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ABSTRACT

Background: Zika virus (ZIKV)-associated congenital microcephaly is an important contributor to
pediatric death, and more robust pediatric mortality risk metrics are needed to help guide life plans
and clinical decision making for these patients. Although common etiologies of pediatric and adult
mortality differ, early life health can impact adult outcomes—potentially through DNA methylation.
Hence, in this pilot study, we take an early step in identifying pediatric mortality risk metrics by
examining associations of ZIKV infection and associated congenital microcephaly with existing adult
DNA methylation-based mortality biomarkers: GrimAge and Zhang’s mortality score (ZMS).
Methods: Mortality measures were calculated from previously published HumanMethylationEPIC
BeadChip data from 44 Brazilian children aged 5–40 months (18 with ZIKV-associated microceph-
aly; 7 normocephalic, exposed to ZIKV in utero; and 19 unexposed controls). We used linear models
adjusted for chronological age, sex, methylation batch and white blood cell proportions to evaluate
ZIKV and mortality marker relationships.
Results: We observed significant decreases in GrimAge-component plasminogen activator inhibitor-
1 [PAI-1; b¼�2453.06 pg/ml, 95% confidence interval (CI) �3652.96, �1253.16, p¼ 0.0002],
and ZMS-site cg14975410 methylation (b¼�0.06, 95% CI �0.09, �0.03, p¼ 0.0003) among
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children with microcephaly compared to controls. PAI-1 (b¼�2448.70 pg/ml, 95% CI �4384.45,
�512.95, p¼ 0.01) and cg14975410 (b¼ 0.01, 95% CI �0.04, 0.06, p¼ 0.64) results in compari-
sons of normocephalic, ZIKV-exposed children to controls were not statistically significant.
Conclusion: Our results suggest that elements of previously-identified adult epigenetic markers of mor-
tality risk are associated with ZIKV-associated microcephaly, a known contributor to pediatric mortality
risk. These findings may provide insights for efforts aimed at developing pediatric mortality markers.

K E Y W O R D S : GrimAge, Zika, congenital microcephaly, mortality score, PAI-1, cg14975410, epigenetics

I N T R O D U C T I O N
Prenatal Zika virus (ZIKV) infection and ZIKV-asso-
ciated congenital microcephaly are important con-
tributors to fetal/child death with an estimated
perinatal mortality rate of 27.3% [1]. At present, se-
verity of neurologic impairment is a major risk factor
for pediatric deaths in this population, but the degree
of neurological impairment remains insufficient for
predicting timing and likelihood of death [2]. More
robust predictions of mortality risk may be useful for
families and healthcare providers in order to make
decisions regarding medical interventions and overall
life plans that involve parental work and childcare.
One early step in helping to actualize such markers
involves determining if existing adult mortality meas-
ures have any relationships with ZIKV infection and
associated congenital microcephaly.

Emerging evidence demonstrating associations of
ZIKV infection with DNA methylation provides
meaningful motivation for evaluating DNA methyla-
tion-based biomarkers as tools for assessing ZIKV
relationships with mortality risk [3–5]. DNA methy-
lation is a biological process where methyl groups
are transferred to cytosine nucleotides on DNA, and
can subsequently influence DNA expression [6].
Many scientists have studied the relationships of
DNA methylation with mortality, and two of the
most robust methylation-based mortality predictors
from these studies are GrimAge and Zhang’s mortal-
ity score (ZMS) [7, 8]. Epigenetic GrimAge acceler-
ation predicts all-cause time-to-death (HR¼ 1.10,
p¼ 2.0 � 10�75), and was built using a DNA methy-
lation surrogate of cigarette pack-years, and DNA
methylation surrogates for seven plasma protein
markers [adrenomedullin (ADM), beta-2-microglo-
bulin (B2M), cystatin C, growth differentiation
factor-15 (GDF-15), leptin, plasminogen activator
inhibitor-1 (PAI-1), and tissue inhibitor

metalloproteinases 1 (TIMP-1)] [7]. The ZMS epi-
genetic predictor was built using data from 10 DNA
methylation sites and demonstrates significant haz-
ard ratios ranging from 2.16 to 7.36 for all-cause
mortality [8].

In this study, we examine the relationships of in
utero ZIKV exposure and ZIKV-associated micro-
cephaly at birth with mortality risk biomarkers
assessed via GrimAge and ZMS. Although it is well
appreciated that the common etiologies of adult and
pediatric mortality differ, it is also appreciated that
childhood health status can play a consequential role
in shaping adult morbidity and mortality [9]. For in-
stance, early-life hepatitis B infections can result in
chronic liver disease and liver cancer later in life
[10]. Low birth weight is associated with cardiovas-
cular disease in adulthood [11] and altered methyla-
tion is believed to play a role in this disease risk
[12]. Congenital microcephaly represents one specif-
ic instance where a pediatric condition may have
more acute impacts on lifespan [13]. Hence, al-
though both mortality measures were developed in
adults, we hypothesized that the measures and/or
their component proteins/methylation sites would
be associated with ZIKV exposure and microcephaly.
Additionally, we also evaluate relationships of
ZIKV exposure and microcephaly with two DNA
methylation-based chronological age predictors
that are known to perform well in pediatric cohorts:
Horvath’s DNA methylation age (DNAmAge) and
the Pediatric–Buccal–Epigenetic age (PedBEage)
[14–16].

M E T H O D S

Study population
We performed analyses using a publicly available
NCBI GEO MethylationEPIC BeadChip dataset
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(Series GSE145233, uploaded to ‘https://www.ncbi.
nlm.nih.gov/geo’ on 20 July 2020) initially collected
for a previously published epigenome-wide associ-
ation study (EWAS) [3]. The dataset contained in-
formation on chronological age, child sex (i.e. male
or female) and peripheral blood DNA methylation
from 45 children born between 2015 and 2018 in
Brazil. The DNA samples were collected between
0.4 and 3.7 years of age. Data were incomplete for
one subject, so the study sample was comprised of
the remaining 44 subjects. Children were classified
into three groups: (i) children diagnosed with ZIKV-
associated microcephaly at birth (N¼ 18), (ii) in utero
ZIKV-exposed, normocephalic children (i.e. mothers
had positive ZIKV serologies during pregnancy; N¼ 7)
and (iii) unexposed, normocephalic control children
(N¼ 19). Informed consent and ethical conduct of
study information regarding the collection of this data
along with additional details about study participants
can be found in the initial publication [3].

DNA methylation data, DNA methylation
age and mortality measures

Processed and normalized methylation data were
downloaded from NCBI. Full descriptions of DNA
processing for the downloaded dataset can be found
in the initial publication [17]. DNA methylation data
were then uploaded to Horvath’s publicly available
online calculator (http://dnamage.genetics.ucla.
edu). The online calculator provided downloadable
output which included values for DNAmAge,
GrimAge, the GrimAge component proteins, and
white blood cell abundance/proportions (CD8 naı̈ve
T cells, CD8pCD28nCD45Ra-T cells, plasmablasts,
CD4T cells, NK cells, monocytes, and granulocytes).
ZMS was calculated from the same DNA methyla-
tion dataset using CpG probe cutoffs presented in
Supplementary Table S4 of its original manuscript
[8]. Importantly, ZMS is calculated from 10 CpG
probes and usually ranges from 0 to 10 with a greater
score indicating a higher risk of mortality. However,
two of these probes (cg06126421 and cg23665802)
were missing in our downloaded data—likely removed
during preprocessing and/or quality control. Hence,
ZMS used in the present study has a potential max-
imum value of 8. PedBEage was also calculated from
the same DNA methylation dataset using R code

available at https://github.com/kobor-lab/Public-
Scripts/ [15]. No probes for PedBEage were missing in
the dataset.

Statistical analysis
We examined the relationships of in utero ZIKV ex-
posure and microcephaly with our mortality risk
markers using linear regression models adjusted
for chronological age, sex, white blood cell abun-
dance/proportions and methylation batch. All cova-
riates were determined a priori based on available
data and the previous study using this dataset [3]. In
secondary analyses, using the same fully-adjusted
models, we evaluated ZIKV relationships with the
methylation sites or component proteins of the mor-
tality markers. Given that we performed 17 inde-
pendent tests, we adjusted for multiple hypotheses
testing using the Bonferroni cutoff of p< 0.003 for
statistical significance.

To interrogate the robustness of our findings, we
also evaluated relationships of ZIKV status with
methylation-based chronological age predictors:
DNAmAge and PedBEage. These chronological age
predictors served as imperfect internal controls that
may be less related to ZIKV status given that they
capture biological aging not frank mortality risk.
Finally, given that ZIKV infection involves the im-
mune system (with white blood cells being potential
mediators of any observed relationships), we per-
formed a sensitivity analysis with models without
adjustments for white blood cell abundance/propor-
tions. All statistical analyses were performed using R
Version 3.6.3 (R Core Team, Vienna, Austria).

R E S U L T S
Table 1 presents the demographic and age character-
istics for all study participants. The majority of par-
ticipants were male (57%), 43% had no in utero
exposure to ZIKV, 16% were exposed to ZIKV but
did not have a diagnosis of microcephaly, and 41%
were exposed to ZIKV and also had a diagnosis of
microcephaly. Participants had a mean (SD) chrono-
logical age of 1.8 (1.0) years at blood sample collec-
tion. With respect to DNA methylation-based
chronological age predictors, participants had a
mean (SD) DNAmAge and PedBEage of 5.5 (2.2)
and 4.8 (0.5) years, respectively. Mean (SD)
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Table 1. Study participant characteristics

All participants
(N¼ 44)

Unexposed to ZIKV
(N¼ 19)

Exposed to ZIKV
(N¼ 7)

ZIKV microcephaly
(N¼ 18)

Chronological age
(years), mean
(SD), (range)

1.8 (1.0), (0.4–3.7) 2.0 (1.0), (0.6–3.7) 0.6 (0.04), (0.5–0.6) 2.1 (0.7), (0.4–3.3)

DNAmAge (years),
mean (SD),
(range)

5.5 (2.2), (1.6–11.5) 5.8 (2.4), (2.5–11.5) 2.5 (0.9), (1.6–4.3) 6.2 (1.3), (3.4–8.0)

PedBEage (years),
mean (SD),
(range)

4.8 (0.5), (4.0–6.1) 4.9 (0.5), (4.0–6.1) 4.2 (0.2), (4.0–4.5) 4.7 (0.4), (4.1–5.5)

GrimAge (years),
mean (SD),
(range)

16.9 (2.5),
(11.8–22.7)

17.1 (2.7),
(12.8–21.3)

15.2 (2.0),
(11.8–17.7)

17.6 (2.2),
(13.3–22.7)

GrimAge compo-
nent protein sur-
rogates (pg/ml),
mean (SD)
DNAm ADM 362.3 (14.6) 362.8 (16.0) 348.0 (9.0) 367.4 (11.4)
DNAm B2M 2 320 269 (72 642.9) 2 313 736 (65 551.1) 2 269 677 (83 794.7) 2 346 841 (66 862.4)
DNAm Cystatin

C
392 380 (19 356.9) 388 781 (20 019.3) 376 907.3 (13 101.3) 402 196.1 (15 739.6)

DNAm GDF15 �91.9 (93.4) �84.6 (72.5) �117.3 (78.4) �89.8 (118.4)
DNAm Leptin 29 026.8 (1848.1) 29 507.9 (2236.4) 29 363.9 (1581.4) 28 387.8 (1312.6)
DNAm TIMP1 21 149.8 (491.4) 21 211.5 (544.5) 20 710.0 (192.9) 21 255.7 (433.5)
DNAm PAI1 13 776.7 (2097.0) 15 039.8 (1499.2) 12 855.3 (1499.2) 12 801.7 (2175.1)

ZMS, mean (SD),
(range)

2.0 (1.0), (0–5) 1.7 (0.7), (1–3) 1.7 (1.0), (1–3) 2.3 (1.2), (0–5)

ZMS Component
CpGs, mean (SD)
cg01612140 0.44 (0.07) 0.44 (0.07) 0.47 (0.04) 0.42 (0.07)
cg05575921 0.88 (0.02) 0.88 (0.02) 0.89 (0.02) 0.88 (0.03)
cg08362785 0.49 (0.04) 0.50 (0.04) 0.46 (0.02) 0.50 (0.03)
cg10321156 0.38 (0.06) 0.40 (0.05) 0.36 (0.02) 0.38 (0.07)
cg14975410 0.44 (0.06) 0.45 (0.05) 0.47 (0.05) 0.40 (0.04)
cg19572487 0.48 (0.06) 0.48 (0.07) 0.50 (0.07) 0.48 (0.05)
cg24704287 0.46 (0.04) 0.45 (0.04) 0.49 (0.03) 0.45 (0.04)
cg25983901 0.64 (0.08) 0.67 (0.07) 0.68 (0.05) 0.61 (0.09)

Sex, N (%)
Female 19 (43) 10 (53) 2 (29) 7 (39)
Male 25 (57) 9 (47) 5 (71) 11 (61)
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GrimAge and ZMS for participants were 16.9 (2.5)
years and 2.0 (1.0), respectively.

Supplemenatry Table S1 depicts a Spearman cor-
relation matrix for the age variables and major mor-
tality measures used in the analyses. Both
DNAmAge (r¼ 0.85, p< 0.001) and PedBEage
(r¼ 0.67, p< 0.001) were highly correlated with
chronological age. PedBEage and DNAmAge had
median absolute errors of 2.9 years and 3.6 years, re-
spectively. GrimAge and ZMS were not significantly
correlated (r¼ 0.28, p¼ 0.07). GrimAge was signifi-
cantly correlated with chronological age (r¼ 0.39,
p¼ 0.009), but ZMS was not (r¼ 0.08, p¼ 0.62).

Table 2 describes the results from fully-adjusted
linear models examining the relationships of in utero
ZIKV exposure and microcephaly with the DNA
methylation chronological age predictors and mortal-
ity risk markers. Children exposed to ZIKV or diag-
nosed with microcephaly demonstrated no
significant differences in DNAmAge or PedBEage
when compared to unexposed children. Similarly,
children exposed to ZIKV or diagnosed with micro-
cephaly demonstrated no significant differences in
GrimAge or ZMS when compared to unexposed
children. Nevertheless, secondary analyses of
GrimAge and ZMS component measures did dem-
onstrate statistically significant findings. In particular,
one GrimAge component measure—DNAm PAI-
1—met the Bonferroni threshold for statistical sig-
nificance. Compared to unexposed children, children
with microcephaly had lower levels of DNAm PAI-1
(b¼�2453.06 pg/ml, 95% CI �3652.96,
�1253.16, p¼ 0.0002). Results for exposed children
without microcephaly demonstrated similar trends
but did not meet the threshold for statistical signifi-
cance (b¼�2448.70 pg/ml, 95% CI �4384.45,
�512.95, p¼ 0.01). One ZMS CpG component—
cg14975410—met the threshold for statistical signifi-
cance. Compared to unexposed children, children
with microcephaly had lower methylation at the
cg14975410 site (b¼�0.06, 95% CI �0.09, �0.03,
p¼ 0.0003). Results for exposed children without
microcephaly did not demonstrate similar trends
(b¼ 0.01, 95% CI �0.04, 0.06, p¼ 0.64).
Comparable results were observed in the sensitivity
analysis models not adjusting for white blood cell

abundance/proportions (Supplemenatry Table S2).
Furthermore, neither sex nor having a chronological
age less than 1-year significantly modified the associ-
ations of ZIKV exposure or microcephaly with any
mortality measure.

D I S C U S S I O N
In this pilot study of Brazilian children aged 0.4–
3.7 years, we did not observe statistically significant
changes in GrimAge or ZMS when comparing in
utero ZIKV-exposed children and children with
microcephaly to unexposed, normocephalic children.
Nevertheless, we did observe statistically significant
decreases in one GrimAge component (DNAm PAI-
1) and one ZMS methylation site (cg14975410).

Importantly, PedBEage and DNAmAge both
were highly correlated with chronological age in our
study sample. PedBEage has a previously reported
median absolute error (MedAE) in blood cells of
3.3 years [15]. In our study, PedBEage had a MedAE
of 2.9 years. Likewise, previously reported MedAE
for DNAmAge was 3.6 years and a MedAE of
3.6 years was observed in the present study [14].
Furthermore, keeping with our hypothesis that
PedBEage and DNAmAge are predominantly predic-
tors of biological aging rather than mortality, we
observed no associations between these measures
and ZIKV exposure or microcephaly. Despite the
comparable age prediction performance observed in
our study sample, it is important to note that
DNAmAge and PedBEage are good but imperfect in-
ternal controls in this study sample. DNAmAge was
trained and tested in adults (although it performs
well in children), while PedBEage was trained and
tested in pediatric samples of buccal epithelial cells
and is known to perform worse in blood when com-
pared to buccal epithelium [14, 15]. These details in
DNAmAge and PedBEage biomarker development
could also play a role in our lack of observed associa-
tions with ZIKV exposure or microcephaly.

We observed no significant relationships between
the main mortality measures and in utero ZIKV ex-
posure or microcephaly. This is again may be be-
cause the mortality measures were developed in
adults and common etiologies for adult mortality
(e.g. ischemic heart disease, chronic obstructive
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Table 2. Relationships of in utero ZIKV exposure and congenital microcephaly with DNA methyla-
tion chronological age and mortality predictors

Modelsa Difference in DNA methylation marker (95% CI) p-value

DNAm chronological age predictor models
DNAmAge (years)

Unexposed Reference –
Exposed �0.69 (�2.00, 0.63) 0.30
Microcephaly 0.30 (�0.51, 1.12) 0.45

PedBEage (years)
Unexposed Reference –
Exposed �0.30 (�0.67, 0.06) 0.10
Microcephaly �0.10 (�0.31, 0.12) 0.37

GrimAge and components models
GrimAge (years)

Unexposed Reference –
Exposed �1.25 (�3.61, 1.11) 0.29
Microcephaly �0.19 (�1.66, 1.27) 0.79

DNAm ADM (pg/ml)
Unexposed Reference –
Exposed �8.17 (�22.27, 5.93) 0.25
Microcephaly 4.14 (�4.60, 12.88) 0.34

DNAm B2M (pg/ml)
Unexposed Reference –
Exposed �10 418.7 (�65 452.32, 44 614.96) 0.70
Microcephaly 28 108.9 (�6004.44, 62 222.22) 0.10

DNAm cystatin C (pg/ml)
Unexposed Reference –
Exposed 782.45 (�13 579.48, 15 144.39) 0.91
Microcephaly 9539.63 (637.20, 18 442.07) 0.04

DNAm GDF15 (pg/ml)
Unexposed Reference –
Exposed 22.94 (�73.54, 119.41) 0.63
Microcephaly �10.81 (�70.61, 49.00) 0.72

DNAm leptin (pg/ml)
Unexposed Reference –
Exposed 487.14 (�1686.29, 2660.56) 0.65
Microcephaly �1077.17 (�2424.40, 270.06) 0.11

DNAm TIMP1 (pg/ml)
Unexposed Reference –
Exposed �73.69 (�511.30, 363.93) 0.73
Microcephaly 8.57 (�262.69, 279.83) 0.95

DNAm PAI1 (pg/ml)
Unexposed Reference –
Exposed �2448.70 (�4384.45, �512.95) 0.01
Microcephaly �2453.06 (�3652.96, �1253.16) 0.0002

(continued)
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pulmonary disease) are less prevalent in children.
Nevertheless, we hoped that our mortality risk
markers or at least components of the markers would

be associated with ZIKV exposure and microcephaly.
This appeared to be the case with our cg14975410
and DNAm PAI-1 results.

Table 2. (continued)

Modelsa Difference in DNA methylation marker (95% CI) p-value

ZMS and components models
ZMS

Unexposed Reference –
Exposed �0.25 (�1.32, 0.82) 0.64
Microcephaly 0.63 (�0.03, 1.29) 0.06

cg01612140
Unexposed Reference –
Exposed 0.03 (�0.02, 0.08) 0.25
Microcephaly �0.01 (�0.04, 0.02) 0.55

cg05575921
Unexposed Reference –
Exposed 0.007 (�0.02, 0.04) 0.64
Microcephaly 0.002 (�0.02, 0.02) 0.81

cg08362785
Unexposed Reference –
Exposed �0.02 (�0.04, 0.004) 0.10
Microcephaly �0.009 (�0.02, 0.004) 0.18

cg10321156
Unexposed Reference –
Exposed �0.007 (�0.06, 0.04) 0.77
Microcephaly 0.0002 (�0.03, 0.03) 0.99

cg14975410
Unexposed Reference –
Exposed 0.01 (�0.04, 0.06) 0.64
Microcephaly �0.06 (�0.09, �0.03) 0.0003

cg19572487
Unexposed Reference –
Exposed 0.02 (�0.03, 0.08) 0.40
Microcephaly �0.02 (�0.05, 0.02) 0.27

cg24704287
Unexposed Reference –
Exposed �0.001 (�0.03, 0.02) 0.92
Microcephaly 0.004 (�0.01, 0.02) 0.56

cg25983901
Unexposed Reference –
Exposed �0.02 (�0.08, 0.04) 0.51
Microcephaly �0.05 (�0.09, �0.01) 0.009

aModels adjusted for chronological age, sex, white blood cell abundance/proportions (CD8 naı̈ve T cells, CD8pCD28nCD45Ra-T cells, plasmablasts,
CD4T cells, NK cells, monocytes and granulocytes) and batch.
p-values < 0.003 are italicized and considered statistically significant in these analyses.
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Beyond inclusion in the ZMS, there is not much
literature on cg14975410. The cg14975410 site is
found on chromosome 3 and lower methylation val-
ues are associated with an increased risk of mortality
(specifically the cutoff of cg14975410 methylation
�0.44 gives a person an additional point in the
ZMS) [8]. Our findings are in accord with this
existing work given that when compared to control
children, children born with ZIKV-associated micro-
cephaly had statistically significantly lower
cg14975410 methylation levels. In an effort to learn
more about the methylation site, we queried the
ARIES database for any reported genetic influences
in the pregnancy and birth time periods on methyla-
tion at cg14975410. A number of reported associa-
tions of single-nucleotide polymorphisms (SNPs)
with cg14975410 methylation are indeed listed
in the database (http://www.mqtldb.org/) [18].
Nevertheless, we do no more than mention these
findings because we have no genetic information on
our study subjects. Specifically, much caution should
be taken when drawing any conclusions from this
query given that the data in the database is from
populations of European descent and there may be
significant differences in the SNPs and minor allele
frequencies present in our Brazilian study popula-
tion. Future studies including genetic information
will be better positioned to elucidate population-spe-
cific relationships of cg14975410 methylation with
ZIKV exposure and microcephaly.

Plasminogen activator inhibitor-1 (PAI-1) is an
inhibitor of blood clot breakdown in the body, and
increased levels of PAI-1 have been associated with
hypertension, time to heart disease and diabetes [7].
Increased second trimester DNAm PAI-1 measured
in mothers from Los Angeles, CA, USA, has been
associated with shorter gestational length and lower
birth weight [19]. Increased levels of PAI-1 have also
been observed in in vitro studies of cells infected
with ZIKV [20]. However, in the present analysis,
we observe that children with microcephaly have a
lower PAI-1 when compared to controls. Our data
also suggest that ZIKV exposure independent of
microcephaly is also associated with lower PAI-1.
Although the implication of PAI-1 in our study
appears promising and there are some rare, reported
instances of increased bleeding risk with ZIKV

infection (increased bleeding risk would be observed
with lower PAI-1 levels) [21], additional work is ne-
cessary to understand why our results demonstrate
directionality that is the opposite of most existing
studies. Moreover, correlations between measured
and DNA methylation estimated PAI-1 range from
r¼ 0.69 (training data) to r¼ 0.36 (testing data)
[7]. Therefore DNAm PAI-1 may not fully reflect
clinical levels. Given the known elevated prevalence
of low birth weight in children born with Congenital
Zika Syndrome [22], associations of low birth weight
with increased pediatric mortality [23], and reported
strong correlations of DNAm PAI-1 with computed
tomography imaging-derived measures of adiposity
[7], having birth weight or weight at blood draw
data on these children would be helpful to better
understand the relationships of microcephaly with
PAI-1. Future expanded studies should be sure to in-
clude data on weight and body habitus.

It is also important to consider our findings in the
context of the original EWAS. In that differential
methylation analysis of 747 178 sites, the authors
identified no significant differentially methylated
sites when comparing control children to ZIKV-
exposed, normocephalic children. In comparisons of
control and microcephalic children, 42 differentially
methylated sites were identified with the top hits
belonging to genes RABGAP1L, ISG15 and MX1
[3]. This pattern of more robust findings comparing
microcephalic and control children mirror the signifi-
cant findings in our present study and suggests that
the observed methylation differences are related to
microcephaly and not just ZIKV exposure.
Furthermore, cg14975410 and PAI-1 were not
among the differentially methylated probes/genes
identified in the EWAS of our study participants.
Given that EWAS and analyses of composite CpG
biomarkers like mortality scores often provide
different information on methylation relationships
[24], to better understand how the two sets of find-
ings may be related, we searched the literature, for
instances, where RABGAP1L, ISG15 or MX1 had
relationships with adult mortality directly or indirect-
ly through associations with diseases that are
major contributors to adult mortality. We did not
identify human study relationships for RABGAP1L.
However, there were some interesting findings for
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ISG15 and MX1. Although ISG15 is known for its
role in viral processes, it has also been implicated as
a clinical prognosticator in nasopharyngeal carcin-
oma [25] and esophageal squamous cell cancers
[26]. Both MX1 and ISG15 levels may be useful for
predicting outcomes in acute respiratory distress syn-
drome [27]. Although our analysis is a pilot study
aimed at directing future research efforts, it is
important to explicitly state that there still remains
a need for a pediatric mortality risk marker for
ZIKV-associated microcephaly. More specifically, we
were not able to ascertain whether mortality markers
developed in adults directly predict mortality in
children since there are no data as to whether these
children died. We hope that the significant and
robust associations with adult-defined mortality
risk measures that we present, when combined with
the previously published EWAS findings, may offer
insights for the development of this future marker.

Strengths of the present study include the utiliza-
tion of novel DNA methylation-based mortality
markers, and adjustments of significance thresholds
for multiple testing to avoid Type I error.
Furthermore, our results are comparable in sensitiv-
ity analyses unadjusted for white blood cell propor-
tions. Still, this study does possess some limitations
in addition to not being able to directly predict child
mortality. In particular, we had limited information
on important covariates including demographic, clin-
ical and lifestyle factors. Hence, we cannot rule out
the impact of the aforementioned unknowns and
residual confounding in our analyses. Furthermore,
we utilized a modified version of the ZMS given that
two of the component CpG probes were missing in
our dataset. This may have limited the utility of our
score, and there is a possibility that the relationships
we observed would be different from the full ZMS.
Nevertheless, given that each individual probe has
been associated with mortality [8], we performed
probe level analyses and report those in this
manuscript. Future studies remain necessary to char-
acterize the relationships of ZIKV exposure and asso-
ciated microcephaly with the full ZMS score and the
two probes (cg06126421 and cg23665802) missing
in our data. Finally, our findings are from a modest-
ly-sized sample of Brazilian children and merit add-
itional studies to establish their generalizability.

In conclusion, our findings suggest that some ele-
ments of existing DNA methylation-based mortality
markers built from adult data are associated with
ZIKV-associated microcephaly, a known contributor
to pediatric mortality risk. Nevertheless, if our find-
ings prove to be generalizable, research efforts will
need to be taken to develop measures that more
closely mirror and predict pediatric mortality.
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