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Abstract

Childhood infections and cytomegalovirus (CMV) are associated with pediatric acute

lymphoblastic leukemia (ALL). CMV dysregulates the host immune system and alters

the immune response to subsequent antigenic exposures. We suspect that this

immune dysregulation contributes to increased numbers of symptomatic infections

in childhood allowing for expansion of pre-leukemic clones. We explored the associa-

tion between childhood infections, maternal infections during pregnancy and CMV-

positive ALL. Using a droplet digital PCR assay, we screened diagnostic ALL bone

marrow samples from the California Childhood Leukemia Study (1995-2015) for the

presence of CMV DNA identifying CMV-positive and CMV-negative cases. We per-

formed a case-only analysis (n = 524) comparing the number and types of childhood

infections and maternal infections during pregnancy between CMV-positive and

CMV-negative ALL cases using logistic regression. With increasing numbers of infections

in the first 12 months of life, children were more likely to classify to the highest tertile of

CMV DNA in the bone marrow at diagnosis (OR: 1.04, 95% CI: 1.01-1.08). Specifically,

those reporting cough or flu in the first 12 months were more likely to be CMV-positive

at ALL diagnosis (OR: 2.15, 95% CI: 1.06-4.37 and OR: 2.06, 95% CI: 1.17-3.63 respec-

tively). Furthermore, those with a history of maternal infection during pregnancy were

more likely to be CMV-positive (OR: 2.12, 95% CI: 1.24-3.62). We hypothesize that chil-

dren with underlying immune dysregulation develop more symptomatic infections in

childhood and ultimately CMV-positive ALL; this underlying immune dysregulation may

be due to early immune system alterations via CMV exposure (in utero or early infancy)

proposing a potential link between CMV and ALL etiology.
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What's new?

Cytomegalovirus (CMV) infection early in life likely contributes to the development of childhood

acute lymphoblastic leukemia (ALL), owing to CMV-induced alterations in immune function. In

the present study, the relationship between risk of childhood ALL and exposure to CMV in utero

or early life was investigated among children with ALL who participated in the California Child-

hood Leukemia Study. Case-only analysis shows that children exposed to maternal infections

during pregnancy are more likely to have CMV-positive ALL than CMV-negative ALL. Children

with increased numbers of infections in early life are more likely to be CMV-positive at the time

of ALL diagnosis.

1 | INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most common childhood

malignancy.1 Due to advances in therapy, outcomes have improved

dramatically for childhood ALL. Even so, there are subgroups consid-

ered to be high risk who experience poorer outcomes, and children

with relapsed disease have much lower survival rates.1 Furthermore,

those who do achieve a long-term remission are still subject to the

acute and chronic toxicities associated with chemotherapy.1 A better

understanding of the risk factors associated with ALL etiology (and

possibly progression), could allow for the development of interven-

tions for prevention of ALL or even targeted therapies thereby mini-

mizing toxicity of treatment.

Antigenic exposures and childhood infections have been shown

to play a role in ALL development such that children with more fre-

quent infections have a higher incidence of childhood ALL.2-5 Some-

what counterintuitively, daycare attendance (a surrogate for exposure

to childhood infections) is associated with lower risk of ALL develop-

ment.6,7 One hypothesis to explain these seemingly contradictory

associations is that children in daycare are exposed to antigens early

and often in childhood and thereby develop a more competent

immune response; whereas those who do not attend daycare subse-

quently have delayed infection exposures and in the absence of a

well-primed immune system experience a dysregulated immune

response thereby increasing their risk of ALL.2 It is theorized that a

dysregulated immune response to childhood infections can provide

the opportunity for pre-leukemic clones present at birth to expand,

acquire new mutations and proliferate into overt leukemia.8-14

Cytomegalovirus (CMV) infection early in life is associated with

increased risk of ALL development in childhood.4,5 CMV is a herpesvi-

rus common in the general population that after acute infection sur-

vives in a latent state in a host. To achieve this, CMV interacts with

the host immune system thereby altering its response to

infection,14-16 and individuals with latent CMV have also been shown

to have aberrant immune responses to other antigens into adult-

hood.17-21 In prior studies, we found that approximately half of ALL

cases have CMV DNA present in the bone marrow at diagnosis fur-

ther suggesting that CMV could contribute to ALL development.4,22

Congenital CMV infection occurs in 0.5% to 1.3% of children in the

United States.23 Severe sequelae such as neurologic deficits, hearing

loss and liver dysfunction are features of a congenital CMV infection,

but <10% of children with congenital CMV will exhibit these signs and

symptoms, and the majority of children are asymptomatic at birth.23

Although CMV status at birth is not assessed in the present study, we

hypothesize that children exposed to CMV in utero or early in life

may not have symptoms of CMV in the immediate neonatal period,

but go on to have an exaggerated immune response to subsequent

infections, leading to more immune dysregulation and thereby higher

risk of childhood ALL. In our study, we performed a case-only analysis

to explore the association between childhood infection history, mater-

nal infections during pregnancy and the presence of CMV DNA in the

bone marrow at the time of ALL diagnosis.

2 | MATERIALS AND METHODS

2.1 | Study design and population

A case-only analysis was performed using data collected from the

California Childhood Leukemia Study (CCLS), a case-control study

conducted in 35 counties in California between the years 1995 and

2015.24,25 Children were eligible to participate in the CCLS if they

were less than 15 years of age with no prior cancer diagnosis, living in

the study region and had an English or Spanish-speaking parent.24,25

Diagnostic leukemia bone marrow samples were obtained from partic-

ipating treating hospitals as well as demographic and clinical data.26

Although the CCLS included both acute myeloid leukemia cases and

ALL cases, the present study was limited to ALL given the previously

identified associations between childhood infections and ALL.2,3,8 Of

744 diagnostic bone marrow samples screened for CMV DNA in our

prior work,22 524 were included in this analysis based on the availabil-

ity of childhood and maternal infection data (Figure 1). Notably, these

samples, as well as the entire study set, are independent of those

reported in Francis et al.4

2.2 | Cytomegalovirus DNA screening

Diagnostic leukemia bone marrow samples were screened for the

presence of CMV DNA using a custom droplet digital PCR (ddPCR)

assay as previously described.23 The QIAamp DNA Blood Mini Kit

(Qiagen) was used to isolate DNA from 50 μL bone marrow aspirate
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samples acquired at diagnosis from 931 childhood leukemia patients

including 744 ALL cases. A subset (n = 33) of these cases previously

had undergone whole genome sequencing (average �50), and aligned to

the Merlin CMV sequence (Ref Seq ID: NC_006273.2). In two of these

samples, a �700 base pair (bp) segment of CMV was recurrently identi-

fied (range: 174 980-175 691), and was chosen as a target for further

study. PCR primers and probe were designed to target a segment (range:

175 040-175 279) of this 700 bp CMV sequence (forward primer:

agacctcccatagtaaacgc, reverse primer: gctattaccatggtgatgcg, probe:

/5HEX/tccccgtgagt/ZEN/caaaccgct/3IABkFQ/). This droplet digital PCR

assay was optimized using quantified CMV sequence (Strain: AD-169)

(catalog NATCMV-0003, ZeptoMetrix Corp) spiked into normal CMV-

negative DNA, to ensure a reproduceable detection level of single copy

CMV target in a background of non-CMV DNA. Each patient sample

(�50 ng) was screened with this assay. To normalize the CMV positive

droplet count based on the amount of DNA in the reaction, a second

ddPCR reaction (C-LESS) was run on all samples using primers and probe

to detect single copy human DNA target.27

Cases were considered CMV-positive if any CMV DNA was

detected in the bone marrow samples and CMV-negative if no CMV

DNA was detected. A ratio of CMV positive to human haploid target

positive droplets (CMV-ratio) was calculated to determine the level of

CMV-positivity and normalize for the concentration of DNA in the

samples. CMV ratio was then categorized into tertiles based on the

CMV-ratio distribution in the overall cohort with a CMV-ratio of

0 defined as negative and the referent for analyses of associations

with CMV viral DNA load.

2.3 | Covariates

Demographic and clinical features of the cases were collected as part

of the CCLS including age at diagnosis, sex, leukemia subtype, self-

reported ethnicity (Latino vs Non-Latino), childhood infections and

maternal infections during pregnancy (Table 1). Infection history was

reported by the biological mother (or father in the event the mother

F IGURE 1 Flow chart of selection of cases for
inclusion. ALL, acute lymphoblastic leukemia;
AML, acute myeloid leukemia; CMV,
cytomegalovirus. Created with BioRender.com
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was unavailable) during a standardized interview. Childhood infections

were reported as either categorical (yes/no) or continuous numeric

(number of episodes) variables. The type of infection including diar-

rhea/vomiting, cough and flu was also collected. The CCLS was con-

ducted in phases as the number of participating sites expanded.

Importantly, interview questions regarding maternal infections were

asked differently in the first three phases (1995-2009) compared to

the last phase of the study (2011-2015). In the first three phases of

the study, maternal infections were reported as both categorical

(yes/no) and continuous numeric (number of episodes) variables while

in the last phase only categorical (yes/no) data were collected. For the

purposes of our study, the maternal infections during pregnancy data

were treated as a binary categorical variable. ALL subtype was catego-

rized as T-cell ALL (T-ALL) or B-cell ALL (B-ALL) and B-ALL was fur-

ther categorized into high hyperdiploidy (n = 112), ETV6-RUNX1

(n = 111) and “other” subtypes (n = 137) as previously described.28

2.4 | Statistical Methods

Odds ratio (OR) and 95% confidence interval (CI) were estimated for

associations between CMV-positivity at the time of ALL diagnosis and

early childhood infections and maternal infections during pregnancy

using logistic regression. Potential confounders included sex, age at

diagnosis, ethnicity, birth order and ALL subtype. Variables were kept

in the model as confounders if they caused ≥15% change in the

parameter estimate for childhood or maternal infection. Effect modifi-

cation of ethnicity and ALL subtype were examined for all models

using the likelihood ratio test. A P-value of <.05 for the likelihood ratio

test was considered effect modification. If effect modification was

present, models were stratified by the levels of the effect modifier.

Statistical analyses were performed using RStudio version 1.2.1335

(RStudio Team [2020]. RStudio: Integrated Development for R. RStudio,

PBC, Boston, MA, URL http://www/rstudio/com).

3 | RESULTS

A total of 524 cases were included in the analysis based on availability of

bone marrow DNA available for CMV screening and childhood and/or

maternal infection data (Figure 1). Of these, 44% were CMV-positive

(Table 1). The CMV-positive and CMV-negative groups did not differ in

age at diagnosis, sex or ethnicity (Table 1). As previously described, there

was a higher proportion of high hyperdiploid ALL cases in the CMV-

positive group (OR: 1.76, 95% CI: 1.03-2.98, P = .037, Table 1).23

3.1 | Childhood infections and CMV status

With increasing number of infections in the first year of life, children

were more likely to be in the highest CMV-tertile (3rd tertile) than to be

CMV negative (OR: 1.04, 95% CI: 1.01-1.08, P = .022, Table 2, Figure 2).

Likewise, those experiencing higher numbers of infections during the first

6 months of life, were more likely to be in the highest CMV-tertile at

ALL diagnosis (OR: 1.08, 95% CI: 1.002-1.16, P = .044, Table 2). Child-

hood infections were further categorized into diarrhea/vomiting, cough

and flu. We found that children who were reported to have had at least

one episode of either cough or flu in the first year of life were greater

TABLE 1 Demographic and clinical features of cytomegalovirus (CMV) positive and negative acute lymphoblastic leukemia (ALL) patients,
California Childhood Leukemia Study (CCLS) conducted from 1995 to 2015

CMV-negative, n = 293 (56%) CMV-positive, n = 231 (44%) OR (95% CI)a Pb

Median age at diagnosis (IQR) 4.46 (2.87, 7.40) 4.84 (3.01, 7.88) .19

Sex (n = 524)

Male 168 (57%) 128 (55%) Ref

Female 125 (43%) 103 (45%) 1.08 (0.75, 1.55) .65

Ethnicity (n = 522)

Non-Latino 151 (52%) 107 (47%) Ref

Latino 142 (48%) 122 (53%) 1.21 (0.84, 1.74) .28

ALL cell type (n = 524)

T-cell 25 (8%) 16 (7%) Ref

B-cell 193 (66%) 167 (72%) 1.35 (0.67, 2.81) .37

Not specified 75 (26%) 48 (21%) 1.00 (0.46, 2.23) 1.00

B-ALL subtype (n = 360)

ETV6-RUNX1 67 (35%) 44 (26%) Ref

High hyperdiploid 52 (27%) 60 (36%) 1.76 (1.03, 2.98) .04

Other 74 (38%) 63 (38%) 1.30 (0.78, 2.15) .31

Note: High hyperdiploid: chromosomal gains resulting in 51 to 67 chromosomes.

Abbreviations: ALL, acute lymphoblastic leukemia; CMV, cytomegalovirus.
aOR (95% CI): odds ratio and 95% confidence interval for unadjusted logistic regression analysis.
bWilcoxon P for continuous variables, Chi-square P for categorical variables and Wald Chi-square P when OR (95% CI) are presented.
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than two times more likely to have the highest levels of CMV DNA (high-

est tertile) at the time of ALL diagnosis (OR: 2.15, 95% CI: 1.06-4.37,

P = .035 and 2.06, 95% CI: 1.17-3.63, P = .013, respectively, Table 2).

Age, sex, birth order and ethnicity were not found to be effect modifiers

or confounders and therefore are not included in these models. How-

ever, ALL subtype was identified as a possible effect modifier, and

TABLE 2 Association of childhood infection history and CMV-status at ALL diagnosis, California Childhood Leukemia Study (CCLS)
conducted from 1995 to 2015

Infection type
History of
infection (n)

No
infection (n)

CMV-positive,
OR (95% CI), Pb

CMV-ratioa

First tertile,
OR (95% CI), Pc

Second tertile,
OR (95% CI), Pc

Third tertile,
OR (95% CI), Pc

Ever infection (categorical)

First 12 months of life

Any type of infection 206 318 1.16 (0.82-1.16)

P = .404

1.01 (0.60-1.69)

P = .985

1.06 (0.63-1.78)

P = .819

1.46 (0.88-2.67)

P = .142

Diarrhea 97 421 0.93 (0.59-1.47)

P = .770

0.69 (0.34-1.40)

P = .303

1.01 (0.53-1.90)

P = .987

0.92 (0.48-1.77)

P = .809

Cough 58 363 1.63 (0.94-2.85)

P = .085

1.42 (0.61-3.33)

P = .417

1.28 (0.55-2.97)

P = .570

2.15 (1.06-4.37)

P = .035

Flu 111 405 1.43 (0.94-2.19)

P = .095

1.43 (0.79-2.60)

P = .238

0.93 (0.48-1.82)

P = .835

2.06 (1.17-3.63)
P = .013

First 6 months of life

Any type of infection 81 318 1.25 (0.76-2.04)

P = .372

1.23 (0.60-2.53)

P = .570

1.00 (0.47-2.15)

P = .995

1.55 (0.78-3.09)

P = .216

Diarrhea 46 353 0.86 (0.45-1.61)

P = .644

0.74 (0.27-2.01)

P = .553

0.75 (0.28-2.05)

P = .580

1.10 (0.45-2.67)

P = .830

Cough 18 378 1.88 (0.76-4.76)

P = .172

2.04 (0.60-6.87)

P = .252

2.08 (0.61-7.02)

P = .239

1.53 (0.40-5.84)

P = .537

Flu 30 368 1.56 (0.73-3.30)

P = .246

1.52 (0.53-4.39)

P = .435

0.91 (0.25-3.28)

P = .891

2.27 (0.88-5.88)

P = .091

Number of infections (numeric)

First 12 months of life

Any type of infection 181 318 1.03 (1.00-1.07)

P = .060

1.04 (0.995-1.08)

P = .084

1.02 (0.96-1.06)

P = .545

1.04 (1.01-1.08)
P = .022

Diarrhea 78 394 1.01 (0.96-1.06)

P = .752

0.96 (0.86-1.08)

P = .503

1.02 (0.95-1.09)

P = .576

1.02 (0.96-1.09)

P = 0.504

Cough 48 426 1.07 (0.96-1.27)

P = .295

1.06 (0.89-1.28)

P = 0.550

0.97 (0.72-1.30)

P = .833

1.12 (0.96-1.31)

P = .147

Flu 73 398 1.08 (0.93-1.29)

P = .349

1.14 (0.94-1.37)

P = .180

0.78 (0.48-1.26)

P = .309

1.13 (0.93-1.37)

P = .235

First 6 months of life

Any type of infection 73 322 1.05 (0.99-1.12)

P = 0.109

1.03 (0.94-1.13)

P = .479

1.03 (0.95-1.13)

P = .458

1.08 (1.002-1.16)
P = .044

Diarrhea 42 353 1.01 (0.97-1.10)

P = 0.345

1.00 (0.89-1.12)

P = 0.951

1.04 (0.95-1.13)

P = 0.413

1.05 (0.97-1.14)

P = .242

Cough 18 378 1.13 (0.94-1.61)

P = .323

1.13 (0.82-1.55)

P = .460

0.97 (0.54-1.74)

P = 0.925

1.20 (0.90-1.60)

P = .214

Flu 28 368 1.29 (0.96-1.95)

P = .144

1.44 (0.96-2.17)

P = .076

0.79 (0.31-2.01)

P = .624

1.40 (0.92-2.12)

P = .114

Note: Odds ratios for categorical variables including Any infection, Diarrhea, Cough and Flu are compared to those without history of infection as the

referent group. Number of episodes of infection is treated as continuous variables; odds ratios represent odds of being CMV-positive with increasing

number of infections. Associations with P < .05 in bold. Not all 524 cases are included in each model due to missing data.

Abbreviations: ALL, acute lymphoblastic leukemia; CMV, cytomegalovirus.
aCMV-ratio: ratio of number of CMV-positive droplets to human haploid positive droplets by droplet digital PCR, indicating amount of CMV DNA

normalized for total DNA concentration of the sample.
bOR (95% CI): odds ratio and 95% confidence interval for unadjusted binomial logistic regression analysis.
cOR (95% CI): odds ratio and 95% confidence interval for unadjusted multinomial logistic regression analysis.
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therefore we stratified the analysis by subtype including high hyperdi-

ploidy, ETV6-RUNX1, T-ALL and B-ALL without specified subtype

(Table S1). Although the sample sizes of the strata are small, we did note

that among the high hyperdiploid subtype increasing number of child-

hood infections tends to result in lower odds of being in the highest

CMV-tertile at diagnosis (Table S1). Whereas, among ETV6-RUNX1 cases,

unspecified B-ALL subtypes and T-ALL the trend is in the opposite direc-

tion with increasing number of infections having higher odds of being

strongly CMV-positive (highest CMV-tertile) (Table S1).

3.2 | Maternal infections and CMV status

Data on maternal infection during pregnancy was available for

498 cases (Figure 1), and was found to be associated with CMV-status

at the time of ALL diagnosis. Children whose mother's experienced at

least one infection during pregnancy were over two times more likely

to be in the highest CMV-tertile compared to those with no history of

maternal infection during pregnancy (OR: 2.12, 95% CI: 1.24-3.62,

P = .003, Table 3, Figure 2). Questions regarding maternal infection

during pregnancy in the last phase of the study differed from phases

1 to 3. Therefore, stratified analysis by phase of the CCLS was per-

formed, and the results were similar to the overall analysis (Table 3).

We further explored the effect of the combination of maternal infec-

tions during pregnancy and childhood infections on CMV-status at

ALL diagnosis. We found that those with a history of self-reported

maternal infection during pregnancy and at least one childhood infec-

tion in the first year of life were more likely to be CMV-positive at the

time of ALL diagnosis (OR: 1.75, 95% CI: 1.04-2.97, P = .037,

Table 4). Furthermore, this group was also 2.5 times more likely to be

F IGURE 2 Association between childhood infections in the first year of life, maternal infections during pregnancy and CMV-ratio, California
Childhood Leukemia Study (1995-2015). CMV, cytomegalovirus. Red dot represents the estimated odds ratio (OR) from a multinomial logistic
regression with 95% confidence interval (95% CI) for each OR estimate. Vertical dashed line represents 1 (null estimate) and CIs that include 1 are
not significant. Wald Chi-square P-values shown for statistically significant OR estimates. (A) Relationship between the number of infections in
the first year of life and CMV-ratio tertile among acute lymphoblastic leukemia (ALL) cases (n = 499; cases with childhood infection = 180, cases
without childhood infection = 319). (B) Relationship between maternal infection during pregnancy and CMV-ratio tertile among ALL cases
(n = 498; cases with maternal infection = 147, cases without maternal infection = 351). (C) Relationship between the combination of maternal
and childhood infection and CMV-ratio tertile among ALL cases (n = 497; cases with maternal infection and childhood infection = 75, cases with
either maternal infection or childhood infection = 195, cases without either maternal or childhood infection = 227)

TABLE 3 Association of maternal infection during pregnancy and CMV-status at ALL diagnosis, California Childhood Leukemia Study (CCLS)
conducted from 1995 to 2015

Maternal Infection

during pregnancy

History of
infection

(n)

No infection

(n)

CMV-positive,

OR (95% CI), Pb

CMV-ratioa

First tertile,

OR (95% CI), Pc
Second tertile,

OR (95% CI), Pc
Third tertile,

OR (95% CI), Pc

Overall 147 351 1.42 (0.96-2.09)

P = 0.077

0.98 (0.55-1.77)

P = .958

1.31 (0.75-2.30)

P = .342

2.12 (1.24-3.62)
P = 0.006

Phases 1-3 114 295 1.43 (0.92-2.21)

P = .109

1.01 (0.51-1.97)

P = .987

1.21 (0.63-2.31)

P = 0.571

2.26 (1.23-4.14)
P = .008

Phase 5 33 56 1.18 (0.50-2.83)

P = .714

0.77 (0.23-2.64)

P = .683

0.84 (0.24-2.92)

P = .776

2.39 (0.73-7.79)

P = .149

Note: Associations with P < .05 in bold.

Abbreviations: ALL, acute lymphoblastic leukemia; CMV, cytomegalovirus.
aCMV-ratio: ratio of number of CMV-positive droplets to human haploid positive droplets by droplet digital PCR, indicating amount of CMV DNA

normalized for total DNA concentration of the sample.
bOR (95% CI): odds ratio and 95% confidence interval for unadjusted binomial logistic regression analysis.
cOR (95% CI): odds ratio and 95% confidence interval for unadjusted multinomial logistic regression.
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in the highest CMV-tertile (95% CI: 1.27-5.15, P = .009, Table 4,

Figure 2). The effect of age at diagnosis, sex, birth order and ethnicity

were evaluated in all models and not found to be confounders or

effect modifiers and therefore are not included in the models. ALL

subtype was found to be a possible effect modifier in the associations

between maternal infection during pregnancy and CMV-status at ALL

diagnosis, therefore the results were stratified by subtype (Tables S2

and S3).

4 | DISCUSSION

We found that children with higher levels of CMV DNA present in

bone marrow at the time of ALL diagnosis had a history of more fre-

quent infections during infancy than children without CMV at diagno-

sis. The types of infections captured by a questionnaire in the CCLS

include diarrhea, cough and flu and may not necessarily represent

symptomatic CMV infections. However, as CMV can alter the host

immune response to subsequent antigenic exposures, we hypothesize

that the children with prior CMV infections may experience more

symptomatic infections throughout childhood due to a dysregulated

immune response. We also suspect that it is by way of this CMV-

induced dysregulated immune response that early CMV infection con-

tributes to ALL development.

In the analysis stratified by subtype, high hyperdiploid ALL cases

were less likely to be in the highest CMV tertile with increasing num-

ber of childhood infections, whereas in the other subtypes the trend

was in the opposite direction. This raises the possibility of a heteroge-

nous effect of CMV on ALL development based on subtype. Though

the frequency of T-ALL, high hyperdiploid and ETV6-RUNX1 in our

sample was similar to that of the general pediatric ALL population sug-

gesting that this is a representative sample,29 these results must be

interpreted with caution as the sample sizes of the strata are small.

Nonetheless, it is intriguing to see that the relationship between child-

hood infections and CMV status in the high hyperdipoid cases seems

to differ from the overall group and the other individual subtypes. In

our prior study we found that high hyperdiploid cases were the most

likely subtype to have the highest amounts of CMV DNA present in

the bone marrow at ALL diagnosis.23 Though the timing of CMV

infection in these cases is not known, it is possible that higher

amounts of CMV DNA at ALL diagnosis represent an active infection

which raises the possibility that an active CMV infection occurring

close to the time of ALL diagnosis could be driving lymphoblast prolif-

eration in the high hyperdiploid subtype; alternatively, high CMV con-

tent within high hyperdiploid leukemias may represent a dependency

of this subtype on CMV-associated gene expression regardless of the

timing of infection. Our current analysis was not able to investigate

neonatal CMV infection status. CMV infection later in childhood may

not affect responses to common infections prior to diagnosis in the

high hyperdiploid subtype (as observed here) but result in leukemic

proliferation and development of ALL, by a similar mechanism pro-

posed in Greaves's hypothesis.8 On the other hand, in the case of

T-ALL, ETV6-RUNX1 and uncategorized B-ALL subtypes, CMV may

be an early event that leads to dysregulated inflammatory reactions to

subsequent antigenic exposures thereby contributing to the develop-

ment of ALL. The subtype strata in this analysis are likely not appro-

priately powered to definitively identify associations between

childhood infections and CMV-status at diagnosis within individual

subtypes and ultimately a larger sample is necessary to appropriately

evaluate this association within each subtype. Even so, the results

exhibit a possible manifestation of the heterogeneity of effect of

CMV. Our analysis also leaves open the question on the etiologic

pathways to ALL without CMV involvement, which may be half of our

case sample set.

We also found that children whose mothers had at least one

infection during pregnancy were more likely to be in the highest CMV

tertile at ALL diagnosis. For subjects in phases 1 to 3 of the CCLS,

maternal infections during pregnancy were characterized as either

pneumonia, flu or cold, and in the last phase of the study the type of

infection was not obtained. Given the nonspecific symptomology of

an acute CMV infection, high prevalence in the general population,22

and that most children with congenital CMV are asymptomatic,24 we

TABLE 4 Association of maternal infection during pregnancy, childhood infection and CMV-status at ALL diagnosis, California Childhood
Leukemia Study (CCLS) conducted from 1995 to 2015

Maternal infection during pregnancy
and/or childhood infection

CMV-ratioa

CMV-positive,
OR (95% CI), Pb

First tertile,
OR (95% CI), Pc

Second tertile,
OR (95% CI), Pc

Third tertile,
OR (95% CI), Pc

No maternal or childhood infection (n = 227) Ref Ref Ref Ref

Maternal OR childhood infection (n = 195) 1.06 (0.72-1.57)

P = .759

1.17 (0.49-1.52)

P = .607

1.17 (0.66-2.06)

P = .598

1.21 (0.67-2.15)

P = .528

Maternal AND childhood infection (n = 75) 1.75 (1.04-2.97)

P = .037

1.25 (0.58-2.71)

P = .575

1.59 (0.74-3.42)

P = .238

2.55 (1.27-5.15)

P = .009

Note: Associations with P < .05 in bold.

Abbreviations: ALL, acute lymphoblastic leukemia; CMV, cytomegalovirus.
aCMV-ratio: ratio of number of CMV-positive droplets to human haploid positive droplets by droplet digital PCR, indicating amount of CMV DNA

normalized for total DNA concentration of the sample.
bOR (95% CI): odds ratio and 95% confidence interval for unadjusted binomial logistic regression analysis.
cOR (95% CI): odds ratio and 95% confidence interval for unadjusted multinomial logistic regression.
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cannot rule out that the maternal infections reported in our study

could represent new CMV infections or CMV superinfection.30 Fur-

thermore, Francis et al detected CMV in the neonatal blood spots of

3% of control subjects which is higher than the reported incidence

suggesting that rates of congenital CMV exposure may be higher than

what is clinically reported.4,24 This is particularly interesting consider-

ing the previous finding associating maternal CMV infection during

pregnancy with childhood ALL.5 We also found that children with a

history of maternal infection during pregnancy and at least one child-

hood infection were even more likely to be CMV-positive at diagnosis.

This could represent a population of children who were exposed to

CMV in utero (maternal infection during pregnancy) who then have

aberrant immune responses to childhood infections ultimately increas-

ing their risk of developing ALL associated with CMV.

Our study is limited by the fact that the timing of the CMV infec-

tion is unknown as we have only detected CMV at the time of diagno-

sis nor do we have information regarding clinical signs and symptoms

of congenital CMV infection, though we suspect that higher levels of

CMV DNA could represent an active infection whereas lower levels

of CMV DNA could represent a latent infection. Though we have

identified an association between increased frequency of childhood

infections and CMV-positivity at ALL diagnosis, we acknowledge that

early CMV infection may not be the only explanation for this relation-

ship. Those with an increased number of childhood infections could

represent a population of children with an underlying immunodefi-

ciency or other immune dysregulation disorder that are more suscep-

tible to childhood infections and potentially hematologic malignancies.

Likewise, those with a history of maternal infection during pregnancy

and childhood infections could indicate a familial immunodeficiency

disorder contributing to the phenotype. We did note, however, that

there is not a strong correlation between maternal and childhood

infections in this cohort of cases (Table S4), suggesting that it is less

likely that CMV-positivity at ALL diagnosis is related to a familial

immunodeficiency disorder. Furthermore, ALL subtype is not com-

plete for all of the subjects in the study and the ALL subtype “B-ALL
unspecified subtype” is likely a heterogenous group. Given that many

B-ALL subtypes have distinct intracellular pathway alterations driving

leukemic proliferation, it is possible that CMV may impact these sub-

types differently as well. As the collective knowledge of ALL biology is

rapidly changing and new subtypes have been identified since the

time of the CCLS classification, the limited subtype data in our study

impairs our ability to draw conclusions about the effect of CMV on

individual ALL subtypes. Future studies using contemporary patient

samples may allow for the identification of more complete subtype-

specific associations.

Despite its limitations, our study is the first to explore the impact

of childhood infections on CMV-positive ALL. Prior studies have

shown an association between pediatric ALL and CMV or childhood

infections in general.3-5 Our results generate a hypothesis for a possi-

ble mechanism relating these two risk factors; that is the dysregula-

tion of the immune response caused by early CMV exposure leads to

an increased number of symptomatic childhood infections and ulti-

mately proliferation of leukemic lymphoblasts resulting in CMV-

positive ALL. A better understanding of the effect of CMV on ALL

development could lead to opportunities to alter therapy and develop

strategies for the prevention of CMV-associated ALL, and the findings

from our study certainly inspire further investigation into the mecha-

nism by which CMV increases the risk of childhood ALL.
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