Newborns with Zika virus-associated microcephaly exhibit

marked systemic inflammatory imbalance

Caian L. Vinhaes'?3*, Maria B. Arriagal>**, Breno L. de Almeida?, Jodo V. Oliveira?, Cleiton
S. Santos?, Juan I. Calcagno® , Tereza X. Carvalho®, Marta Giovanetti®’, Luiz Carlos J.

Alcantara®’, Isadora C. de Siqueira'®, Bruno B. Andrade!?3489.10#

nstituto Gongalo Moniz, Fundagédo Oswaldo Cruz, Salvador 40296-710, Brazil

2Multinational Organization Network Sponsoring Translational and Epidemiological Research
(MONSTER) Initiative, Salvador 40210-320, Brazil

3Curso de Medicina, Faculdade de Tecnologia e Ciéncias (UniFTC), Salvador 40290-150,
Brazil

“Faculdade de Medicina, Universidade Federal da Bahia, Salvador 40110-100, Brazil

*Maternidade de Referéncia Prof. José Maria de Magalhdes Netto-Secretaria de Salude do
Estado da Bahia (SESAB), Salvador 40320-350, Brazil

®Laboratério de Flavivirus, Instituto Oswaldo Cruz, Fundacéo Oswaldo Cruz, Rio de Janeiro
21040-900, Brazil

"Laborat6rio de Genética Celular e Molecular, Instituto de Ciéncias Biolégicas, Universidade
Federal de Minas Gerais, Belo Horizonte 31270-901, Brazil

8Universidade Salvador (UNIFACS), Laureate Universities, Salvador 41720-200, Brazil

*Wellcome Centre for Infectious Disease Research in Africa, Institute of Infectious Disease
and Molecular Medicine, University of Cape Town, Cape Town 7925, South Africa

Escola Bahiana de Medicina e Saude Publica (EBMSP), Salvador 40290-000, Brazil

*C.L.V.and M.B.A. equally contributed to the work
“B.B.A. and I.C.S. equally contributed to the work

Correspondence: B. B. Andrade, MD, PhD, Laboratério de Inflamagao e Biomarcadores,
Instituto Gongalo Moniz, Fiocruz Bahia, Salvador 40296-710, Bahia, Brazil,
bruno.andrade@fiocruz.br

© The Author(s) 2020. Published by Oxford University Press for the Infectious Diseases Society of
America. All rights reserved. For permissions, e-mail: journals.permissions@oup.com.

020z AeINl L1 U0 J8sn (ZNYDOI4) Znid oplemsQ oeoepun4 Ag z98zzZ8S/.6 1 BRIISIPUIEE0L 01/10P/A0BISqE-0IE-00UBAPE/PIl/W00 dNO"dlWspEoe)/:SAjjY WO} POPEOJUMOQ



summary of the article’'s main point: The recent Brazilian epidemic of zika virus in Brazil
and its associated microcephaly emerges as a critical public health challenge. Here, we
performed immune activation profiling of newborns with zika-associated microcephaly and
demonstrated an inflammatory imbalance that hallmarks this condition.
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ABSTRACT

Background: Zika Virus (ZIKV) is an emergent flavivirus initially considered a benign and
self-limited exanthematic illness. In 2015, a new epidemic emerged in northeastern of Brazil
with increased incidence of a previously rare clinical outcome, microcephaly, in newborns from
mothers who were infected during pregnancy. Little is known about the immunopathogenesis
of ZIKV-associated microcephaly. Understanding the inflammatory profile.and degree of
inflammation of persons affected with such condition is an important step towards

development of innovative therapeutic strategies.

Methods: A case-control study compared plasma levels of several.inflammatory biomarkers
from newborns with ZIKV-microcephaly, asymptomatic ZKV infection or uninfected controls.
Plasma biomarkers were assessed using Luminex. A series of multidimensional analysis was

performed to characterize the systemic immune activation profile of the clinical groups.

Results: We identified an inflammatory signature associated with ZIKV-microcephaly that
suggested an increased inflammation. Network analysis suggested that ZIKV-microcephaly is
associated with imbalanced immune activation and inflammation. The cephalic perimeter was
inversely proportional with the degree of inflammatory perturbation. Furthermore, a
combination of plasma inflammatory biomarkers could discriminate ZIKV with microcephaly

from those with ZIKV without microcephaly or uninfected neonates.

Conclusions: An intense inflammatory imbalance which is proportional to the disease

severity hallmarks ZIKV-microcephaly.
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INTRODUCTION

Zika Virus (ZIKV) is an emergent flavivirus that was first detected in Uganda in 1947 [1] and
associated with outbreaks in Asia and the Pacific areas [2-4]. In May 2015, the first case of
ZIKV was confirmed in northeastern Brazil [5, 6] and has rapidly spread throughout South,
Central America and the Caribbean [7], affecting thousands of people in the Americas between
2015-2016 [7]. Brazil, with 440,000-1.3 million of affected people, has had the highest number
of reported ZIKV cases worldwide [8].

Initially, human ZIKV infection was considered a benign and self-limited exanthematic
illness[9]. However, at the end of 2015, an inexplicable and unexpected increase in number
of cases of newborns with microcephaly was notified in northeastern Brazil which was found
later to be associated with congenital Zika infection (CZI) [10, 11], culminating with declaration

of state of public health emergency in the country.

Microcephaly is defined as a head circumference of at least two standard deviations below-
average for gestational age and gender [12]. It is known that microcephaly is one of
manifestations of CZI, which is characterized by a set of birth defects and deficiencies
associated with viral neuropathogenesis [13] . The CZI clinical spectrum could be range of
less severe neurologic abnormalities to neurodevelopment delays in normocephalic. Other
documented findings include hearing and ocular abnormalities [14], arthrogryposis, dysphagia

and brain sequels, such as calcifications and ventriculomegaly [13].

The role of immune response to ZIKV in pregnant women and their babies remains poorly
understood. A recent analysis suggested that ZIKV-microcephaly is linked to increases in
concentration of inflammatory markers [15]. Nevertheless, it is not yet known whether systemic
immunological mechanisms are involved in the clinical outcome of intrauterine infection
caused by ZIKV and the interaction between inflammation and microcephaly development.
Herein, we aimed to investigate the degree of inflammatory imbalance linked to ZIKV-
microcephaly by comparing the expression of several biomarkers of inflammation in peripheral
blood of ZIKV newborns with or without microcephaly and well as uninfected controls. The

findings elucidate immune pathways possibly associated with microcephaly.
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MATERIALS AND METHODS
Ethics Statement

Written informed consent was obtained from legal guardians of all newborns, and all clinical
investigations were conducted according to the principles expressed in the Declaration of Helsinki.
The study was approved by the Institutional Review Board of the Goncalo Muniz Institute, Oswaldo
Cruz Foundation (protocol no. 1.935.854/2016).

Study design

Participants were recruited from a previous neonatal surveillance for CZI [16, 17] in 2016, in
a public maternity hospital in Salvador, Northeast Brazil, that was strongly affected by the
microcephaly outbreak. We enrolled a total of 50 participants: 14 ZIKV-exposed
normocephalic newborns, 22 newborns with ZIKV-associated microcephaly and 14 healthy

newborns from mothers not exposed to ZIKV.

Clinical and epidemiological data of newborns were obtained through interviews with mothers
and review of medical records. Data storage and management was performed using the
REDCap 6.18.1 (Vanderbilt University, Nashville, TN).

The newborns enrolled were classified according to the International Fetal and Newborn
Growth Consortium for the 21st Century charts. Microcephaly was defined as a head
circumference below two standard deviations from the mean for sex and gestational age and
a normal head circumference would be one whose measurement was within two standard
deviations from the mean [13]. Biological samples were obtained from umbilical cord blood
collected at hirth. EDTA plasma was obtained by centrifugation and stored at -80°C.
Serological and molecular diagnosis for ZIKV was performed according to previously
described [16, 17]. CZI was defined as newborns whose serological testing (anti-ZIKV IgM) or
a qualitative RT-PCR assay for ZIKV was positive. Health controls had negative serological

and molecular results for ZIKV.
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Immunoassays

We evaluated a panel of 26 soluble markers to examine inflammation and immune activation. The
cytokines interleukin (IL)-1a, IL-1B3, IL-1RA, IL-2, IL-3, IL-4, IL-6, IL-7, IL-8, IL10, IL-12p40, IL-
12p70, IL-15, IL-17A, interferon (IFN)-a2, IFN-y, tissue necrosis factor (TNF)-a, granulocyte colony-
stimulating factor (GCSF), granulocyte macrophage colony-stimulating factor (GMCSF), epidermal
growth factor (EGF), vascular endothelial growth factor (VEGF), monocyte chemoattractant protein-
1 (MCP-1/CCL2), interferon gamma induced protein/chemokine (C-X-C motif) ligand 10 (IP-
10/CXCL10), macrophage inflammatory protein-1 alpha (MIP-1a/CCL3), MIP-1 beta (MIP-
1B/CCL4) and eotaxin (CCL11) (Millipore, Boston, MA) were measured in duplicate samples using
a Luminex-FLEXMAP3D 348-well plate reader (Austin, TX). The quality control of each analyte
included: the standard concentrations needed to be within 80%-110% of their expected values; the
accepted coefficient of variation between replicated samples was <10%. Values that were under
the limit of detection were inputted as zero or .01 (to be log2-transformed in heatmaps). No values

above the upper limit of detection were obtained.

Data analysis

Median values with interquartile ranges (IQR) were used as measures of central tendency and
dispersion. The Kruskal-Wallis test with the Dunn’s multiple-comparison were used to compare
continuous variables and the Pearson’s chi-square was used to compare variables showed as
percentage. The Spearman rank test was used to identify associations between different cytokines
or between the degree of molecular perturbation of each biomarker and the cephalic perimeter. In
the network analysis based on Spearman correlations, nodes represent each given marker and

lines represent statistically significant correlations (correlation coefficient [rho] >+.5 and P<.05).

Hierarchical cluster analyses (Ward’s method) of log10-transformed and z-score normalized data
were employed to depict the overall expression profile of indicated biomarkers in the study groups.
Dendrograms represent Euclidean distance. Venn diagrams were used to illustrate differentially
expressed markers. All comparisons were pre-specified and two-tailed. Differences with P-values
<.05 after Holm-Bonferroni’s adjustment for multiple comparisons were considered statistically

significant.

The molecular degree of perturbation (MDP) was calculated to infer the level of inflammatory

imbalance associated with ZIKV. This method has been used and detailed previously [18, 19].
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Healthy controls were defined as the “reference” group, and the average level and standard
deviation of this reference group were calculated for the plasma concentrations of each marker.
The MDP score of an individual marker in a given sample “s” was defined by taking the difference
in concentration level in sample “s” from the average of the marker in reference group divided by
the corresponding standard deviation. The MDP score represents the number of standard
deviations from the reference. The statistical analyses were performed using JMP 14.0 (SAS, Cary,
NC) and Gephi (version 0.9.2).
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RESULTS

A total of 50 participants were enrolled, 14 normocephalic newborns exposed to ZIKV, 22
newborns with ZIKV-microcephaly and 14 healthy newborns without ZIKV infection. Newborns
with ZIKV-microcephaly were similar to those did not developed such clinical presentation and
controls with regard to gestational age at delivery, weight and size at birth (Table 1). There
was a high frequency of female individuals in the groups of newborns with ZIKV infection with
microcephaly (63.3%) or asymptomatic (57.1%), whereas male individuals were predominant
in the control group (71.4%) (Table 1).

Inflammatory imbalance in ZIKV-infected newborns

To further evaluate inflammatory profiles in patients with ZIKV, we examined the overall
expression of several soluble proteins in cord blood of study participants stratified according
to the presence of ZIKV and microcephaly (Table 1). Unsupervised hierarchical cluster
analysis of biomarker values identified three main groups of individuals (Figure 1A). While the
first cluster included all groups of study participants, with notable tendency of increased
expression levels of IL-12p40, IL-12p70, IL-3, IL-4 and EGF, the second cluster showed only
those that developed microcephaly and the third was basically composed by healthy controls.
Of note, individuals that presented microcephaly showed a tendency of increase in levels of
IFN-y, IFN-a2, CXCL-10, IL-1a, TNF-a, CCL3 and CCL4 (Figure 1A). Furthermore, we
employed a fold-difference analysis and identified that concentrations of only IFN-y, IFN-a2
and CXCL10 were statistically significant between ZIKV and HC groups, whereas
microcephalic patients exhibited several markers with significant differences, such as IFN-y,
IFN-a2, CXCL10, IL-1a, TNF-a,, CCL3, CCL4, IL-15, IL-10, IL-6, IL-1RA and IL-8. Curiously,
the same analysis when performed between patients with only ZIKV infection and those that
developed microcephaly, we identified some similarities with the finding described for
comparison between microcephaly vs. HC, with the addition of CCL2 (Figure 1A).
Furthermore, we designed a Venn diagram to summarize the differences between the study
groups. As expected, ZIKV infection led to increases in cytokine expression levels when
compared to HC group independent on presence of microcephaly (Figure 1B). Of note,
concentrations of 4 markers were substantially higher in both groups of ZIKV patients whereas
12 markers were elevated uniquely in those with ZIKV-microcephaly compared to controls
(Figure 1B).
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ZIKV-microcephaly leads to consistent alterations in correlations between plasma

concentrations of inflammatory biomarkers

Inflammation is a coordinated process that occurs with synchronized changes in production of
inflammatory molecules and cells. To understanding these intricate relationships, we have
previously used a method based on network analysis employing Spearman correlation
matrices to identify the dynamicity, degree and quality of inflammation in several diseases [18-
21]. Here, we extended this approach to infer ZIKV pathophysiology and found that networks
from the distinct clinical groups displayed differences in complexity and quality of statistical
interactions between the inflammatory markers (Figure 2). The highest density of significant
correlations was found in the group of ZIKV microcephaly whereas the lowest values were
detected in those with ZIKV without this condition (Figure 2). Regardless of the clinical groups,
most of the significant correlation were positive, meaning that increases in concentrations of
a given marker were mostly followed by rises in levels of other inflammatory molecules. The
few negative correlations found included TNF-a vs. IL-12p70 and IL-8 vs. CCL11 in healthy
controls (Figure 2A) whereas IFN-y vs. IL-13 and GCSF vs. CXCL10 were observed in ZIKV
without microcephaly (Figure 2B). An increased number of negative correlations were found
in the group of neonates with ZIKV microcephaly (Figure 2C).

The network analysis highlighted that in healthy controls, GMCSF was the most highly
connected marker, followed by IL-17A, IL-1RA, IL-1B, IL-8, and IL-10 (Figure 2A). In ZIKV
without microcephaly, IL-1 was the most relevant marker, with positive correlations with EGF,
GMSCF, IFN-a2, and negative interactions with IFN-y. Furthermore,lL-15 was also a
significant node in the network of ZIKV without microcephaly, exhibiting positive interactions
with CCL2, IL-2, IL-8, IL.-12p70 and IL-17A (Figure 2B) a third significant node detected in this
groups was IFN-a2, which displayed only positive correlations with IL-2, IL-4, IL-17A, IL-1B
and IL-15. In patients with ZIKV microcephaly, our analysis indicated that IL-7, IL-15 and
GMCSEF were the most highly connected markers. Curiously, in this latter group, we found a
number of negative interactions between pro inflammatory markers such as IL-1a vs EGF, IL-
6 vs IL-12p70, TNF-a vs IL-3, and IFN-y vs EGF (Figure 2C). Thus, these results argue that
ZIKV microcephaly is associated with several alterations in cytokine correlations, including

increases in number of negative interactions.
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ZIKV infection is associated with increased systemic molecular degree of inflammatory

perturbation

To deep the analyses of systemic inflammatory activity, we used a molecular degree of
perturbation (MDP) (Figure 3A), a new statistical approach proposed recently by us to evaluate
the degree and intensity of inflammatory disturbance in patients with a variety of infectious
diseases [18, 19, 22]. As expected, individuals from the healthy control group exhibited
diminished MDP values, whereas patients with ZIKV microcephaly exhibited substantial
increase in MDP score values compared to controls and those with ZIKV without microcephaly
(Figure 3B). In addition, MDP values of patients with ZIKV without microcephaly were also

significantly higher than those from uninfected controls (Figure 3B).

Considering the microcephaly diagnosis is based on cephalic perimeter, we performed a
correlation analysis to identify possible relationships between the cephalic perimeter
measurement values and overall MDP expression as well as the perturbation values for each
individual biomarker. This approach was designed to test if the severity of microcephaly was
proportional to increases in inflammatory perturbation. Our findings revealed that the
measures of cephalic perimeter were inversely correlated with molecular perturbation values
of several of inflammatory parameters (Figure 4). Furthermore, when the clinical groups were
tested individually, a dramatic decrease in statistically significant correlations were detected.
Interestingly, the cephalic perimeter values exhibited different correlations with inflammatory
markers depending on the clinical group. In healthy neonates, the only significant finding was
a positive correlation between anti-viral cytokine IFN-a2 and cephalic perimeter (Figure 4). In
those with ZIKV without microcephaly, another single significant correlation was found, but
now with EGF. Noteworthy, in ZIKV-microcephaly, the cephalic perimeter was inversely
correlated with both IFN-a2 and IL17A. Our findings suggest that the changes in cephalic
perimeter are associated with specific and gradual modification in the degree of inflammatory
perturbation.in ZIKV infected neonates.

Plasma concentrations of inflammatory biomarkers can distinguish ZIKV infection with

or without microcephaly from uninfected controls

We finally tested whether simultaneous measurements of the plasma biomarkers of
inflammation could be used to distinguish the clinical groups. Given that we observed a distinct
correlation profile between the concentrations of the biomarkers (Figure 2), we employed a

discriminant model using canonical correlation analysis, which takes into account: (i) number,
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(i) strength and (iii) parameters involved in correlations between the biomarker
concentrations[19]. We found that ZIKV infection with or without microcephaly could be
completely distinguished from healthy controls (area under the curve [AUC] of the receiver
operator characteristics [ROC] curve = 1.0 [100% accuracy], P<0.0001) (Figure 5A). In
addition, among neonates with ZIKV infection, those presenting with microcephaly could also
be distinguished from the infected individuals who did not have such condition (AUC=1.0,
P<0.0001) (Figure 5A). Moreover, we plotted the canonical coefficient scored of each
biomarker included in the model to assess the top markers responsible for the discrimination
between groups. In the comparison between ZIKV without microcephaly and uninfected
controls, HC we identified IFN-a2, CXCL10, IL-1RA, IL-2, IL-1B, IL-17 and CCL2 as the top
markers in our model (Figure 5B). When the groups of neonates with ZIKV microcephaly and
controls, IL-6, CXCL10, IFN-y, IL-4 and IL-10 contributed the most for the discrimination
(Figure 5B). Furthermore, when ZIKV groups were compared directly, CXCL10, IL-1a, VEGF
and IL-8 were identified as the top canonical markers. These findings suggest that the infection
with ZIKV and occurrence of microcephaly lead to unigue disturbances in systemic

inflammation and immune activation profile that hallmark this condition.

020z AeINl L1 U0 J8sn (ZNYDOI4) Znid oplemsQ oeoepun4 Ag z98zzZ8S/.6 1 BRIISIPUIEE0L 01/10P/A0BISqE-0IE-00UBAPE/PIl/W00 dNO"dlWspEoe)/:SAjjY WO} POPEOJUMOQ



DISCUSSION

In the present study, we performed a detailed investigation of the immunological profile in
blood of newborns with CZI. Our exploratory results delineated an inflammatory biosignature
that could distinguish ZIKV neonates from uninfected controls and also hallmarked infected
patients who presented with microcephaly. Such signature included biomarkers derived from
both innate and adaptive immune responses and the findings presented here advanced the
field by describing intricate relationships between these cytokines and growth factors. Recent
studies have described a cytokine storm in Flavivirus infection model, with the profile of the
immune activation imbalance being associated with the phase of the viral infection [23, 24].
Hence, in acute phase of infection, a higher expression of several biomarkers, as IL-1p, IL-2,
IL-4, IL-6 and IL-10, and also CCL3 and VEGF was found [23]. In our investigation, newborns
with ZIKV but without microcephaly exhibited specific increases of concentrations of IFN-y,
IFN-a2 and CXCL10, which are biomarkers from the IFN pathway and infer antiviral immunity
[25-27]. The involvement of IFN pathways in ZIKV infection has been studied in both human
[25] and experimental murine models [28]. Thus, ZIKV infection may cause substantial
activation of IFN-related genes that leads to substantial increases in circulating levels of the
cytokines described here. Of note, markers derived from the arachidonic acid were reported
to hallmark ZIKV-microcephaly [15]. The interplay between IFN pathways and lipid mediators
is well described in other infectious diseases such as tuberculosis, in which the balance
between such players dictates disease outcomes [29]. Curiously, when neonates with ZIKV-
microcephaly were tested, we found that, in addition to high levels of the IFN-related cytokines
described above, unique increases in several markers, including CCL3, IL-6 and IL-10, which
have been previously described to be induced by ZIKV infected placental macrophages [26].
Thus, we propose that ZIKV infection resulting in microcephaly may be caused by
disturbances in IFN pathway linked other myeloid activation signals that results in this clinical

outcome. Further studies are warranted to specifically address this hypothesis.

The inflammatory pathways controlling the development of microcephaly remains unclear, and
the magnitude of the influence of immune activation in such process is not yet known. Several
studies have been tried to explain the pathophysiology of this outcome in ZIKV patients and
reported that the presence of infection leads to an altered regulation of genes associated with
immune response, cell cycle, differentiation and apoptosis in neural progenitor cells (NPCs)
[30, 31]. These modifications are then associated with reduced cell growth which culminates
in neurological malformations such as microcephaly [31]. Despite this elucidation, the interplay

between cytokines, chemokines and microcephaly development remains unclear.
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Understanding the specific immune mechanisms linked to microcephaly may aid development
of potential interventions that could either prevent of minimize the effects of ZIKV infection and
microcephaly. Our results reveled that not only the concentration values of inflammatory
markers are altered in ZIKV microcephaly, but also the relationships between them, which was

read by our network analyses.

Using correlation matrices, we demonstrated that the cephalic perimeter values displayed
unique statistical relationships with plasma biomarkers depending on the ZIKV infection status
and occurrence of microcephaly. Our network analysis showed that the presence of ZIKV
infection leads important differences in connectivity profile, involving the number of
correlations, direction of the association as well as the main markers representing the most
significant nodes. Indeed, the group of ZIKV microcephaly displayed a network with increased
density of connections and changes in strength and directionality of the relationships, including
appearance of several negative correlations. Similar analyses performed by our group in a
number of clinical scenarios, such as tuberculosis [18, 19], HIV [32], malaria [33], and
leishmaniasis [34], suggest that changes in the correlation network profile indicates alteration
of the systemic inflammatory status. In this setting, increased connectivity usually infers
augmented inflammation whereas decreased number of significant correlations compared to
baseline control group may indicate uncoupling of the inflammatory response. We hypothesize
that ZIKV infection itself leads to an immune homeostatic disturbance associated with
uncoupling of the systemic inflammation whereas development of microcephaly may be due
to a probable secondary factor that then intensifies the coordination of the inflammatory

processes which is demonstrated by increased number of significant connections.

Another important contribution of our study was the assessment of the molecular degree of
inflammatory perturbation and its association with the cephalic perimeter of neonates infected
with ZIKV. To our knowledge, no previous study has estimated the global inflammatory
disturbance in blood of ZIKV neonates. We demonstrated that ZIKV infection is indeed linked
to overall higher inflammatory perturbance, which was shown to be even more significant in
the presence of microcephaly. We extended these observations to show that, in the entire
study population, decreases in the cephalic perimeter measures was directly associated with
increases in perturbance of several inflammatory biomarkers. In addition, microcephaly led to
unique inverse relationships between cephalic perimeter values and degree of perturbance of
key inflammatory cytokines such as IFN-a2 and IL-17A. IFN-a2 is known to be critical to

promote antiviral immune responses [25] whereas IL-17A has also been described to play
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significant role in pathogenesis of several lung-associated viral infection [35]. Whether
manipulation of these two important cytokines in experimental models results in alleviation of
the pathological immune activation observed in ZIKV microcephaly is a potential topic of

interest for further investigations.

Of note, the discriminant analyses based on a canonical model described here identified
candidate biomarkers likely responsible for the distinction between uninfected neonates and
ZIKV infection with or without microcephaly. Hence, this approach indicated that, compared to
uninfected neonates, in the group of ZIKV without microcephaly, IFN-a2, CXCL10 and IL-1
were the most significant markers with discriminatory power, whereas .in the presence of
microcephaly, IL-6, CXCL10 and IL-4 were the top parameters implicated in the discrimination.
This finding suggests that the immune activation profile detected in ZIKV infection was so
substantially different that could distinguish infection and microcephaly with high degree of
accuracy. It is possible that the top markers identified play significant role in the pathogenesis
of the clinical outcomes described here. It is reasonable to hypothesize that upon exposure to
ZIKV during pregnancy, the degree of inflammatory disturbance may directly cause immune-
mediated organic dysfunction that promotes development of microcephaly. Such hyper-
inflammation could alter permeability of the blood-brain barrier [36]. In the central nervous
system, ZIKV infection could then drive tissue damage mediated by cytotoxicity [15, 37]

leading to microcephaly. This hypothesis requires direct testing in future mechanistic studies.

Our study has some limitations. We performed a cross-sectional investigation and examined
samples obtained from a single timepoint, which preclude us from making conclusions about
the dynamicity of inflammatory process before birth. The number of individuals investigated in
this study was relatively small, but the groups were carefully matched to reduce the influence
of potential confounding factors. Regardless of such limitations, our finds extend the current
information about ZIKV infection and immunological chances in human model, with delineation

of immune profile and inflammatory changes and its association with microcephaly.
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Figure 1. Inflammatory imbalance in Zika virus infection. Concentrations of several
markers of inflammation were assessed in plasma samples from a cohort of 50 children.
Data were log10-transformed. (A) Hierarchical cluster analysis using z-scored values of
each parameter (Ward’'s method) was employed to depict the overall biomarker
expression profile in the study. Fold differences were calculated and statistically
significant differences are highlighted in colored bars. (B) Venn Diagram describes the
markers which values were statistically different between ZIKV vs ZIKV+MC.
HC=Healthy control, ZIKV=Zika virus, MC=Microcephaly.

Figure 2. Zika virus microcephaly leads to consistent alterations in correlations
between plasma concentrations of inflammatory biomarkers. Network analysis of
the biomarker correlation matrices was performed with bootstrap (100x). Significant
correlations (p <0.05) and Spearman rank (rho)> 0.3 are shown. Each node represents
a different parameter. The size of each circle (nhode) is proportional to the number of
significant correlations involving such node. Connecting lines represent the Spearman
rank coefficient (rho) values. Red color infers positive correlation whereas blue color
denotes negative correlations. Color maps on the right of each network denote the
number of significant correlations per parameter (node) per clinical group. HC=Healthy
control, ZIKV=Zika virus, MC=Microcephaly.

Figure 3. ZIKV infection is associated with increased systemic molecular degree
of inflammatory perturbation. (A) Histograms show the single sample molecular
degree of perturbation (MDP) score values relative to each study group as indicated in
Y axis. (B) Box plots represent the distribution of the MDP between study groups. Values
were compared between control, Zika virus and zika virus microcephaly groups using
the Kruskal-Wallis test. HC=Healthy control, ZIKV=Zika virus, MC=Microcephaly.

Figure 4. Associations between cephalic perimeter and plasma markers and MDP
value in study groups. Spearman correlation analysis was used to test association
between cephalic perimeter and plasma markers and overall inflammatory profile
assessed by the molecular degree of perturbation (MDP) in all study participants (left
panel), healthy control (HC) group, patients only with Zika infection (ZIKV) and patients
that present Zika virus and microcephalia (ZIKV+MC). Bars represent the Spearman
rank (rho) values. Colored bars indicate statistically significant correlations (p < 0.05)
after adjustment for multiple measurements. Highlighting color infers significant
correlations.

Figure 5. Plasma concentrations of inflammatory biomarkers can distinguish ZIKV
infection with or without microcephaly from uninfected controls. (A) In an
exploratory approach, a sparse canonical correlation analysis (SCCA) was employed to
test whether experimental groups could be distinguished based on the overall expression
profile of all the markers measured. (B) Canonical coefficient scores were calculated to
identify the biomarkers responsible for the difference between groups in the sCCA
model. HC=Healthy control, ZIKV=Zika virus, MC=Microcephaly
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Table 1. Characteristics of study participants.

o ZIKV with ZIKV without
/(ék;?(;i?r'irslstlcs (NéIgO) Healt(l:]iﬁlo)ntrol microcephaly microcephaly vaﬁ;Je
(n=22) (n=14)

Female — no. (%) 26 (52) 4 (28.6) 14 (63.6) 8 (57,1) 0.54

Gestational age (week) 39 (38-40) 38 (37-39) 39 (38-40) 39 (38-40) 0.32

Prematurity birth — no. 10 (20) 4 (28.6) 4 (18.2) 2(14.3) 0.87

%

I(-Iez';\d circumference 32 (31-34) 32.5(32-34.5) 31 (30-31) 34 (33-35.5) <0.01

cm

\(Nei)ght at birth (g) 2850 (2328-4130) 2813 (2393-2930) 2705 (2209-2929) 2973 (2755-3540) 0.08

Size at birth (cm) 46.0 (45.0-47.5) 50.0 (45.0-47.6) 46.0 (42.0-48.2) 47.0 (46.0-49.5) 0.29

CCL2 497.85 (304.57- 475.81 (325.04- 1050.17 (377.49- 301.68 (179.63-934.69) 0.01
1214.09) 533.63) 1494.95)

CCL3 9.26 (2.82-22.45) 3.97 (0-10.77) 20.18 (7.38-80) 7.85 (3.2-13.62) 0.01

CcCL4 28.42 (20.12-39.6) 21.86 (19.08-28.22) 42.06 (26.15-59.2) 28.22 (20.63-30.19) 0.01

CCL11 95.45 (66.29-114.58)  95.45 (46.07-122.04) 101.6 (71.12-117.63) 78.69 (66.29-101.76) 0.22

CXCL10 239.25 (161.91- 131.34 (80.47- 517.71 (378.55-631.44) 202.55 (185.87-235.08) <0.01
410.13) 152.45)

EGF 69.96 (31.81-133.89) 83.98 (41.92-115.13) 54.84 (29.1-109.63) 112.73 (31.81-196.72) 0.27

GCSF 188.28 (105.22- 161.42 (100.33- 289.62 (141.32-368.29) 163.76 (97.88-227.44) 0.10
313.06) 243.39)

GMCSF 29.47 (20.73-39.9) 24.64 (10.64-37.08) 34.25 (20.73-49.2) 27.07 (22.69-38.02) 0.35

IFN-a2 90.37 (19.36-127.41) 11.95(9.91-13.12) 101.98 (82.35-141.14) 114.32 (95.6-136.62) <0.01

IFN-y 15.57 (8-31.27) 3.88 (2.65-7.04) 31.63 (25.05-51.13) 11.38 (8.93-15.37) <0.01

IL-1RA 29.84 (10.26-65.32) 9.35 (3.95-23.25) 46.51 (23.25-79.91) 33.64 (12.1-47.95) 0.01

IL-1a 327.86 (223.75- 192.07 (126.62- 519.18 (397.8-605.29) 303.7 (245.63-321.5) <0.01
524.41) 206.74)

IL-1B 1.63 (0.47-2.8) 1.63 (0.73-2.58) 1.58 (0.47-2.58) 1.8 (0.18-3.33) 0.95

IL-2 2.57 (1.88-4.18) 2.4 (0.97-2.9) 2.81 (1.88-4.18) 3.3 (2.23-4.49) 0.20
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IL-3
IL-4
IL-6
IL-7
IL-8
IL-10
IL-12p40
IL-12p70
IL-15
IL-17A
TNF-a
VEGF

0.71 (0.16-1.51)
9.47 (5.39-21.1)
9.4 (3.79-22.42)
10.86 (7.52-13.47)
12.9 (6.8-23.23)
16.2 (9.22-30.01)
6.5 (0-17.34)
1.38 (0-7.26)
8.38 (5.25-13.77)
3.69 (0.67-7.42)
28.47 (7.38-72.38)

154.36 (100.09-
227.18)

0.93 (0.64-1.79)
11.45 (5.39-21.1)
4.92 (0-12.42)
10.04 (7.52-11.51)
6.25 (3.42-13.01)
9.22 (2.67-11.68)
0 (0-12.79)

0 (0-4.8)
5.64 (4-6.4)
2.77 (0-4.49)
5.71 (4.66-31.7)

118.2 (89.16-185.53)

0.56 (0-1.65)
9.47 (3.28-21.1)
20.92 (7.01-33.49)
9.88 (5.41-14.84)
16.82 (10.99-27.85)
28.91 (16.82-55.95)
7.68 (0-38.48)

0 (0-6.08)
12.28 (7.32-20.31)
4.3 (0-7.71)

66.93 (21.83-130.72)
176.75 (110.62-252.75)

0.86 (0.16-1.37)
11.45 (5.39-24.87)
3.94 (2.05-14.96)
10.99 (8.15-12.99)
14.5 (8.26-23.23)
12.85 (9.58-19.24)

6.5 (0-13.73)
2.36 (0-8.37)

9.16 (4.84-12.04)

4.06 (1.63-9.62)
23.26 (7.88-56.03)

147.34 (89.16-214.98)

0.52
0.91
<0.01
0.65
0.01
<0.01
0.16
0.26
0.01
0.31
<0.01
0.12

47 Data represent in median and interquartile range or frequency (percentage). Plasma markers concentrations are in pg/mL. Data were compared

48 between the clinical groups using the Kruskal-Wallis test (continuous variables) or the Pearson’s qui-square test (for data on frequency).

49 Abbreviations: CCL: Chemokine (C-C Motif) Ligand; CXCL: Chemokine (C-X-C Moatif) Ligand; EGF: Epidermal Growth Factor; GCSF: Granulocyte

50 Colony Stimulating Factor; GMCSF: Granulocyte-Macrophage Colony Stimulating; IFN: Interferon; IL: Interleukin; TNF: Tumor Necrosis Factor;
51 VEGF: Vascular Endothelial Growth Factor.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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