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In situ immune response and 
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Zika virus (ZIKV) has recently caused a pandemic disease, and many cases of ZIKV infection in pregnant 

women resulted in abortion, stillbirth, deaths and congenital defects including microcephaly, which 

now has been proposed as ZIKV congenital syndrome. This study aimed to investigate the in situ 

immune response profile and mechanisms of neuronal cell damage in fatal Zika microcephaly cases. 
Brain tissue samples were collected from 15 cases, including 10 microcephalic ZIKV-positive neonates 
with fatal outcome and five neonatal control flavivirus-negative neonates that died due to other 
causes, but with preserved central nervous system (CNS) architecture. In microcephaly cases, the 

histopathological features of the tissue samples were characterized in three CNS areas (meninges, 

perivascular space, and parenchyma). The changes found were mainly calcification, necrosis, 
neuronophagy, gliosis, microglial nodules, and inflammatory infiltration of mononuclear cells. The 
in situ immune response against ZIKV in the CNS of newborns is complex. Despite the predominant 

expression of Th2 cytokines, other cytokines such as Th1, Th17, Treg, Th9, and Th22 are involved to a 
lesser extent, but are still likely to participate in the immunopathogenic mechanisms of neural disease 

in fatal cases of microcephaly caused by ZIKV.

Zika virus (ZIKV; genus Flavivirus, family Flaviviridae) was isolated in 1947 from Macaca mulatta in the Zika 
Forest of Uganda1 and, similar to other �aviviruses, can cause lesions in the lung, kidney, heart, liver, and brain2.

In view of the severity of presentation, many studies are currently trying to characterize the relationship of 
ZIKV infection with the development of Guillain-Barré syndrome and microcephaly, as well as the mechanisms 
underlying sexual and vertical transmission of the virus1,3,4. However, at the CNS level, there are still many gaps 
in the current understanding of the mechanisms that induce ZIKV infection-associated microcephaly. Some 
studies have already demonstrated that underlying neuronal cell death is directly related to microcephaly, espe-
cially because of the production of large amounts of caspase 3 in cortical neurons5,6. However, with respect to 
the immune response that occurs in the brain of newborns with microcephaly, no studies have yet used this 
approach. In particular, studies investigating the in situ immune response in the tissue microenvironment are 
lacking. �is tissue immune response is important for understanding of the immunopathogenesis of lesions, as 
this local response is intimately related to the mechanisms of immune-mediated tissue damage.
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Because the CNS is an immunologically privileged site and in view of the intense selectivity of the blood-brain 
barrier in terms of kinetics of cell and cytokine �ow between blood and tissue, investigation of the in situ immune 
response pro�le and neuronal cell damage mechanism is important for understanding the pathogenesis of micro-
cephaly by ZIKV. �erefore, by recognizing that this relationship can provide new insights into the immuno-
pathogenesis of the disease, the present study investigated the in situ immune response pro�le and mechanism of 
neuronal cell damage in stillborn infants and newborns infected with ZIKV who died.

Results
Patients. �is study was performed on brain tissue samples from 10 fatal microcephaly cases. �e population 
consisted of eight newborns (two female and six male), with a lifetime ranging from 2 hours to 27 days (median 
one day) and two stillbirths (female and male). Five patients (four female and one male) were used as control 
samples in the investigation. Additional information on the cases can be found in Supplementary Table S7.

Description of the main histopathological alterations found in newborns with microcephaly 
caused by Zika virus. �e histopathological features of the tissues samples were characterized by meningeal, 
perivascular, and parenchymatous changes. Vascular congestion and in�ammatory in�ltrates consisting mainly 
of lymphocytes and macrophages were observed in the meninges, suggestive of viral meningitis (Fig. 1A,B). �e 
perivascular environment exhibited congestion of variable intensity and in�ammatory in�ltration of mononu-
clear cells (Fig. 1D) �lling the Virchow-Robin space. Analysis of the intraparenchymatous environment showed 
alterations of varying intensity including gliosis (Fig. 1E), calci�cations (Fig. 1G), neuronophagy, neuronal necro-
sis (Fig. 1H), microglial nodules, vacuolization, and neuronal disappearance.

Figure 1. Histopathological and immunohistochemical (IHC) aspects of fatal ZIKV-associated microcephaly 
cases and controls. (A) (Case 6): Viral meningoencephalitis with vasocongestion and surrounding in�ammatory 
in�ltrate (arrow). (B) (Case 6): Immunostaining of ZIKV antigens in cells of the in�ammatory in�ltrate in 
the meninges (arrow). (C) (Case 15): Preserved meninges and IHC-negative to control (arrow). (D) (Case 6): 
In�ltration of mononuclear cells in the perivascular space (arrow). (E) (Case 8): Gliosis and immunostaining 
in�ammatory cell in�ltrate (arrow). (F) (Case 15): Preserved capillaries without in�ammatory in�ltrate and 
IHC-negative to control (arrow). (G) (Case 8): Calci�cation (arrow) in the neural parenchyma. (H) (Case 5): 
Neuronal necrosis (arrow) with ZIKV antigens in the neural parenchyma. (I) (Case 15): Parenchymal neural 
preservation and IHC-negative to control (circle) (magni�cation: 400×).
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Immunohistochemical evaluation. �e observation of a brown color in the tissue fragments was de�ned 
as positive immunostaining for the di�erent processes evaluated, including the mechanisms of tissue damage and 
the host immune response in tissue damaged by ZIKV infection.

Apoptosis. Caspase 3 immunostaining in the three compartments analyzed (meninges, perivascular space, 
and parenchyma) di�ered signi�cantly compared to control. �e increase in caspase 3 expression was particularly 
marked in the parenchyma, especially in cases of neuronal damage in the cortex in which intense staining was 
observed in vacuolated and apoptotic neurons (Supplementary Table S3) (Fig. 2).

Characterization of the cell infiltrate. Characterization of the phenotype of the local in�ammatory in�l-
trate revealed the presence of antigen-presenting cells and astrocytes (S100), natural killer (NK) cells (CD57), 
M1 macrophages/microglia (CD68), M2 macrophages/microglia (CD163), T lymphocytes (CD8+, CD4+), and 
regulatory T (Treg) cells (FoxP3) (Supplementary Table S3) (Fig. 3).

S100-positive cells were observed in the three compartments analyzed and a signi�cant di�erence was found 
compared to the control (Fig. 3A). In cases in which thickened meninges and marked vascularization were 
observed, S100 immunostaining was associated with the presence of antigen-presenting cells. S100-positive cells 
were found in the parenchyma and perivascular space, as well as in areas of the cortex characterized by neuronal 
depopulation. In the neural parenchyma, intense S100 immunostaining was observed in gemistocytic astrocytes 
(Fig. 3H).

In the three compartments, the number of CD57 + NK cells was increased in the mononuclear in�ammatory 
in�ltrate (Fig. 3B,I). Di�erences were observed in the mean number of CD68 and CD163-positive cells, which 
characterize the presence of M1 and M2 macrophages/microglia, respectively. �ere was no signi�cant di�erence 
in the expression of CD68 compared to the control (Fig. 3C). In contrast, CD163 expression was increased in 
cases with symptoms of meningoencephalitis, accompanied by intense vascular proliferation and focal necrosis 
in the cortical layer (Fig. 3D,K).

Semiquantitative analysis of T lymphocyte subpopulations (CD8, CD4) and Treg cells (FoxP3) showed 
increased expression of these markers in the three compartments, especially in areas exhibiting a dense mononu-
clear in�ltrate (Fig. 3E,F,G,L,M and N).

Figure 2. Semiquantitative analysis and representative immunohistochemical pattern in meninges (M), 
perivascular region (PV) and parenchyma (PC) in fatal Zika microcephaly cases and control. (A) Expression of 
caspase 3. (B) Immunolabeling for caspase 3 (B-M and B-PV: Case 7; B-PC: Case 2). (C) Negative control (C-M, 
C-PV, and C-PC: Case 15) (magni�cation: 400×) (**p < 0.005, ***p < 0.0005).
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Cytokine profile and factors involved in the inflammatory response. Analysis of the pro�le of 
cytokines and in�ammatory factors in the samples showed expression of IFN-γ, IFN-α, IFN-β, IL-6, IL-12A, 
IL-1β, and TNF-α (Supplementary Table S3) (Fig. 4); IL-4, IL-10, IL-33, IL-37, and TGF-β1 (Supplementary 
Table S3) (Fig. 5); IL-9, IL-17, IL-23, and IL-22 (Supplementary Table S3) (Fig. 6); and iNOS and arginase 1 
(Supplementary Table S3) (Fig. 7). �ere was a predominance of �2 markers accompanied by proin�ammatory 
cytokines (Figs 4 and 5), iNOS, and arginase 1, which exhibited increased expression in the three compartments 
when compared to control (Fig. 7). In the meninges, cellular expression was prominent in the mononuclear 
in�ammatory in�ltrate, and the perivascular space showed a similar immunostaining pattern. Immunoexpression 
of iNOS, arginase 1, and cytokines, especially IL-4, IL-10, IL-12A, IL-23, and IL-33, was more intense in the brain 
parenchyma. Expression was observed in the mononuclear in�ammatory in�ltrate, in areas containing vacuo-
lated neurons, in areas of necrosis, and in apoptotic cells.

Discussion
Zika virus is an infectious agent that has raised global concern because infection can cause fetal death and new-
born sequelae including microcephaly1. �e present results in stillbirth and neonate deaths caused by ZIKV 
showed an intrinsic and complex relationship between the immune response and the occurrence of cell damage. 
In this study, the main types of cell death were necrosis and apoptosis. We observed that the immunoexpression 

Figure 3. Semiquantitative analysis and Immunohistochemical pattern in meninges (M), perivascular region 
(PV), and parenchyma (PC) in fatal Zika microcephaly cases. (A) Expression of S100. H Immunolabeling for 
S100 (H-M and H-PV: Case 6; H-PC: Case 5). (B) Expression of CD57. I Immunolabeling for CD57 (I-M: 
Case 6; I-PV and I-PC: Case 7). (C) Expression of CD68. J Immunolabeling for CD68 (J-M: Case 6; J-PV and 
J-PC: Case 5). (D) Expression of CD163. K Immunolabeling for CD163 (K-M: Case 8; K-PV and K-PC: Case 
5). (E) Expression of CD8. L Immunolabeling for CD8 (L-M: Case 6; L-PV and L-PC: Case 7). (F) Expression 
of CD4. M Immunolabeling for CD4 (M-M: Case 6; M-PV and M-PC: Case 7). (G) Expression of Foxp3. N 
Immunolabeling for Foxp3 (N-M: Case 8; N-PV and N-PC: Case 7) (magni�cation: 400×) (ns: not statistically 
signi�cant, *p < 0.05, **p < 0.005, ***p < 0.0005).
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of IL-4, IL-10, IL-33, iNOS, and arginase 1 was increased in cases in which neuronal necrosis in the cortical layer 
was very intense. Among these markers, IL-33 may be a key factor to further elucidate the genesis of neuronal 
necrosis, as this cytokine participates directly in the process of necroptosis7.

Apoptosis is probably the key type of cell death involved in the development of ZIKV-induced CNS injury. In 
the present study, caspase 3 expression was increased, especially in the parenchyma, comprising areas of the cer-
ebral cortex (Fig. 2A,B). �ese �ndings corroborate the results of in vitro experimental models that suggest apop-
tosis to be a major factor in neuronal cell death and reduced brain mass in humans8,9. In addition, the increased 
caspase 3 expression, especially in the parenchyma, was positively correlated with the expression of a set of 
cytokines that are directly or indirectly associated with the phenomenon of apoptotic cell death (Supplementary 
Table S6).

The phenotype of the cell-mediated immune response to ZIKV in the three compartments consisted of 
antigen-presenting cells and astrocytes (S100), NK cells (CD57), M1 macrophages/microglia (CD68), M2 mac-
rophages/microglia (CD163), T lymphocytes (CD4+, CD8+), and Treg cells (FoxP3). Immunostaining for S100 
in the meninges and perivascular space indicated that perivascular astrocytes and antigen-presenting cells may 
participate actively in the neuroin�ammatory response. Several studies on �aviviruses have reported a direct 
association of antigen-presenting cells with the induction of neurodegenerative processes due to neuroin�am-
mation10,11. In an experimental model, ZIKV was found to infect large numbers of astrocytes present in the 

Figure 4. Semiquantitative analysis and Immunohistochemical pattern in meninges (M), perivascular region 
(PV), and parenchyma (PC) in fatal Zika microcephaly cases. (A) Expression of IFN-γ. H Immunolabeling for 
IFN-γ (H-M and H-PV: Case 8; H-PC: Case 9). (B) Expression of IFN-α. I Immunolabeling for IFN-α (I-M: 
Case 8; I-PV: Case 9; I-PC: Case 7). (C) Expression of IFN-β. J Immunolabeling for IFN-β (J-M and J-PV: Case 
8; J-PC: Case 9). (D) Expression of IL-6. K Immunolabeling for IL-6 (K-M: Case 9; K-PV: Case 8; K-PC: Case 7) 
(E) Expression of IL-12A. L Immunolabeling for IL-12A (L-M and L-PV: Case 8; L-PC: Case 7). (F) Expression 
of IL-1β. M Immunolabeling for IL-1β (M-M: Case 8; M-PV and M-PC: Case 7). (G) Expression of TNF-α. N 
Immunolabeling for TNF-α (N-M and N-PV: Case 8 N-PC: Case 9) (magni�cation: 400×) (ns: not statistically 
signi�cant, *p < 0.05, **p < 0.005, ***p < 0.0005).
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cortical and subcortical layers12,13. An interesting �nding is that the infection of astrocytes was intimately related 
to increased expression of AXL14,15. Another aspect that has been discussed regarding the prolonged infection of 
astrocytes is that the persistence of ZIKV can lead to an increase in viral load in the cortical layer and to infection 
of additional cortical cells16. Furthermore, studies have demonstrated that loss of astrocytes in the cortex can 
induce the formation of an in�ammatory process, generalized cell death, and a reduction in the density of glial 
and neuronal cell populations. �is eventually results in the development of calci�cations, which are common 
�ndings in cases of congenital infection and microcephaly due to ZIKV16,17.

Another aspect to be considered in the pathogenesis of neural infection with ZIKV is the role of M1 and M2 
macrophages/microglia. In the three compartments of ZIKV-a�ected brains, we observed elevated expression of 
CD163 compared to the control (Fig. 3D). Recent studies have shown that M2 microglia and M2 macrophages 
express groups of markers that participate in the immunosuppressive response, including IL-4, IL-10, TGF-β1, 
IL-33, IL-37 and arginase 114,15,18. In cases of microcephaly, the expression of CD163 is important because in �avi-
viruses, the scavenger receptor CD163 is one of the receptors used by these viruses to enter the cell19.

In the present study, the expression of CD57, an NK cell marker, was increased in the three compartments 
(Fig. 3B). In �aviviruses, other studies have demonstrated that NK cells participate in the antiviral response, 
inducing the production of IFN-γ, a cytokine that inhibits viral replication20,21. Correlation analysis revealed 
di�erent behavior of NK cells in the three compartments. In the meninges, IL-33, IL-37, and TGF-β1 appeared to 
negatively regulate the response of NK cells (Supplementary Table S4). In contrast, in the in�ltrate at the perivas-
cular space and parenchyma, NK cells were possibly actively involved in the induction of apoptosis (via caspase 
3) and production of TNF-α, IFN-α, and IFN-β (Supplementary Tables S5 and S6).

With respect to adaptive immunity, the increased expression of CD8+, CD4+ and FoxP3 in the three com-
partments suggests that the response of cytotoxic T lymphocytes and helper T lymphocyte subpopulations play 
a key role in the speci�c immune response to ZIKV. Indeed, among �aviviruses previous studies have shown 
that CD8 T lymphocytes can induce protective immunity against West Nile virus, dengue virus and yellow fever 
virus22,23. In studies on primates, in�ltration of CD8 T lymphocytes into the parenchyma and perivascular space 
contributed to the development of neurotoxicity24. Other approaches have shown that CD8 T lymphocytes partic-
ipate directly in the process of apoptosis, i.e., in the production of TNF-α, TRAIL, and caspase 325,26.

Regarding T helper lymphocyte subpopulations, it was observed that the CD4 T lymphocyte response was 
associated with a large panel of cytokines, but there was a clear predominance of a �2 (Fig. 5) pro�le represented 

Figure 5. Semiquantitative analysis and immunohistochemical staining in meninges (M), perivascular region 
(PV), and parenchyma (PC) in fatal Zika microcephaly cases. (A) Expression of IL-4. F Immunolabeling for 
4 (F-M and F-PV: Case 8; F-PC: Case 9). (B) Expression of IL-10. G Immunolabeling for 10 (G-M and G-PV: 
Case 8; G-PC: Case 4). (C) Expression of IL-33. H Immunolabeling for IL-33 (H-M: Case 7; H-PV: Case 8; 
H-PC: Case 9). (D) Expression of IL-37. I Immunolabeling for IL-37 (I-M and I-PV: Case 8; I-PC: Case 7). (E) 
Expression TGF-β1. J Immunolabeling for TGF-β1 (J-M: Case 8; J-PV: Case 7; J-PC: Case 9) (magni�cation: 
400×) (**p < 0.05, ***p < 0.0005).
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by high immunoexpression of IL-33 when compared to the other cytokines. However, increased expression of 
�1, Treg, �9, �17, and �22 cytokines was also observed when compared to controls (Figs 4–6). In general, 
the response of �1 lymphocytes was con�rmed by immunostaining for IFN-γ, IFN-α, IFN-β, IL-6, IL-12A, 
IL-1β, and TNF-α (Fig. 4). �e increase of proin�ammatory cytokines in the medium, suggests a response of 
proteins that might be associated with the induction of mechanisms of cellular damage, as these are the main 
mediators that trigger neurotoxicity and the production of reactive oxygen and nitrogen intermediates, which are 
directly involved in the cell death. �e response of IFN-γ, IFN-α, and IFN-β is probably related to the develop-
ment of a classical antiviral response against ZIKV. Indeed, recent studies have shown that expression of IFN-α 
and IFN-β is crucial to inhibit viral replication27,28. Together with IL-6, these cytokines may induce a pattern of 
acute in�ammation that causes neurotoxicity probably associated with infection29. �e increased expression of 
interferons is supported by the presence of IL-12A, a cytokine that classically induces the production of IFN-γ, 
which, in turn, may modulate the activity of microglia in response to the presence of ZIKV30. Finally, the expres-
sion of IL-1β and TNF-α could be also involved in the mechanism of cell death by apoptosis, as these cytokines 
are related to the activation of death receptors and the formation of in�ammasomes, respectively27,29.

Immunostaining for IL-4, IL-10, IL-33, IL-37, and TGF-β1 characterized the presence of a �2 response, 
which predominated in the cases studied (Fig. 5). �e occurrence of a predominantly immunosuppressive local 
response has been reported for other presentations of viral encephalitis and might be related to the simultaneous 
development of a suppressive and antiviral response, which is necessary for elimination of the infectious agent 
without causing major in�ammatory damage30–33.

Cytokines such as IL-33 exert multiple actions and are related to pyroptosis, activation of in�ammasomes, 
and endoplasmic reticulum stress, which can all lead to cellular damage34,35. �e involvement of IL-33 in cell 
death due to necrosis and apoptosis and in the induction of a M2 microglia response indicates that it is intimately 
related to the pathogenesis of ZIKV, inducing cell death and creating a more favorable environment for viral rep-
lication by activating M2 macrophages.

�is anti-in�ammatory environment, which is probably intended to protect the parenchyma from the delete-
rious e�ects of a potentially neurotoxic immune response, may be supported by the activity of Treg lymphocytes. 
Some studies have suggested a role of Treg lymphocytes in �avivirus infections, in which these cells contribute to 
the pathogenesis of acute infections caused by these viruses36,37.

Immunoexpression of �9, �17, and �22 cytokines was observed in the samples examined (Fig. 6). �ese 
cytokines seem to be involved in speci�c pathogenic events during evolution of neonatal ZIKV disease. In this 
respect, IL-9 can increases the production of histamine and glutamate in cortical neurons, contributing to the 
induction of excytotoxicity and consequently to neuronal apoptosis38. �17 cytokines such as IL-17 and IL-23 
can induce the production of reactive oxygen and nitrogen intermediates, and equally lead to cell damage and cell 
death39. IL-22 is related to the recruitment of in�ammatory cells. In addition, IL-22 modulates the production of 

Figure 6. Semiquantitative analysis and immunohistochemical staining in meninges (M), perivascular region 
(PV), and parenchyma (PC) in fatal Zika microcephaly cases. (A) Expression of IL-9. F Immunolabeling for 
IL-9 (F-M and F-PV: Case 8 F-PC: Case 4). (B) Expression of IL-17. G Immunolabeling for IL-17 (G-M: Case 
8; G-PV and G-PC: Case 7). (C) Expression of IL-23. H Immunolabeling for IL-23 (H-M: Case 8 and H-PV: 
H-PC: Case 9), (D) Expression of IL-22. H Immunolabeling for IL-22 (H-M: Case 8; H-PV: Case 9; H-PC: Case 
2) (magni�cation: 400×) (**p < 0.005, ***p < 0.0005).
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CXCR2 against �aviviruses with tropism for CNS cells. Speci�cally, in the case of West Nile virus, IL-22 is a key 
component in the formation and development of encephalitis by potentiating the neuroin�ammatory process40,41.

Analysis of enzymes that characterize the possible role of M1 and M2 macrophages and microglia in the CNS 
demonstrates a strong cellular stress response. iNOS and arginase 1 are antagonistic enzymes that compete for 
L-arginine, which serves as a substrate for the synthesis of L-citrulline, leading to the production of free radicals 
and of proline, and inducing cell division, collagen synthesis, and production of growth factors42. During the neu-
roin�ammatory response, the expression of iNOS might be directly associated with the presence of IL-1β, IL-6, 
IL-12A, TNF-α, IFN-γ, IFN-α, IFN-β, IL-17, and IL-23. In contrast, because of immunosuppressive mechanisms, 
the production of arginase 1 could be directly related to the response of IL-4, IL-10, IL-33, IL-37, and TGF-β1.

�e present results thus demonstrate that the in situ immune response against ZIKV in the CNS of newborns 
is highly complex. Despite the predominant expression of �2 cytokines, other cytokines such as �1, �17, Treg, 
�9, and �22 cytokines are involved to a lesser extent, but are still likely to participate in the immunopathogenic 
mechanisms of neural disease. �e cell response comprises CD4+ and CD8+ T cells, Treg cells, NK cells, M1/
M2 macrophages, and antigen-presenting cells. �e involvement of the three CNS compartments studied leads 
to ZIKV meningitis and encephalitis. �e mechanism of neuronal cell death includes necrosis and apoptosis 
induced by di�erent immune factors and probably by the action of the virus itself. Microglial cells play an impor-
tant role by creating an in�ammatory environment rich in reactive oxygen and nitrogen intermediates, inducing 
cell damage and cell death. Further studies, including in experimental models, are needed to elucidate in detail 
the pathogenetic mechanisms and the immune factors involved in the host response against CNS infection by 
ZIKV. Finally, Fig. 8 summarizes the most important interactions in the immune response of the CNS during fatal 
ZIKV microcephaly in light of the existing immunologic tools.

Materials and Methods
Ethics Statement. Biological samples of patients were obtained and processed in the context of the emer-
gency de�nition of the Ministry of Health during surveillance activities of the ZIKV epidemic in Brazil. �is 
study was approved (opinion number 1.888.946) by the Research Ethics Committee (CEP) of the Evandro Chagas 

Figure 7. Semiquantitative analysis and immunohistochemical staining in meninges (M), perivascular region 
(PV), and parenchyma (PC) in fatal Zika microcephaly cases. (A) Expression of iNOS. (C) Immunolabeling 
for iNOS (C-M: Case 8; C-PV: Case 7; C-PC: Case 1). (B) Expression of arginase 1. (D) Immunolabeling for 
arginase 1 (D-M and D-PV: Case 8; D-PC: Case 9) (magni�cation: 400×) (**p < 0.05, ***p < 0.0005).



www.nature.com/scientificreports/

9SCIENTIFIC REPORTS |  (2018) 8:1  | DOI:10.1038/s41598-017-17765-5

Institute (IEC). All steps and methods of the study followed the recommendations established by legislation in 
force in Brazil.

Patients, samples, and diagnostic confirmation. Brain tissue samples were collected from 15 cases. 
Among them, 10 fatal cases with microcephaly (eight newborns and two stillbirths) had positive results for ZIKV 
by RT-qPCR and/or immunohistochemistry2,43 and �ve patients (two newborns and three stillbirths) whose lab-
oratory investigation for arboviruses (ZIKV, DENV, and CHIKV) was negative had preserved neural architecture.

For histopathological analysis, 5 µm sections were cut from para�n-embedded tissue samples, stained with 
hematoxylin-eosin44, and subjected to immunohistochemistry using a panel of antibodies. �e panel of antibod-
ies tested is shown in Supplementary Table S1.

Immunohistochemistry. �e streptavidin alkaline phosphatase method was adapted to detect the viral 
antigen using a polyclonal anti-ZIKV antibody produced at the Evandro Chagas Institute2. �e biotin-streptavidin 
peroxidase method was used for immunostaining of tissues with antibodies speci�c for each marker studied. First, 
the tissue samples were depara�nized in xylene and hydrated in a decreasing ethanol series (90%, 80%, and 70%). 
Endogenous peroxidase was blocked by incubating the sections in 3% hydrogen peroxide for 45 min. Antigen 
retrieval was performed by incubation in citrate bu�er, pH 6.0, or EDTA, pH 9.0, for 20 min at 90 °C. Nonspeci�c 

Figure 8. Integrated view of the in situ immune response in fatal cases of microcephaly caused by ZIKV. In 
view of the complexity of the immune response in the central nervous system, initially dendritic cells (DC) 
may trigger the development of neuroin�ammation or present the viral antigen to naive TCD4 lymphocytes 
that can di�erentiate into several subpopulations of T helper lymphocytes (�1, �2, �9, �17, �22, and 
Treg) that produce a series of cytokines modulating the activity of M1 and M2 microglia, astrocytes (AS), 
and neurons (NE). �e production of pro-in�ammatory (IL-1β, IL-6, IL-9, IL-17, IL-22, IL23, TNF-α, IFN-
γ, IFN-α, and IFN-β) and anti-in�ammatory cytokines (IL-4, IL-10, IL-33 IL-37, and TGF-β1) by these cells 
induces the neuroin�ammatory or immunosuppressive response by increasing the production of iNOS or 
arginase 1. In the context of cellular stress, cytokines such as IL-4, IL-10, IL-33, IL-37, and TNF-α as well as 
other immune factors contribute directly to necrosis and apoptosis, regulating the production of caspase 3. 
With regard to the in�ammasome, probably IL-1β and IL-33 induce neuroin�ammation. NK cells participate 
in the apoptotic response and neuroin�ammation, inducing IFN-γ production. In negative regulation, the 
immunosuppressive e�ect of anti-in�ammatory cytokines inhibits the activity of M1 microglia as well as NK 
cells. In the cytotoxic response produced by TCD8 lymphocytes, these cells participate in mechanisms that lead 
to neuroin�ammation as well as apoptosis.
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proteins were blocked by incubating the sections in 10% skim milk for 30 min. �e histological sections were then 
incubated overnight with the primary antibodies diluted in 1% bovine serum albumin (Supplementary Table S1). 
A�er this period, the slides were immersed in 1 × PBS and incubated with the secondary biotinylated antibody 
(LSAB, DakoCytomation) in an oven for 30 min at 37 °C. �e slides were again immersed in 1X PBS and incu-
bated with streptavidin peroxidase (LSAB, DakoCytomation) for 30 min at 37 °C. �e reactions were developed 
with 0.03% diaminobenzidine and 3% hydrogen peroxide as the chromogen solution. A�er this step, the slides 
were washed in distilled water and counterstained with Harris hematoxylin for 1 min. Finally, the sections were 
dehydrated in an increasing ethanol series and cleared in xylene.

Quantitative analysis and photodocumentation. �e portions removed from the samples were ana-
lyzed under an Axio Imager Z1 microscope (Zeiss, Oberkochen, Germany). Immunostaining was evaluated sem-
iquantitatively by randomly selecting 30 �elds at high magni�cation, including 10 in the meninges, 10 in the 
perivascular space, and 10 in the parenchyma in positive or negative cases. Each �eld was subdivided into 10 × 10 
areas delimited by a grid, comprising an area of 0.0625 mm2. We highlight that for the meninges, three positive 
cases did not have this structure. For semiquantitative analysis, scores were attributed, taking into consideration 
the intensity of immunostaining in the tissue environment. �e range adopted for each analysis is shown in 
Supplementary Table S2.

Statistical analysis. �e results were stored in electronic spreadsheets. Statistical analysis was performed 
with the GraphPad Prism 5.0 program. For univariate analysis, frequencies and measures of central tendency and 
dispersion were obtained. We highlight that for meninges only seven cases ZIKV-positive were included in the 
statistical analysis because presented structure and were compared to �ve controls. For space perivascular and 
parenchyma 10 cases ZIKV-positive were analized and compared to �ve controls. �e hypotheses were tested 
using Student’s t (Supplementary Table S3) and Pearson’s correlation tests (Supplementary Tables S4–S6). A level 
of signi�cance of 5% (p ≤ 0.05) was adopted for all tests.

References
 1. Barzon, L., Trevisan, M., Sinigaglia, A., Lavezzo, E. & Palù, G. Zika virus pathogenesis to disease control. FEMS Microbiol Lett. 363, 

https://doi.org/10.1093/femsle/fnw202 (2016).
 2. Azevedo, R. S. et al. Zika virus epidemic in Brazil. I. Fatal disease in adults: clinical and laboratorial aspects. J Clin Virol. 85, 56–64 

(2016).
 3. Cao-Lormeau, V. M. et al. Guillain-Barré syndrome outbreak associated with Zika virus infection in French Polynesia: a case-

control study. Lancet. 387, 1531–1539 (2016).
 4. �angamani, S., Huang, J., Hart, C. E., Guzman, H. & Tesh, R. B. Vertical Transmission of Zika Virus in Aedes aegypti Mosquitoes. 

Am J Trop Med Hyg. 95, 1169–1173 (2016).
 5. Cugola, F. R. et al. �e Brazilian Zika virus strain causes birth defects in experimental models. Nature. 534, 267–71 (2015).
 6. Tang, H., Hammack, C., Ogden, S. C. & Jin, P. Zika Virus Infects Human Cortical Neural Progenitors and Attenuates �eir Growth 

Brief Report Zika Virus Infects Human Cortical Neural Progenitors and Attenuates �eirGrowth. Stem Cell. 18, 587–590 (2016).
 7. Kaczmarek, A., Vandenabeele, P. & Krysko, D. V. Necroptosis: �e Release of Damage-Associated Molecular Patterns and Its 

Physiological Relevance. Cell Press. 38, 209–223 (2013).
 8. Hanners, N. W. et al. Western Zika Virus in Human Fetal Neural Progenitors Persists Long Term with Partial Cytopathic and 

Limited Immunogenic E�ects. Cell Reports. 15, 2315–2322 (2016).
 9. Zhang, F. et al. Molecular signatures associated with ZIKV exposure in human cortical neural progenitors. Nucleic Acids Res. 44, 

8610–8620 (2016).
 10. D’Agostino, P. M., Gottfried-Blackmore, A., Anandasabapathy, N. & Bulloch, K. Brain dendritic cells: biology and pathology. Acta 

Neuropathol. 124, 599–614 (2012).
 11. Li, F. et al. Viral Infection of the Central Nervous System and Neuroin�ammation Precede Blood-Brain Barrier Disruption during 

Japanese Encephalitis Virus Infection. J Virol. 89, 5602–14 (2015).
 12. Kim, K. & Shresta, S. Neuroteratogenic Viruses and Lessons for Zika Virus Models. Trends Microbiol. 24, 622–636 (2016).
 13. Nowakowski, T. J. et al. Expression Analysis Highlights AXL as a Candidate Zika Virus Entry Receptor in Neural Stem Cells. Neural 

Stem Cells. Cell Stem Cell. 18, 591–6 (2016).
 14. Cherry, J. D., Olschowka, J. A. & O’Banion, M. K. Neuroin�ammation and M2 microglia: the good, the bad, and the in�amed. J 

Neuroin�amm. 11, 98 (2014).
 15. Huang, Z. et al. IL-37 Expression is Upregulated in Patients with Tuberculosis and Induces Macrophages Towards an M2-like 

Phenotype. Scand J Immunol. 82, 370–379 (2015).
 16. Retallack, H. et al. Zika Virus in the Human Placenta and Developing Brain: Cell Tropism and Drug Inhibition. bioRxiv preprint 

�rst posted online Jun. 15, 2016; https://doi.org/10.1101/058883 (2016).
 17. Mlakar, J. et al. Zika Virus Associated with Microcephaly. N Engl J Med. 374, 951–958 (2016).
 18. Tang, Y. & Le, W. Di�erential Roles of M1 and M2 Microglia in Neurodegenerative Diseases. Mol Neurobiol. 53, 1181–94 (2016).
 19. Perera-lecoin, M., Meertens, L., Carnec, X. & Amara, A. Flavivirus Entry Receptors: An Update. Viruses. 6, 69–88 (2014).
 20. Beltrán, D. & López-vergès, S. NK cells during dengue disease and their recognition of dengue virus-infected cells. Front Immunol. 

5, 5 (2014).
 21. Larena, M., Regner, M. & Lobigs, M. Cytolytic e�ector pathways and IFN-γ help protect. Eur J Immunol. 43, 1789–1798 (2013).
 22. Netland., J. & Bevan, M. J. CD8 and CD4 T Cells in West Nile Virus Immunity and Pathogenesis. Viruses. 5, 2573–2584 (2013).
 23. Bassi, M. R. et al. CD8 + T Cells Complement Antibodies in Protecting against Yellow Fever Virus. J Immunol. 194, 1141–53 (2015).
 24. Maximova, O. A., Faucette, L. J., Ward, J. M., Murphy, B. R. & Pletnev, A. G. Cellular In�ammatory Response to Flaviviruses in the 

Central Nervous System of a Primate Host. J Histochem Cytochem. 57, 973–989 (2009).
 25. Shrestha, B. et al. Cells Use TRAIL To Restrict West Nile Virus Pathogenesis. J. Vir. 86, 8937–8948 (2012).
 26. Ghosh Roy, S. et al. Regulation of cell survival and death during Flavivirus infections. World J Biol Chem. 5, 93–105 (2014).
 27. Hamel, R. et al. Biology of Zika Virus Infection in Human Skin Cells. J Clin Virol. 89, 8880–8896 (2015).
 28. Contreras, D. & Arumugaswami, V. Zika Virus Infectious Cell Culture System and the In Vitro Prophylactic E�ect of Interferons. J 

Vis Exp. 114, e54767 (2016).
 29. Pingen, M. et al. Host Inflammatory Response to Mosquito Bites Enhances the Severity of Arbovirus Infection Article Host 

In�ammatory Response to Mosquito Bites Enhances the Severity of Arbovirus Infection. Immunity. 44, 1455–1469 (2016).
 30. Hamza, T., Barnett, J. B. & Li, B. Interleukin 12 a Key Immunoregulatory Cytokine in Infection Applications. Int J Mol Sci. 11, 

789–806 (2010).

http://dx.doi.org/10.1093/femsle/fnw202
http://dx.doi.org/10.1101/058883


www.nature.com/scientificreports/

1 1SCIENTIFIC REPORTS |  (2018) 8:1  | DOI:10.1038/s41598-017-17765-5

 31. Srivastava, R., Kalita, J., Khan, M. Y. & Misra, U. K. Status of proin�ammatory and anti-in�ammatory cytokines in di�erent brain 
regions of a rat model of Japanese encephalitis. In�amm Res. 64, 381–389 (2012).

 32. Biswas, S. M., Ayachit, V. M., Sapkal, G. N., Mahamuni, S. A. & Gore, M. M. Japanese encephalitis virus produces a CD4 + �2 
response and associated immunoprotection in an adoptive-transfer murine model. J Gen Virol. 90, 818–826 (2016).

 33. Khurst, R. J. & Hata, A. Targeting the TGF β signalling pathway in disease. Nat Rev Drug Discov. 11, 790–811 (2012).
 34. Miao, E. A., Jayant, V., Rajan, J. V. & Alan, A. Aderem, Caspase-1 induced pyroptotic cell death. Immunol Rev. 243, 206–214 (2013).
 35. Miller, A. M. Role of IL-33 in in�ammation and disease Apoptosis. J In�amm. 8, 22 (2011).
 36. Gupta, N. et al. Japanese encephalitis virus expands regulatory T cells by increasing the expression of PD-L1 on dendritic cells. Eur 

J Immunol. 44, 363–1374 (2014).
 37. Graham, J. B., Da Costa, A. & Lund, J. M. Regulatory T cells shape the resident memory T cell response to virus infection in the 

tissues. J Immunol. 192, 683–690 (2015).
 38. Patkai, J. et al. Deleterious E�ects of IL-9-Activated Mast Cells and Neuroprotection by Antihistamine Drugs in the Developing 

Mouse Brain. Pediatr Res. 50, 222–230 (2001).
 39. Korn, T., Bettelli, E., Oukka, M. & Kuchroo, V. K. IL-17 and �17 Cells. Annu Rev Immunol. 27, 485–517 (2009).
 40. Wang, P. et al. IL-22 Signaling Contributes to West Nile Encephalitis Pathogenesis. PLoS One. 7, 1–10 (2012).
 41. Winkelmann, E. R., Luo, H., Wang, T. West Nile Virus Infection in the Central Nervous System. F1000Res. 5,https://doi.

org/10.12688/f1000research.7404.1 (2016).
 42. Muraille, E., Leo, O. & Moser, M. �1/�2 paradigm extended: macrophage polarization as an unappreciated pathogen-driven 

escape mechanism? Front Immunol. 5, 603 (2014).
 43. Lanciotti, R. S. et al. Genetic and serologic properties of Zika virus associated with an epidemic, Yap State, Micronesia, 2007. Emerg 

Infect Dis. 14, 1232–1239 (2008).
 44. Quaresma, J. A. S. et al. Reconsideration of histopathology and ultrastructural aspects of the human liver in yellow fever. Acta Trop. 

94, 116–127 (2005).

Acknowledgements
We are grateful to the people of the Department of Pathology, especially Valter Miranda Campos and Maria de 
Lourdes Gomes Lima, of Arbovirology and Hemorrhagic Fevers for their technical support, as well as the Public 
Health Laboratories of Rio Grande do Norte, Ceará, Paraíba, and Pernambuco States.

Author Contributions
Conceived the study: R.S.S.A., J.R.S., J.A.S.Q., and P.F.C.V. Furnished samples: F.M.C.A. and M.G.L.Q. Performed 
tests: J.R.S., M.T.A., A.J.M.F., B.N.A., A.C.R.C., B.H.B.V., B.C.B.V., J.O.C., L.C.M., L.M.N.C., E.V.P.S., V.L.C., 
S.G.R., and J.A.S.Q. Performed analysis of results: R.S.S.A., J.R.S., C.S.O., J.A.S.Q., and P.F.C.V. Financed the study: 
P.F.C.V. Wrote manuscript: R.S.S.A., J.R.S., B.C.B.V., J.A.S.Q., and P.F.C.V. Revised manuscript and agreed with 
submission: All authors

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-17765-5.

Competing Interests: �e authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© �e Author(s) 2017

http://dx.doi.org/10.12688/f1000research.7404.1
http://dx.doi.org/10.12688/f1000research.7404.1
http://dx.doi.org/10.1038/s41598-017-17765-5
http://creativecommons.org/licenses/by/4.0/

	In situ immune response and mechanisms of cell damage in central nervous system of fatal cases microcephaly by Zika virus

	Results

	Patients. 
	Description of the main histopathological alterations found in newborns with microcephaly caused by Zika virus. 
	Immunohistochemical evaluation. 
	Apoptosis. 
	Characterization of the cell infiltrate. 
	Cytokine profile and factors involved in the inflammatory response. 

	Discussion

	Materials and Methods

	Ethics Statement. 
	Patients, samples, and diagnostic confirmation. 
	Immunohistochemistry. 
	Quantitative analysis and photodocumentation. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Histopathological and immunohistochemical (IHC) aspects of fatal ZIKV-associated microcephaly cases and controls.
	Figure 2 Semiquantitative analysis and representative immunohistochemical pattern in meninges (M), perivascular region (PV) and parenchyma (PC) in fatal Zika microcephaly cases and control.
	Figure 3 Semiquantitative analysis and Immunohistochemical pattern in meninges (M), perivascular region (PV), and parenchyma (PC) in fatal Zika microcephaly cases.
	Figure 4 Semiquantitative analysis and Immunohistochemical pattern in meninges (M), perivascular region (PV), and parenchyma (PC) in fatal Zika microcephaly cases.
	Figure 5 Semiquantitative analysis and immunohistochemical staining in meninges (M), perivascular region (PV), and parenchyma (PC) in fatal Zika microcephaly cases.
	Figure 6 Semiquantitative analysis and immunohistochemical staining in meninges (M), perivascular region (PV), and parenchyma (PC) in fatal Zika microcephaly cases.
	Figure 7 Semiquantitative analysis and immunohistochemical staining in meninges (M), perivascular region (PV), and parenchyma (PC) in fatal Zika microcephaly cases.
	Figure 8 Integrated view of the in situ immune response in fatal cases of microcephaly caused by ZIKV.


