Diagnosis of atopic dermatitis based on
etal®! caregiver interview
Shaheen Maternal report of atopic outcomes® or posi-
etal? tive reaction to an allergy test
Wada American Thoracic Society Division of Lung
etal?? Diseases questionnaire; International
Study of Asthma & Allergies in Childhood
questionnaire
Yuan et al?? Discharge diagnoses of asthma from the

Danish Hospital Discharge Registry

Included infection outcomes

Gauthier Early-onsetd and multiple late-onset sepsis®
etal®

Gauthier Documentation of newborn infections’ from
etal® a review of medical records

Johnson Immune cell assays” and documented rates
etal'’ of infections

Libster Nasopharyngeal aspirates at the time of
etal®”’ hospital admission evaluated for viruses’

Included both atopy and infection outcomes

Magnus Maternal report of asthma and recurrent
etal® LRTIs'

Oleson Cumulative prevalence of infectious disease
etal'® and allergy; leukocyte counts from whole

blood smears and flow cytometry

Key results?

Univariate analysis demonstrated significant ef-
fect of PAE; multivariate analysis not significant

177 of 411 children developed atopic dermatitis
before 7 y of age; significant association of PAE
with atopic dermatitis development

PAE (at both 12 and 30 wk) associated with 1 risk
of atopic dermatitis during the 1st 2 mo of life

PAE negatively associated with asthma and hay
fever

T Risk of atopic eczema before 3 and 5 y of age;
non-significant trend for asthma before 3 y of
age

PAE was not associated with increased risk of
hospitalization with asthma

Early-onset sepsis 15-fold T; ¢ compared to
alcohol/cocaine control; ¢ multiple late-onset
sepsis

Increasing PAE led to 7 risk of infections; SGA
infants exposed to any PAE with 2.5-fold 71 risk;
excessive alcohol® threefold to fourfold 1 risk

1 T and B lymphocytes; eosinophilia; | mitogen-
induced lymphocytes; < absolute lymphocyte
or neutrophil numbers; all 13 children with FAS
had major and/or minor infections'

T Risk life-threatening infections, particularly in
males (OR rose from 3.67 to 13.52 with PAE)

No association between higher PAE during 1st
trimester and outcomes; PAE showed inverse
association with asthma at 36 mo of age

Non-significant trend for Trates of asthma, aller-
gic rhinitis, and persistent skin rashes; T number
of circulating lymphocytes in PAE group
(dysmorphic and non-dysmorphic combined),
possibly due to an acute stressor™; & eosinophil,
neutrophil, monocyte numbers

Conclusions

PAE not associated with eczema preva-
lence once accounted for other social
and environmental factors

PAE was associated with an increased
risk of atopic dermatitis in children born
to women with a history of asthma

PAE increases the risk of early-onset
atopic dermatitis, mainly in predisposed
infants®

No increased risk of atopic outcomes in
children

PAE increases the risk of developing
atopic eczema in young children

No support for a causal link between PAE
and hospitalization for asthma

PAE increased the risk of early-onset
sepsis in a group of VLBW newborns

PAE associated with increased risk of
newborn infections

Children with FAS had impairments in
cell-mediated and humoral immune
function and high rates of major and
minor infections

PAE associated with Ih‘e-threateningk
respiratory infections in males

Comparatively low levels of PAE not
associated with increased risk of asthma
or LRTIs

Adolescents with PAE may be hyper-re-
sponsive to stress”

Abbreviations: E, erythrocyte; EAC, erythrocyte antibody complement; FAS, fetal alcohol syndrome; mo, month; OR, odds ratio; PAE, prenatal alco-
hol exposure; SGA, small for gestational age (ie, <10th percentile for gestational age); wk, week; y, year.
Compared to unexposed/low exposure controls unless stated otherwise.

bPredisposed infants were defined as those with two parents with an allergic disease.

“Atopic outcomes included wheezing, asthma, eczema, or hay fever.

dEarly-onset sepsis defined as blood culture positive for microorganisms within first 72 h of life.
“Multiple late-onset sepsis defined as two or more blood cultures positive for microorganisms in the neonate after 7 d of life.
fNewborn infections included Group B streptococcus and sepsis.

8Excessive alcohol was defined as 27 drinks/wk.

PIncluded erythrocyte rosetting (E-rosetting) to specifically measure T lymphocytes; erythrocyte antibody complement rosetting (EAC-rosetting) to
specifically measure B lymphocytes; total leukocyte cell counts using Hypaque-Ficoll gradient; and mitogen-induced lymphocyte production. Note
these assays are no longer used and have been replaced with immunohistochemistry and flow cytometry.
iMajor infections included sepsis, pneumonia, and meningitis; minor infections included recurrent otitis media and urinary tract infections.
Documentation of infection rates in the SGA or typical control groups were not reported so no comparison could be made.

Viruses included respiratory syncytial virus (RSV), human rhinoviruses (HRV), and influenza viruses.
KLife-threatening infection was defined as patient presenting with an oxygen saturation of <87% on admission.

'Recurrent lower respiratory tract infections (LRTIs) defined as three or more LRTIs during the 1st 36 mo of life. LRTIs included maternal report of

pneumonia and/or bronchitis.

MBefore blood collection, participants underwent neuropsychologic testing, which may have been differentially stressful to the PAE group.
"Authors suggest that adolescents with PAE found the neuropsychologic testing more difficult and was therefore a more stressful experience com-

pared to the control group.
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the participants assessed. Apfelbacher et al?® and Shaheen et al?*

28)

included older children (ie, up to 7.5 years24 and 17 years“®), whereas

Wada et al*’ only assessed children at 3 and 5 years of age. Wada

etal’?

reported that although there was still a risk of eczema before
age 5, this risk was reduced compared to before age 3 (hazard ratio
of 1.90 compared to 1.74).

Two studies?®?! assessed dermatitis, with both finding that PAE
was associated with increased risk. Linneberg et al?! reported a
dose-dependent effect from PAE and the risk of developing derma-
titis during the first 2 months of life, but not beyond this period. This
effect was mainly seen in high-risk infants (ie, two parents with al-

12° found that in a sample of mothers with

lergic disease). Carson et a
a history of asthma, PAE was associated with increased risk of der-
matitis during the first 7 years of life. Five studies assessed asthma
as an outcome, with none reporting significant results. Oleson et al'®
found a non-significant trend for adolescents with PAE to have in-
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creased rates of asthma. Wada et al*” also found a non-significant

trend for children with PAE to develop asthma before age 3. Yuan

et al??

assessed rates of hospitalization due to asthma and found no
link with PAE. Finally, two studies®®?* found no association between
PAE and asthma in two large longitudinal studies with comparatively

low levels of PAE.

3.7 | Summary of infection study outcomes

Six studies included at least one infection-based outcome of inter-
est. Two studies?>?® focused on newborns, with both finding that
PAE was associated with increased risk for infections, which included
sepsis and Group B streptococcus. Gauthier et al?® also found that
tobacco exposure increased the risk of infections. However, when
controlling for smoking, race, and low maternal income, high PAE
(ie, 27 drinks/wk) during the 2nd trimester still increased the risk
of newborn infections (odds ratio 3.7). Of note, this study also per-
formed a subgroup analysis of the SGA sample, which demonstrated
an even stronger association between PAE and newborn infections.
The authors concluded that these results support the hypothesis
that alcohol and not poor nutrition increased the risk of infection in
these newborns. Libster et al?’ evaluated children under 2 years of
age who were hospitalized for acute respiratory infections. A greater
effect on life-threatening infections, defined as oxygen saturation
of up to 87% upon admission, was observed with higher PAE dur-
ing the third trimester. This was more pronounced for males, whose
adjusted odds ratio increased from 3.67 to 13.52 when they had ex-
perienced PAE.

Johnson et al*’ reported major bacterial (eg, pneumonia and
meningitis) and/or minor (eg, otitis media) infections in all 13 children
with FASD. They did not report on the incidence of infections in the
corresponding non-PAE SGA group or normal age-matched control
group. However, they did do a comprehensive immunologic compar-
ison between the FASD and control groups, indicating significantly
reduced T and B lymphocytes and mitogen-stimulated lymphocytes.
They also reported eosinophilia, but no change in absolute neu-
trophil numbers. The immunologic assays used in this study were

appropriate at the time, but are now outdated. Oleson et al*® also
assessed leukocytes from blood smears and specific lymphocyte
cell types in whole blood using flow cytometry in a small group of
adolescents with PAE compared to controls. They found a signifi-
cantincrease in circulating lymphocytes (specifically T cells, T-helper
cells, and natural killer [NK] cells), regardless of gender or presence
of dysmorphic features, but no change in neutrophils, eosinophils,
or monocytes. However, the authors suggested that these increases
may be due to adolescents with PAE being hyper-responsive to acute
mental stress associated with neuropsychologic testing, which oc-
curred just prior to blood collection. Adolescents with PAE may also
have found the testing more challenging, due to their impairments,
and therefore, their stress response may be considered appropriate
given the circumstances. However, no direct assessments of stress
responses (eg, cortisol, heart rate) were included. Magnus et al®®
found that comparatively low levels of PAE were not associated
with increased risks of recurrent lower respiratory tract infections
(LRTIs), which was categorized as three or more LRTIs during the
first 36 months of life.

3.8 | Description of identified preclinical studies

A summary of the main methods and results within the preclinical
studies is provided in Data S1. These studies were not analyzed in
detail in the current review as only five out of the 39 studies were
published in the last 10 years and the majority (72%) were >20 years
old. They also included very different outcomes to the clinical stud-
ies. Studies were predominantly conducted in rats (82%), but there
were also five studies in mouse, one in sheep, and one in non-human
primates (macaque), with PAE-induced alterations to the immune re-
sponse reported across all species. A range of offspring ages were
assessed, although the majority of studies examined adults (67%).
Many of the studies examined the effect of PAE on cell-mediated
immune responses, particularly splenic or thymic lymphocyte prolif-
eration to a mitogen such as lipopolysaccharide (LPS) endotoxin or
concanavalin-A (Con-A).

Most studies (~68%) reported that PAE attenuated immune re-
sponses to infection/challenge and therefore had an immunosup-
pressive effect, suggesting that this underlies the increased rates of
infection seen in individuals with PAE. However, some studies found

29,30

that PAE actually augmented the immune response, oftenin re-

t,3132 while a few studies re-

sponse to a postnatal stress or insul
ported no change in immunocompetency.®® There was also evidence
that altered immune responses were transient, with pre-weanling,
juvenile or adolescent PAE offspring exhibiting alterations that were
normalized by adulthood.??24%” There was also some evidence for
alterations to the humoral immune response, with changes in pe-

ripheral or central cytokine production,3®4°

although other studies
reported no change.** Finally, studies examining LPS- and cytokine-
induced fever in adult rats***3 found an attenuated febrile response
in PAE offspring, with the authors suggesting that this may also con-
tribute to the decreased resistance to infection observed in animals

and humans following PAE.
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4 | DISCUSSION

Despite increasing interest in the wide range of possible health out-
comes that can arise from PAE, this systematic review highlights the
relative paucity of clinical studies that have investigated the impacts
on immune functioning.

4.1 | Studies assessing atopy outcomes

Studies in this area demonstrated mixed findings. The two studies
that assessed dermatitis?®?* both suggested that a genetic predis-
position, in terms of parent history of atopic disease, modified the
effect of PAE. The five studies that assessed asthma as an outcome
found no significant effects. However, two of these studies reported
comparatively low levels of PAE?>?* and one study only assessed
hospitalization due to asthma.?? Future research with larger and
more varied populations is therefore required to further elucidate the
interactions of genetic predispositions and long-term immune func-
tion impacts following varying levels of PAE. Importantly, the age of
the participants was highlighted in a number of the atopy studies as
potentially influencing the findings. For example, Linneberg et al?!
found that the effect of PAE on dermatitis was only present in the
first 60 days of life and Wada et al?? reported that the risk of eczema
reduced from age 3 to age 5. This has led some authors to suggest
that the effects of alcohol regarding atopy outcomes may be tran-
sient and attenuate after ceased exposure to alcohol at birth.?! This
finding was also supported by a number of the preclinical studies

that found immune dysfunction was attenuated by adulthood.?%34-%"

4.2 | Studies assessing infection outcomes

The studies that included infection outcomes were more consistent
in their findings, although there were slightly less studies identified in
this area. All studies except one®® reported changes related to infec-
tion outcomes. However, the two studies that specifically assessed
lymphocyte populations reported conflicting results, with one study
finding reduced Ievels,17 while the other found increased levels.'®
These studies were conducted in children of different ethnicities,
and consequently, this is an area that requires further research in
multiple populations. Magnus et al suggested that their non-sig-
nificant findings may be due to the low levels of PAE observed in
their study. This may be possible, as a dose-response effect of PAE
is common and other infection studies reported dose-response ef-
fects. For example, Gauthier et al®® reported that high PAE (ie, 27
drinks/wk) was associated with threefold to fourfold increased risk
of infections relative to unexposed pregnancies, compared to more
moderate levels of alcohol consumption that resulted in a ~2.5-fold
increased risk.

However, it is also important to consider that although infection
outcomes were not documented, previous research has suggested
that low levels of PAE may underlie susceptibility to the devel-
opment of autoimmune diseases through dysregulated cytokine

WILEY-"%

production.** Notably, preclinical research has demonstrated that
both peripheral and central cytokines® as well as C-reactive pro-
tein (CRP),39 a marker of inflammation, were altered in female rat
offspring with PAE. Specifically, animals showed increased pro-in-
flammatory cytokines in serum, hippocampus, and prefrontal cortex
and decreased levels in the spleen and hypothalamus® and increased
serum CRP.>? The authors suggested that the lower cytokine levels
in the spleen, an important immune organ, and the hypothalamus,
an important integrator of immune and endocrine responses, may
underlie the increased susceptibility to infection.

I*? found that exposure to early-life ad-

Furthermore, Raineki et a
versity differentially impacted the immune system of offspring with
PAE compared to controls, such that offspring with PAE showed a
lack of responsivity to early-life adversity. The authors suggested that
PAE alters the development of the immune system, leading to inap-
propriate immune system responses that may be displayed when the
system is challenged later in life. These immune markers are yet to be
examined in clinical populations with PAE, and there are very few clin-
ical studies that have investigated the concomitant effects of PAE and
early-life adversity. This is a vital area for future research, as children
with PAE are at increased risk of being exposed to adverse postnatal
experiences, such as trauma and neglect.*® Further research is needed
across all levels of PAE to clarify findings and specifically, to include
individuals with a diagnosis of FASD. Only one study was identified

in the current review that included children with a FASD diagnosis.!”

4.3 | Limitations

The present review provides a comprehensive synthesis of the avail-
able clinical evidence regarding the impact of PAE on immune func-
tioning. However, a number of limitations need to be considered,
including variability in the quality of reporting of the included studies,
particularly two of the studies that included adolescents. Therefore,
given the lack of high-quality evidence in older participants, this
limits the conclusions that can be drawn for this age group. Future
research that includes adolescents and adults with a history of PAE
is needed to address this current gap in the literature. Furthermore,
the current review was limited by the lack of detail that was reported
for the PAE. A number of the included studies were large prospec-
tive studies with a different primary goal, and therefore, specific in-
formation regarding the timing and dose of alcohol consumed during

pregnancy was lacking.

5 | CONCLUSIONS

The current review provides some initial evidence that PAE can
influence immune function, including atopic allergy and infec-
tion outcomes in infants, children, and possibly adolescents with
PAE or FASD. However, there was inconsistency in results across
studies, particularly regarding atopy outcomes and lymphocyte

levels. Compared to the comprehensive body of previous research
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documenting the brain and behavioral outcomes associated with

PAE, very few studies have investigated the potential influence of

PAE on the developing immune system. Further research regarding

the effects of PAE on immune responses is warranted, particularly

including individuals with FASD to inform future clinical practice for

this vulnerable population.
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Supplemental Data File S2: Quality assessment of included studies.
A) Quality assessment of included clinical studies using the Downs and Black Checklist. The published checklist was adapted to remove items
relating to an intervention. Maximum possible score = 19.

tems*
Study 1 2 3 5 6 7 10 11 12 150 16 17 18 20 21 22 25 277 Total
Apfelbacher et al (2011) 1 1 1 o O O 1 O O O 1 1 1 1 1 1 1 o0 1
Carson et a (2012) 11 1 2 1 1 1 O 0 O 11 1 1 o0 1 o0 O 13
Gauthier et a (2004) 11 1 2 1 1 0 O 0 o0 11 1 1 1 1 o0 O 13
Gauthier et a (2005) 1 1 1 0 1 1 0 1 0 0 1 1 1 1 1 1 1 0 13
Johnson et al (1981) 1 1 1 0 1 1 O O o0 o©O 1 0 0 1 o0 O 1 O 8
Libster et al (2015) 11 1 1 1 1 1 O 0 O 11 1 1 1 1 1 O 14
Linneberg et a (2004) 11 1 2 1 1 0 1 o0 O 11 1 1 o0 1 1 o0 14
Magnus et a (2014) 1 1.1 2 1 1 o0 O O O 1 1 1 1 1 1 1 o0 14
Oleson et al (1998) o 12 12 0 21 1 0 O O O O 1 1 121 0 o0 O 8
Shaheen et a (2013) 11 1 2 0 0 1 0 o0 o0 11 1 1 1 1 1 O 13
Wada et a (2016) 11 1 2 1 1 1 1 0 O 11 1 1 1 1 1 O 16
Y uan et al (2004) 1 1 1 o 1 1 0 1 o O 1 1 1 1 1 1 1 O 13

* [tem numbers are as per Downs and Black (1998). The following items were removed as they refer to reporting of an intervention: 4, 8, 9, 13, 14, 19, 23,
24, and 26. Scale of item score: foritems1to 3and 6to 10: 1 = Yes, 0= No; foritem5—-2 = Yes, 1 = Partiadly, 0 = No; foritems 11t0 27 - 1 = Yes, 0= No
or unable to determine. The Downs and Black Checklist covers the following areas: Reporting (items 1 -10; includes reporting of hypothesis/aim/objective,
outcomes, patient characteristics, confounders/covariates, main findings, estimates of variability, confidence intervals and probabilities); external validity
(items 11, 12; assessment of how representative the study participants are of the recruitable population); internal validity (bias, items 15-20; confounding,
items 21-25); and statistical power (item 27). See Downs and Black (1998) for full details of the criteriafor each item.

" For item 15, the “intervention’ was alcohol exposure.
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