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Abstract

Background: Previous epidemiological studies have found positive associations between
maternal infections and childhood leukaemia; however, evidence from prospective cohort
studies is scarce. We aimed to examine the associations using large-scale prospective data.
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Methods: Data were pooled from six population-based birth cohorts in Australia,
Denmark, Israel, Norway, the UK and the USA (recruitment 1950s-2000s). Primary out-
comes were any childhood leukaemia and acute lymphoblastic leukaemia (ALL); second-
ary outcomes were acute myeloid leukaemia (AML) and any childhood cancer.
Exposures included maternal self-reported infections [influenza-like illness, common
cold, any respiratory tract infection, vaginal thrush, vaginal infections and urinary tract
infection (including cystitis)] and infection-associated symptoms (fever and diarrhoea)
during pregnancy. Covariate-adjusted hazard ratio (HR) and 95% confidence interval (Cl)
were estimated using multilevel Cox models.

Results: Among 312879 children with a median follow-up of 13.6years, 167 leukae-
mias, including 129 ALL and 33 AML, were identified. Maternal urinary tract infection
was associated with increased risk of any leukaemia [HR (95% Cl) 1.68 (1.10-2.58)] and
subtypes ALL [1.49 (0.87-2.56)] and AML [2.70 ([0.93-7.86)], but not with any cancer
[1.13 (0.85-1.51)]1. Respiratory tract infection was associated with increased risk of any
leukaemia [1.57 (1.06-2.34)], ALL [1.43 (0.94-2.19)], AML [2.37 (1.10-5.12)] and any can-
cer [1.33 (1.09-1.63)]; influenza-like illness showed a similar pattern but with less pre-
cise estimates. There was no evidence of a link between other infections and any out-
comes.

Conclusions: Urinary tract and respiratory tract infections during pregnancy may be as-
sociated with childhood leukaemia, but the absolute risk is small given the rarity of the

outcome.

Key words: Maternal infection, childhood leukaemia, cohort study, prenatal

Key Messages

* This is the first large-scale, prospective cohort study to examine associations between maternal infections or infection-
associated symptoms during pregnancy and childhood leukaemia.

* Using data on 312 879 mother-child pairs from six international birth cohorts, we found that maternal urinary tract
infection was associated with an increased risk of childhood leukaemia but was not associated with overall cancer risk.

* Respiratory tract infection was associated with increased risk of both childhood leukaemia and any cancer. Influenza-
like illness showed a similar pattern to respiratory tract infection, but with less precision in the estimates.

Introduction

Leukaemia is the most common cancer in children.’'
Although the aetiology remains poorly understood, previ-
ous studies have suggested that a significant fraction of
childhood leukaemia may originate in utero, based on the
evidence that pre-leukaemic clones with acquired genetic
lesions have been present at birth.> Hypotheses for an in-
fectious aetiology have been further developed, proposing
that an abnormal immune response to common infections
in childhood may trigger the transformation of pre-
leukaemic cells into clinical leukaemia.® Associations be-
tween dysregulated immune function at birth and subse-
quent childhood leukaemia have also been reported,’

indicating that prenatal factors that influence the develop-
ment of the foetal immune system may be related to leu-
kaemia risk.

Maternal infection during pregnancy could be a cause
of these in utero chromosomal or immunological changes
and potentially lead to leukaemia in children.®” Some
infections in pregnancy could result in chromosomal aber-
rations,®” which is considered the “first hit’ (in utero ge-
netic lesion) in the development of childhood leukaemia.
In addition, maternal infection can cause birth defects,
some of which have been associated with childhood leu-
kaemia.'® Maternal infection can also alter the develop-

11,1

ment of the foetal immune system.'"'> Previous studies
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have shown that infection during pregnancy was associated
with immune-related diseases in the children, such as
asthma,'? type I diabetes'* and infectious diseases.'®

Although many studies have investigated the association
between maternal infection and childhood leukaemia,
results have been inconsistent. In our previous systematic
review and meta-analysis, maternal influenza, rubella and
varicella during pregnancy were associated with increased
risk of childhood leukaemia.'® However, this evidence was
derived predominantly from case-control studies which
may be prone to recall and selection bias.'® Cohort studies
may provide more compelling evidence; however, only two
small cohort studies (with six and 11 leukaemia cases, re-
spectively) have been reported.'”!'® Due to the rarity of
childhood leukaemia (cumulative risk, ~0.06% by the age
of 15years'?), individual cohort studies have insufficient
power to test the associations.

We pooled prospectively collected data from six inter-
national, well-characterized birth cohorts to examine asso-
ciations between specific types of maternal infection
during pregnancy and the risk of childhood leukaemia in
the offspring.

Methods

Ethics approval for each cohort in the International
Childhood Cancer Cohorts Consortium (I4C) was obtained
from all local research ethics committees. The current study
was approved by the 14C Steering Committee.

Data source: International Childhood Cancer
Cohorts Consortium

I4C is a research platform that aims to study the aetiology
of childhood cancer through the pooling data from multi-
ple birth cohorts.?® At the time of this analysis, six cohorts
have contributed data to I4C, and another seven newer
large birth cohorts have been involved in I4C activities but
have not contributed data yet. The six cohorts contributing
data include the Avon Longitudinal Study of Parents and
Children (ALSPAC, UK; n=14049), the Collaborative
Perinatal Project (CPP, USA; n=53738), the Danish
National Birth Cohort (DNBC, Denmark; 7 =94 690), the
Jerusalem Perinatal Study (JPS, Israel; #=90079), the
Norwegian Mother and Child Cohort Study (MoBa,
Norway; 7#=111399) and the Tasmanian Infant Health
Study (TIHS, Australia; 7#=10624). These cohorts have
recruited 374579 mother-child pairs over five decades
(1950s-2000s). As JPS only collected data on maternal in-
fection in subsets of participants (11467 from the antena-
tal cohort and 16 912 from postnatal interview), the total
sample of the six cohorts eligible for this analysis was

312 879. Data on all children of ALSPAC, CPP, JPS and
TIHS were included in I4C. Due to the data-sharing agree-
ments, a case-cohort design was adopted for DNBC and
MoBa, where a random 10% sample of the cohort and all
childhood cancer cases (including leukaemias) were in-
cluded. After excluding non-singleton births and children
with Down syndrome, we had an analytical sample of
120507 children for the current study. The case-cohort de-
sign for DNBC and MoBa was taken into account in the
analysis. Sharing of de-identified data for pooling in the
14C was approved by the ethics committee for each cohort.

Outcome ascertainment

Primary outcomes were any childhood leukaemia and
acute lymphoblastic leukaemia (ALL). Secondary out-
comes included acute myeloid leukaemia (AML) and any
cancer (including leukaemia). Childhood (<15 years of
age) cancer cases were identified through record linkage of
the cohorts to national/regional cancer registries (ALSPAC,
DNBC, JPS, MoBa and TIHS) or via clinical follow-up
(CPP). Children in ALSPAC, JPS and TIHS had been fol-
lowed to at least 15 years of age, and those in CPP up to
8 years of age. Follow-up in DNBC and MoBa is ongoing,
and the latest linkages to cancer registries were performed
at the end of 2017, with a median follow-up of 14.3 and
12.5 years, respectively. Tumours were classified according
to the International Classification of Diseases for
Oncology, Third Edition: C00.0-C80.9 for any cancer,
morphology codes 9800-9948 for any leukaemia, 9800-
9837 for ALL and 9840-9946 for AML.

Exposure assessment and harmonization

Data on maternal infections during pregnancy were col-
lected using self-reported questionnaires (ALSPAC, ]JPS,
MoBa, TIHS), telephone interviews (DNBC) or medical
records and self-reported interviews (CPP). Supplementary
Table S1 (available as Supplementary data at IJE online)
shows information about when the questionnaires/inter-
views were completed and what time intervals they cov-
ered for each cohort; 29 infection variables were identified
from the cohorts’ questionnaires/data dictionaries. Given
the relatively small case numbers, we only considered in-
fectious exposures with prevalence >5% and where data
were available from at least two cohorts. Based on these
criteria, seven infections (influenza-like illness, common
cold, any respiratory tract infection, vaginal thrush, vagi-
nal infections, cystitis, any urinary tract infection) and two
infection-associated symptoms (fever and diarrhoea) were
included for analysis. Similarities of infection variables
across cohorts were evaluated before harmonization.
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Based on infection definitions and exposure timings, we
assigned a compatibility category for each harmonized in-
fection variable across cohorts: high—very similar defini-
tions and exposure timings; moderate—similar definitions
and exposure timings but with certain variations; low—
substantial difference in the definition and exposure tim-
ings. Compatibility categories and infection variables in
each cohort are shown in Supplementary Table S2 (avail-
able as Supplementary data at IJE online).

For each harmonized infection variable, we defined the
primary exposure as infection reported at any time during
pregnancy. When the primary exposure variable showed
an evident association with the outcome, we further exam-
ined exposure variables at different stages of pregnancy: in-
fection during 1st trimester (<12 + 6 weeks or <3 months
of gestation) and infection during 2nd/3rd trimester (>12
+ 6 weeks or >3 months of gestation), if data on exposure
timing were available. All infection variables were catego-
rized as binary (yes/no) (Supplementary Table S2).

Covariates

We reviewed the literature to identify potential confound-
ers, and a directed acyclic graph (DAG) was constructed
(Supplementary Figure S1, available as Supplementary
data at IJE online). Based on the DAG, we included mater-
nal age at time of index child’s birth (continuous), educa-
tion level (>12 or <12years), smoking during pregnancy
(yes/no), pre-pregnancy body mass index (BMI; continu-
ous), parity (1 or >2) and any diabetes before childbirth
(yes/no) in the model for adjustment, except: (i) models for
AML, where diabetes was excluded because of its low
prevalence (~1%) and small number of cases; and (ii)
models examining ‘any urinary tract infection’, where dia-
betes was also excluded as one of the cohorts (TIHS) did
not collect data on this covariate. Models for common
cold, influenza-like illness and respiratory infections were
additionally adjusted for birth seasons (spring vs summer,
autumn or winter). Details about harmonization for cova-
riates can be found elsewhere.’

Missing data and imputation

Percentages of missing values for covariates and exposure
variables ranged 0-33% (Supplementary Table S3, available
as Supplementary data at IJE online). We performed multi-
ple imputation using chained equations to impute 30 data-
sets separately for each cohort. Full details are available in
Supplementary Methods (available as Supplementary data
at IJE online).

Statistical analysis

We used Cox proportional hazards models to assess the as-
sociation between each infection and cancer outcomes in
children. Time-to-event was calculated as the interval from
birth until a diagnosis of cancer or censoring (last follow-up/
record linkage, death or age of 15 years), whichever came
first. Overall hazard ratios (HRs) and 95% confidence inter-
vals (Cls) were calculated using multilevel Cox models (one-
stage meta-analysis), with random baseline hazard and ran-
dom coefficient of the exposure to take into account the het-
erogeneity across cohorts.?! Tau-squared (Tau2, variance of
effects across cohorts) was used to assess the heterogeneity.
An inverse probability weighting approach was used to ac-
count for the case-cohort design for DNBC and MoBa.**
For the non-cancer children of DNBC and MoBa, the
weights were set to 10 (which is calculated as one over the
sampling fraction of 10%). For the cancer cases of DNBC
and MoBa and all children in other cohorts, the weights
were set to one, because all these children were included.??
Parameter estimates and corresponding standard errors
were obtained based on the penalized partial likelihood.****
Models were fit in each imputation dataset. Effect estimates
were then pooled across 30 imputations using Rubin’s
rules.”® A two-stage meta-analysis was also performed,”’
but did not change the conclusions. Therefore, we only re-
port results for the one-stage analysis.

The proportional hazard assumption was tested using
log-log survival plots and Schoenfeld residuals and was
roughly met across all models. Non-linearity of continuous
variables (maternal age and BMI) was tested using frac-
tional polynomials and was not evident.

Several sensitivity analyses were performed. We re-
stricted the analyses of urinary tract infection to the five
cohorts with maternal diabetes data and additionally ad-
justed for this covariate. We additionally included birth
seasons in models to account for seasonality. We excluded
preterm (<37 weeks of gestation) babies who potentially
had a shorter exposure window.

Analyses were performed using Stata version 14
(StataCorp, College Station, TX, USA) and R version 3.6.0
(R Foundation for Statistical Computing, Vienna, Austria).
Names of the commands or packages are shown in
Supplementary Methods.

Results

Characteristics of the cohorts and participants

Among 312879 children with a median follow-up of
13.6years, 556 children were diagnosed with cancer, of
which 167 were leukaemia (including 129 ALL and 33
AML). The two Nordic cohorts (DNBC and MoBa) had
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Table 1 Characteristics of the cohorts and their participants

Characteristics ALSPAC CPP DNBCa JPS (Israel)b MoBa® TIHS Pooled
(UK) (USA) (Denmark) Prenatal Postnatal (Norway) (Australia)
Recruitment years 1991-92 1959-65 1996-2002 1965-68 1974-76 1999-2009 1987-95 1959-2009
Sample size
Original full cohort 14049 53738 94690 11467 16912 111399 10624 312879
Analytical sample in current 13664 50342 93627 10919 16279 10579* 9362 120507
study
Years of follow-up, median (range) 15.0(0.01-15.0) 7.8 (0.01-8.0) 14.3(0.01-15.0) 15.0(0.2-15.0) 15.0(0.3-15.0) 12.5 (0.04-15.0) 15.0 (0.02-15.0) 13.6 (0.01-15.0)
Number of cases
Any cancer 22 49 190° 27 27 217° 24 556
Any leukaemia 3 15 61% 4 9 712 4 167
Acute lymphoblastic leukaemia 3 11 442 3 9 56° 3 129
Acute myeloid leukaemia 0 2 14 1 0 15° 1 33
Maternal age (years), mean * SD 28.0 5.0 24159 30.5+4.3 27.5+5.9 274+5.3 30.2+4.6 23.6 4.4 26.3*5.9
Education >12 years, 7 (%) 4286 (35.3) 20767 (41.5) 4388 (65.5) 2607 (24.3) 8898 (55.7) 6297 (63.0) 1690 (18.1) 48933 (42.5)
Smoking during pregnancy, 7 (%) 3561 (29.6) 23269 (46.5) 2365 (25.7) 1029 (9.5) 2218 (13.8) 2370 (23.6) 5023 (53.7) 39835 (33.9)
Pre-pregnancy BMI (kg/m?) mean 22.9+3.8 22.7+4.3 23.6 4.4 - 22.1+3.1 24.0+4.2 23.2+4.8 22.9+4.1
+SD
Maternal diabetes, 7 (%) 497 (4.1)° 391 (0.8) 172 (1.8) 30(0.3) 130 (0.8) 145 (1.4) - 1365 (1.25)
Parity, primipara, 7 (%) 5640 (45.3) 15329 (30.5) 4157 (47.1) 3106 (28.5) 4916 (30.3) 4700 (44.4) 4387 (46.9) 42235 (35.6)
Sex of child, male, 7 (%) 7052 (51.6) 25461 (50.7) 4774 (51.0) 5590 (51.2) 8470 (52.0) 5321 (50.3) 6673 (71.3)4 63341 (52.6)
Gestational age at birth (weeks) 40 (39, 41) 40 (38, 41) 40 (39, 41) 40 (39, 41) 40 (39, 41) 40 (39, 41) 40 (38, 40) 40 (39, 41)
median (25th, 75th)
Birthweight (grams), mean = SD 3410 =551 3177 =531 3587 =563 3280493 3253 +509 3604 = 561 3195 =751 3294+ 573
Caesarean section, 7 (%) 1393 (10.5) 2440 (4.9) 1486 (15.9) 372 (3.4) 1039 (6.4) 1477 (14.0) 1764 (18.9) 9971 (8.3)

ALSPAC, Avon Longitudinal Study of Parents and Children; BMI, body mass index; CPP, Collaborative Perinatal Project; DNBC, Danish National Birth Cohort; JPS, Jerusalem Perinatal Study; MoBa, Norwegian Mother
and Child Cohort Study; SD, standard deviation; TIHS, Tasmanian Infant Health Study.
*DNBC and MoBa provide data on a random 10% sample of the cohort and all cancer cases.

bJPS collected data on maternal infection in two subsets (prenatal and postnatal interviews).

Including glycosuria.

High percentage of boys was due to the study design focused on children at highest risk for sudden infant death syndrome; -, data not collected.
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Any leukaemia

Acute lymphoblastic leukaemia

Exposure variable P (%) ncohort N HR (95% CI) Tau? N HR (95% CI) Tau?
Urinary tract infection 12.8 6 163 1.68 (1.10, 2.58) —— 0.004 126 1.49(0.87, 2.56) - 0.032
Cystitis 12.6 2 132 1.66 (1.04, 2.67) = <0.001 100 1.42(0.83, 2.44) —— <0.001
Influenza-like illness  11.2 3 135 1.62(0.76, 3.45) —— 0.137 103 1.54 (0.67, 3.50) — 0.166
Respiratory infection ~ 36.5 4 150 1.57 (1.06, 2.34) —=— 0.003 114 1.43(0.94,2.19) —=— 0.001
Common cold 33.8 3 135 1.37 (0.78, 2.40) —— 0.055 103 1.16(0.66, 2.02) —— 0.039
Vaginal thrush 23.8 3 135 1.05(0.61, 1.79) —— 0.049 103 1.16(0.65, 2.09) = 0.061
Vaginal infections 25.1 4 150 0.91(0.57, 1.45) —— 0.020 114 1.05(0.64, 1.73) i 0.022
Diarrhoea 24.0 3 135 0.85 (0.46, 1.60) - 0.069 103 0.83(0.49, 1.41) — 0.013
Fever 21.2 4 151 0.76 (0.48, 1.22) —— <0.001 114 0.76 (0.44, 1.29) —— 0.016

| I R R | | R R R |

025 05 2 4 025 05 1 2 4

Hazard Ratio

Hazard Ratio

Figure 1 Associations of each maternal infection during pregnancy with risk of any childhood leukaemia and acute lymphoblastic leukaemia. P (%),
prevalence of the infection, weighted by the inverse of the sampling probability in Danish National Birth Cohort and Norwegian Mother and Child
Cohort Study; n cohort, number of cohorts with available infection data; N, total number of cases in the pooled dataset; HR (95% Cl), hazard ratio and
95% confidence interval; Tau?, variance of effect sizes across cohorts; and its square root (Tau) is the standard deviation of the distribution of effect
sizes across cohorts. Hazard ratios were obtained using multilevel Cox modelling with random baseline hazards and random coefficients of the infec-

tion and were adjusted for maternal age, education level, smoking during pregnancy, pre-pregnancy body mass index, parity and diabetes. Models
for influenza-like illness, common cold and respiratory tract infection were additionally adjusted for birth seasons. Compatibility categories of infec-
tion variables across cohorts: high for urinary tract infection, cystitis and vaginal thrush; moderate for influenza-like iliness, vaginal infections and di-

arrhoea; low for respiratory tract infection, common cold and fever

higher maternal age and education level and heavier babies
(Table 1) compared with the other cohorts. The prevalence
of maternal smoking was highest in TIHS and CPP. The old-
est cohorts (CPP and JPS) had higher proportions of multip-
arous women and lower prevalence of caesarean section.

The prevalences of influenza-like illness, cystitis and uri-
nary tract infection during pregnancy were just over 10%;
fever, vaginal thrush, vaginal infections and diarrhoea
ranged from 21% to 25%; common cold and respiratory
tract infection were >30% (Supplementary Table S4,
available as Supplementary data at IJE online).

Associations of maternal infections with cancer
outcomes

Of the nine infection-related variables tested, three had
positive associations with childhood leukaemia: urinary
tract infection, cystitis and respiratory infection (Figures 1
and 2). A positive association was also found between re-
spiratory infection and any cancer (Figure 2). No evident
association for other infections was observed.

In a pooled analysis of all six cohorts, urinary tract infec-
tion (compatibility category, high) was associated with an
increased risk of any leukaemia [HR (95% CI) 1.68 (1.10-
2.58)], Tau®> = 0.004; Figure 1). Results for ALL and AML
also show an increased risk, but the 95% Cls ranged from a
slightly decreased risk to a considerably increased risk
(Figures 1 and 2). When stratified by exposure timing, uri-
nary tract infection in 2nd/3rd trimester, but not 1st trimes-
ter, was associated with increased risk of any leukaemia
[1.90 (1.00-3.63); Tau* = 0.055] (Supplementary Figure S2,

available as Supplementary data at IJE online). Analysis for
cystitis (compatibility category, high) was performed in two
Nordic cohorts (DNBC and MoBa) that had data for this
variable; results were similar to those for urinary tract infec-
tion (Figure 1; and Supplementary Figure S2).

Respiratory tract infection was associated with increased
risk of any leukaemia [HR (95% CI) 1.54 (1.05-2.26);
Tau* = 0.002], ALL [1.43 (0.94-2.18); Tau* <0.001], AML
[2.35 (1.08-5.10); Tau?=0.003] and any cancer [1.32
(1.08-1.62); Tau* <0.001] (Figures 1 and 2). It should be
noted that the definitions of this exposure were heteroge-
neous across cohorts (Supplementary Table S2; compatibil-
ity category, low), despite the low statistical heterogeneity
of effect (Tau®). To address the issue of heterogeneity for
this variable, we conducted a post hoc sensitivity analysis by
excluding CPP (which had only data on pneumonia and tu-
berculosis) from the analysis. We found the results were sim-
ilar to the overall analysis, although the confidence intervals
of HRs became wider (data not shown). We also performed
a stratified analysis by maternal smoking during pregnancy
(yes/no) for respiratory infection. The associations tend to
be more pronounced among women who did not smoke
than those who smoked (Supplementary Table S5, available
as Supplementary data at IJE online). However, a test of
heterogeneity shows that HRs between the two groups were
not statistically different (P-values >0.1).

In three cohorts (ALSPAC, DNBC and MoBa) with
available data, the HRs for influenza-like illness (com-
patibility category, moderate) were 1.62 (95% CI 0.76-
3.42; Tau* =0.130) for any leukaemia and 1.51 (95%
CI0.68-3.39; Tau® =0.145) for ALL (Figure 1).
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Any cancer Acute myeloid leukaemia
Exposure variable P (%) ncohort N HR (95% CI) Tau? N HR (95% CI) Tau?
Urinary tract infection 12.8 6 529 1.13(0.85, 1.51) - 0.003 32 2.70(0.93, 7.86) —=—— 0.113
Cystitis 12.6 2 407 1.16 (0.86, 1.57) - 0.001 29 237(0.71,7.89) ——s——  0.120
Influenza-like illness  11.2 3 429 1.34(0.77,2.31) - 0.095 29 1.24(0.31,5.00) +——=—— <0.001
Respiratory infection  36.5 4 478 1.33(1.09, 1.63) - 0.001 31 237(1.10,5.12) —s=—  <0.001
Common cold 33.8 3 429 1.13(0.91, 1.40) - <0.001 29 1.80(0.81,3.99) [ m— 0.003
Vaginal thrush 23.8 3 429 0.99 (0.75, 1.31) = 0.013 29 0.51(0.16,1.67) <«—=—— <0.001
Vaginal infections 251 4 478 0.89 (0.64, 1.22) = 0.028 31 0.57(0.18,1.83) «—=—— 0.030
Diarrhoea 24.0 3 429 0.88 (0.62, 1.26) = 0.047 29 0.99(0.23,4.21) «—+— 0.601
Fever 21.2 4 483 0.89 (0.58, 1.37) e 0.107 32 0.75(0.22,2.52) <«—=—— 0.179
T 1 1 1 —r T T T 1
025 05 2 4 02505 1 2 4 8

Hazard Ratio

Hazard Ratio

Figure 2 Associations of each maternal infection during pregnancy with risk of any childhood cancer and acute myeloid leukaemia. P (%), prevalence
of the infection, weighted by the inverse of the sampling probability in Danish National Birth Cohort and Norwegian Mother and Child Cohort Study;
n cohort, number of cohorts with available infection data; N, total number of cases in the pooled dataset; HR (95% CIl), hazard ratio and 95% confi-
dence interval; Tau?, variance of effect sizes across cohorts; and its square root (Tau) is the standard deviation of the distribution of effect sizes across
cohorts. Hazard ratios were obtained using multilevel Cox modelling with random baseline hazards and random coefficients of the infection and
were adjusted for maternal age, education level, smoking during pregnancy, pre-pregnancy body mass index, parity and diabetes. Models for influ-
enza-like illness, common cold and respiratory tract infection were additionally adjusted for birth seasons. Compatibility categories of infection varia-
bles across cohorts: high for urinary tract infection, cystitis and vaginal thrush; moderate for influenza-like illness, vaginal infections and diarrhoea;

low for respiratory tract infection, common cold and fever

Sensitivity analysis

Results were similar to those of the main analysis when we
additionally adjusted for maternal diabetes for the analysis
on urinary tract infection, additionally adjusted for birth
seasons, or excluded babies born preterm (Supplementary
Table S6, available as Supplementary data at IJE online).

Discussion

Based on a large pooled dataset from six international
cohorts, our study is the first to show a positive association
of maternal urinary tract infection during pregnancy with
childhood leukaemia in offspring. Our study is also the first
cohort study with relatively large numbers of cases to dem-
onstrate associations of maternal respiratory tract infections
with higher risk of childhood leukaemia and any cancer.

Urinary tract infection is one of the most common infec-
tions in pregnant women,”® and has been associated with
maternal and neonatal adverse outcomes such as pre-
eclampsia, preterm delivery and perinatal death.”” Such
infections during pregnancy may also have long-term
effects on the offspring’s health (increasing risk of infec-
tious morbidity'® and neuropsychiatric disease®’). Risks
were not elevated for any leukaemia or ALL in our previ-
ous meta-analysis of three case-control studies,'® but we
observed stronger positive associations for both outcomes
in our prospective data which were characterized by a high
compatibility for this infection.

Only one case-control study explored the association of
maternal respiratory tract infection with childhood leukae-
mia and reported an odds ratio (OR) of 1.46 (95% CI
0.58-3.67).>" We found that respiratory tract infection

was associated with increased risk of any leukaemia, ALL,
AML and any cancer in children. Regarding influenza dur-
ing pregnancy, our previous meta-analysis showed a
pooled OR of 1.77 (1.01-3.11) for childhood leukaemia
and 3.64 (1.34-9.90) for ALL.'® In the current study, the
effect size was similar for leukaemia (HR 1.61) but lower
for ALL (HR 1.44); however, both estimates had wide con-
fidence intervals. As the heterogeneity of the definitions for
respiratory tract infection and influenza was high across
the cohorts (compatibility: low and moderate, respec-
tively), further studies with more accurate measurement
(e.g. medical records or laboratory-confirmed cases) are
needed to clarify the associations.

Among the plausible mechanisms underlying the ob-
served associations are a direct oncogenic effect of infec-
tious agents and an immune response triggered by the
infection which influences the development of the foetal
immune system and subsequent immune response to infec-
tions in childhood.'"'* Active viral infections or dysregu-
lated cytokines due to maternal infections might also have
a direct mutagenic effect on foetal haematopoietic cells via
the activation of cytidine deaminase enzymes such as
activation-induced deaminase (AID) or apolipoprotein B
mRNA-editing catalytic polypeptide-like (APOBEC) (a
mutational signature seen in ALL*?), which are capable of
causing both translocations and point mutations.*> Some
infections (e.g. gastrointestinal infections) could be less
likely to cause chromosomal or immunological abnormali-
ties and thus not contribute to the risk of childhood leukae-
mia; this hypothesis is supported by our finding that no
association was observed for diarrhoea and childhood
leukaemia.
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Other childhood cancers (non-leukaemia) may serve as a
negative control outcome to assess the possibility that the
observed associations between maternal infections and
childhood leukaemia were biased by unobserved confound-
ers. Assuming that: (i) other cancers are not affected by ma-
ternal infections; and ii) the unobserved confounders of the
infections-leukaemia association and the infections-other
cancers association are identical, an empirical association
between maternal infections and other cancers would sug-
gest that the infections-leukaemia association may be biased
by the unobserved confounders; by contrast, no association
between maternal infections and other cancers would sug-
gest little unobserved confounding for the infections-
leukaemia association. In our dataset, urinary tract infection
was associated with childhood leukaemia but not with other
types of cancer (Supplementary Table S7, available as
Supplementary data at IJE online), suggesting that unob-
served confounding does not account for the association of
urinary tract infection with leukaemia. On the other hand,
the higher risk of both leukaemia and other cancers associ-
ated with respiratory infection (Supplementary Table S7)
supports the possibility of uncontrolled confounders for this
infection. However, this uncontrolled confounding would
not fully explain the association with leukaemia, given that
the empirical association of respiratory infection with other
cancers was weaker than that with leukaemia (HR 1.25 vs
1.54) if the two above-mentioned assumptions hold.

An alternative explanation may be related to antimicro-
bial treatment for the infection, which was shown to be as-
sociated with a higher risk of childhood leukaemia
(especially under 5 years of age).** It is also possible that
adverse perinatal outcomes mediate the association be-
tween maternal infections and childhood leukaemia.
However, there is no evident association between preterm
birth or caesarean section and childhood leukaemia in our
dataset, suggesting few mediating effects of these two peri-
natal outcomes. Future studies are needed to test these hy-
pothesized mechanisms.

Strengths of our study included: the large-scale, pro-
spective design thereby reducing the potential for recall or
selection bias; assessment of the associations during differ-
ent stages of pregnancy; adjustment for potential con-
founders, some of which were usually unavailable in
previous studies'®; use of self-report which might better
capture exposure information for common infections
which are usually mild, compared with medical records
which reflect more severe cases.

Limitations include: possible misclassification of expo-
sure due to self-report; lack of information on specific
pathogens or asymptomatic infections; different definitions
of some infections (e.g. influenza) across cohorts; modest
numbers of leukaemias and even smaller numbers of

leukaemia subtypes; the 10% cohort sample from DNBC
and MoBa (since the imputation for missing data in such a
subcohort may be less efficient compared with use of the
entire cohort)**>%; and potential live-birth bias, as we only
used live births as the study population. Although we have
adjusted for several potential confounders, we could not
rule out the possibility of common residual confounders
across all cohorts (e.g. genetic factors) or different residual
confounders (e.g. maternal environmental and occupa-
tional exposures) that varied between cohorts. Finally, we
did not adjust for the multiple comparisons, given the lim-
ited number of cases.

In conclusion: using large-scale prospective data from
several countries, we found that urinary tract and respira-
tory tract infections during pregnancy were associated with
a higher risk of childhood leukaemia. However, the absolute
risk remains small, given the rarity of the outcome.
Replication and validation of these findings are needed.
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