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ABSTRACT

Zika virus (ZIKV) is a recent example of an emerging flavivirus affecting humans and
highlights the need for a faster action to contain viral epidemics. Filling some gaps in
ZIKV immunology knowledge, evidenced in its last outbreak, could assist in
understanding particular aspects of ZIKV pathology. In this work, this topic has been
addressed exploring two important innate mechanisms during ZIKV infection:
neutrophil response and skin leukocyte migration to the draining lymph node (dLN).
Neutrophils are abundant and versatile inflammatory cells with controversial actions
in viral pathologies. The first section of this thesis reports that human neutrophils
were not targets of ZIKV replication, despite some internalized viral particles. No
changes were evidenced in cell viability nor activation of human neutrophils in face of
ZIKV (absence of surface receptors modulation, secretion of inflammatory cytokines
and granule content, production of reactive oxygen species, and neutrophil
extracellular traps formation), suggesting viral escape from neutrophil recognition.
ZIKV infection in primary innate cells also did not promote a favorable environment to
neutrophil migration. However, neutrophil presence in a co-culture infection resulted
in lower frequencies of infection in the co-cultured cells. In vivo, neutrophil depletion
did not contribute to reducing ZIKV spread to dLN. Overall, human neutrophil in vitro
did not appear to be an essential component of ZIKV clearance or inflammation.
Parallel to innate responses efforts against viruses, adaptive responses start to be
assembled. Classically, T cell priming requires dendritic cells (DCs) mobilization to
the dLN for antigen presentation. Using an in vivo fluorochrome-based migration
assay, the second section shows that infection with Vaccinia virus (VACV) actively
inhibited skin DCs migration to dLN, adding one more layer to the immune response
suppression mechanisms of VACV. The DCs movement blockage did not impair dLN
inflammation or priming of VACV antigen-specific CD4* T cells, but was capable of
mitigating responses to a secondary challenge with Mycobacterium bovis bacillus
Calmette-Guérin (BCG). Moreover, VACV was detected in dLN very early post
infection, indicating that the virus retained the capacity to prime T cells in the dLN by
accessing the dLN through other means independent of DCs migration. Using the
same approach, mobilization of leukocytes from the skin to dLN in immunocompetent
mice was investigated after ZIKV infection. Neutrophils infected with ZIKV and
prolonged ZIKV persistence in LN had been previously reported. Neutrophil
immigrated to the dLN after ZIKV infection. However, this population was not
recruited from the infected skin. In contrast to what had been observed for VACV skin
infection, ZIKV and Dengue virus mobilized CD103-CD11b"S"EpCAM!" skin DCs to
pLN. The three works that make up this thesis pointed that neutrophil actions and
skin DCs migration to LNs, both weakly explored in general virology, are specific for
different viruses and models, and should be taken in consideration on efforts against
diseases, such antiviral therapies and recombinant vaccines development.

Keyword: Innate immunity, dendritic cells, lymph nodes, migration, neutrophil,
Vaccinia virus, Zika virus.
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RESUMO

Zika virus (ZIKV) € um exemplo recente de um flavivirus emergente que afeta
humanos e evidencia a necessidade de acdes mais rapidas para conter epidemias
virais. Preencher lacunas no conhecimento de imunologia de ZIKV, evidenciadas em
seu ultimo surto, pode contribuir para a compreensédo de aspectos particulares da
patologia de ZIKV. Nesse trabalho, esse tdpico foi abordado explorando dois
importantes mecanismos inatos durante a infeccdo de ZIKV: a resposta de
neutréfilos e a migracdo de leucécitos da pele para o linfonodo drenante (dLN).
Neutrdfilos séo células inflamatérias abundantes e versateis com a¢des controversas
em patologias virais. A primeira se¢do desta tese reporta que neutréfilos humanos
nao foram alvos de replicacdo por ZIKV, apesar da internalizacdo de algumas
particulas virais. Nenhuma mudanga foi evidenciada na viabilidade celular ou
ativacdo de neutrofilos humanos frente a ZIKV (auséncia de modulacdo de
receptores de superficie, secrecdo de citocinas inflamatérias e conteudo granular,
producdo de espécies reativas de oxigénio e formacédo de armadilhas extracelulares
neutrofilicas), sugerindo um escape viral do reconhecimento por neutréfilos. A
infeccdo de ZIKV em células imunes primarias também ndo promoveu um ambiente
favoravel a migracdo de neutréfilos. Entretanto, a presenca de neutrofilos em uma
cultura infectada resultou em menores frequéncias de infecdo nas células co
cultivadas. In vivo, a deplecdo de neutrofilos ndo contribuiu para a reducdo da
dispersédo de ZIKV para o dLN. No geral, neutréfilos humanos in vitro ndo parecem
ser componentes essenciais na eliminagdo ou inflamacdo de ZIKV. Paralelamente
aos esforcos da resposta inata contra virus, respostas adaptativas comecam a ser
montadas. Classicamente, a ativacao de linfocitos T requer a mobilizacdo de células
dendriticas (DCs) para o dLN para apresentacdo de antigenos. Usando um ensaio
de migracdo fluorescente in vivo, a segunda secdo mostra que a infeccdo com
Vaccinia virus (VACV) inibiu ativamente a migracdo de DCs da pele para o dLN,
adicionando mais uma camada aos mecanismos de supressao da resposta imune
do VACV. O bloqueio do movimento de DCs néo interferiu na inflamacéo no dLN ou
na ativacdo de linfocitos CD4 especificos para VACV, mas foi capaz de mitigar
respostas para um segundo desafio com Mycobacterium bovis bacilo Calmette-
Guérin (BCG). Em adicdo, VACV foi detectado no dLN cedo apés a infeccéo,
indicando que o virus mantém a capacidade de ativar linfocitos no dLN por acessar o
dLN de forma independente da migracédo de DCs. Usando a mesma abordagem, a
mobilizacdo de leucdcitos da pele para o dLN foi investigada em resposta a ZIKV em
camundongos imunocompetentes. Foi previamente relatado a presenca de
neutréfilos infectados com ZIKV e prolongada persisténcia de ZIKV no dLN.
Neutrofilos migraram para o dLN depois da infeccdo de ZIKV. Porém, essa
populacdo ndo foi recrutada da pele infectada. Em contraste com o que foi
observado para VACV, ZIKV e virus da Dengue mobilizaram CD103"
CD11b"s"EpCAM"" DCs da pele para o pLN. Os trés trabalhos que compem essa
tese mostram que a acdo de neutréfilos e a migracado de DCs da pele para o pLN,
ambos aspectos pouco explorados em virologia, sdo especificos para diferentes
virus e modelos, e devem ser levados em consideracdo nos esfor¢cos contra
doencgas, como terapias antivirais e desenvolvimento de vacinas recombinantes.

Palavras-chaves: células dendriticas, imunologia inata, linfonodos, migracgéo,
neutrofilos, Vaccinia virus, Zika virus.
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1. INTRODUCTION

Our culture, traditions and ways of relating (even intimately using condoms) is
partly linked to the evolution of viruses. For example, it is believed that a virus is the
first of the plagues that struck the ancient western civilization. The Antonine plague,
probably the first viral epidemic registered, occured in the Roman Empire during the
reign of Marcus Aurelius (161-180 A.D.) and was caused by smallpox (FEARS, 2004;
PIRET; BOIVIN, 2021). It decimated as much as one-third of the population in the
area, as well as great part of the Roman army, claiming the life of Marcus Aurelius
himself. After other deeply impacting viral outbreaks throughout our history such as
Spanish Flu and HIV/AIDS, between the years of 2007 and 2020, only viral diseases
were declared Public Health Emergencies of International Concern by the World
Health Organization: HIN1 influenza (2009), Ebola (2013-2015 and 2018-2020),
poliomyelitis (2014 to present), Zika (2016) and COVID-19 (2020 to present)
(WILDER-SMITH; OSMAN, 2020). This work, which was started during the last Zika
outbreak and therefore uses Zika virus as the main model, aims to contribute to the
field of basic immunology of viral infections, indispensable to mitigate viral diseases

impacts.

1.1 ZIKA VIRUS OVERVIEW

The Flaviviridae family is composed of single stranded positive RNA viruses
which have a long history as emerging and re-emerging viruses causing epidemics
throughout the world. The genus Flavivirus (with 53 species) includes important
human pathogens such as Dengue (DENV), yellow fever (YFV), West Nile (WNV),
Japanese encephalitis (JEV), and tick-borne encephalitis virus (TBEV). Flaviviruses
are now globally distributed, predominantly in the equatorial region of the globe that
harbors the arthropod vectors required for their transmission. These viruses infect up
to 400 million people annually and outbreaks of other less well-characterized
flaviviruses, like Spondweni virus (SPOV) and Usutu virus (USUV), have the potential
to pop up in different regions of the world (PIERSON; DIAMOND, 2020). Brazil,
where DENV is endemic, totaled 987,173 probable cases of the virus infection in
2020 (MINISTERIO DA SAUDE, 2021a). The epidemic potential of flaviviruses
among humans reflects the characteristics of their insect vectors and host reservoirs,
a poorly planned urbanization, changing environmental conditions, extensive global
travel, virus genetic makeup, and the immune status of the host (PIERSON;

DIAMOND, 2020). Since 2007, a hitherto harmless old member of the family, Zika
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virus (ZIKV), joined the list of emerging viruses causing outbreaks in the human
population.

ZIKV is a small spherical (around 50 nm), enveloped virus with an
approximately 11 kb positive single stranded RNA genome that encodes a single
open reading frame flanked by highly structured untranslated regions. It is translated
at the endoplasmatic reticulum into one polyprotein, which is post-translationally
cleaved by cellular and viral proteases into three structural proteins (capside; pre-
membrane, and envelope) and seven non-structural proteins (NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5). The structural proteins are involved in the genome
protection and in the virus entry and exit from the host cell, while non-structural
proteins are required for viral genome transcription and replication, proteolytic
processing of the polyprotein and attenuation of cellular innate immune response
(NEUFELDT et al., 2018).

From the first isolation of ZIKV in the Zika Forest in Uganda in 1947, where it
circulated between non-human primates and sylvatic Aedes africanus mosquitos,
until 2007, the virus was sporadically diagnosed in Africa and Southeast Asia as a
cause of mild self-limiting febrile disease in humans. In 2007, it caused the first large-
scale outbreak in the Yap Island and Guam (Micronesia), where more than 7,000
individuals were estimated to be infected. In 2013/2014, ZIKV appeared in several
Pacific Islands (French Polynesia, New Caledonia, the Cook Islands, Tahiti, and
Easter Island), where it infected approximately 28,000 individuals and was
associated for the first time with increased incidence of Guillain-Barré Syndrome, a
debilitating neuronal disease in adults (CAO-LORMEAU et al.,, 2016; PIERSON,;
DIAMOND, 2018; TRIPATHI et al., 2017).

On May of 2015, ZIKV was detected for the first time in Brazil, with
autochthonous transmission (ZANLUCA et al., 2015), and by late 2015 the virus had
spread across South and Central America, the Caribbean and the southern parts of
the United States, also reaching Europe. Phylogenetic and molecular analysis
showed a single introduction of ZIKV into the Americas estimated to have occured
between May and December 2013, more than one year before the detection of ZIKV
in Brazil (FARIA et al., 2016). There are some hypotheses on how ZIKV came to be
introduced into Brazil, like large scale patterns in human mobility and sport events
held in Brazil with the participation of athletes from French Polynesia (the July 2014
World Cup soccer tournament; the August 2014 Va’a canoe event; or the June 2013

Confederations Cup soccer tournament) (FARIA et al., 2016). From then until 51" of
10



May of 2021, Brazil notified approximately 260,000 ZIKV cases, the majority
concentrated in 2016 and in the northeastern region, with a low adult mortality (Table
1). At that time, ZIKV infections during pregnancy were linked to stillbirth, placental
insufficiency, miscarriage and fetal malformations including a wide range of
congenital abnormalities, now colletively known as Congenital Syndrome Associated
to ZIKV infection (CSZ) (BRASIL et al., 2016; COSTELLO et al., 2016).

Table 1. Number of cases of Zika virus (ZIKV) fever and Congenital Syndrome
Associated to ZIKV infection (CSZ) in Brazil from 2015 to May of 2021. Numbers of
cases and deaths presented in epidemiological notifications from the Ministry of Health of
Brazil. (*) denotes fetus, neonatal, and infant deaths; (-) denotes information not found
(MINISTERIO DA SAUDE, 2016, 2017, 2018, 2019a, 2019b, 2020, 2021b, 2021a).

< ~ n
ol I ~ | 2] g S |S=8 ® |®g
Q Q & Q Y & Qe < S &
3% =
notified 216,207 | 17,593 | 8,680 | 10,768 | 7,387 | 1,442 | 262,077
no cases
ZIKV p:::é\ge - |130,701 | 8,839 | 3,984 | - ; ] - 18
cases regnant
Preg 11,052 | 949 | 449 | 447 609 - 13,506
patients
n° CSZ cases 954 1,927 360 178 55 - - 3,474 492

ZIKV is classified into two distinct genotypes, African and Asian. All the three
outbreaks since 2007 were caused by the Asian genotype. A few amino acid
changes related to increased virulence and transmission have been identified
associated with the spread of the virus from Asia to the Americas (FARIA et al., 2016;
LIU; SHI; QIN, 2019).

Primates are the primary vertebrate hosts for ZIKV amplification in the urban
and sylvatic transmission cycle. ZIKV is predominantly transmitted among hosts by
Aedes mosquitos species but also by Anopheles, Mansonia and Culex ssp.
(PHUMEE et al.,, 2019). Moreover, ZIKV sexual and vertical (mother-to-child)
transmission has been reported. Virus RNA has also been detected in different body
fluids like saliva, urine, tear, aqueous humor, breast milk, semen, and vaginal
washes (NGONO; SHRESTA, 2018; PIERSON; DIAMOND, 2018).

Clinical symptoms of acute ZIKV infection in humans are typically absent
(asymptomatic infection) or nonspecific, such as self-limiting flu-like fever, headache,
myalgia, arthralgia, rash, and conjunctivitis without long-term consequences. Due to

factors not yet fully understood (e.g. age, immune-status, comorbidities, virus strains,
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microbiome, coinfections) ZIKV symptomatic infection may result in severe and life-
threatening visceral disease (injury to male and female reproductive tracts and eye),
neurotropic disease (encephalitis, cognitive impairment, and flaccid paralysis), and
congenital disease (placental insufficiency, microcephaly, congenital malformations,
and fetal demise) (PIERSON; DIAMOND, 2020).

Preferred target cells for ZIKV include skin fibroblasts and endothelial cells,
neural progenitor and glia cells, placental macrophages and trophoblasts, testicullar
cells, uterine fibroblasts and eye-associated tissue (i.e pantropic). Although no bona
fide entry receptor for ZIKV infection in humans is yet known, members of the TIM (T
cell immunoglobulin mucin domais protein 1) and TAM (tyrosine protein kinase
receptor 3 (TYRO3)-AXL-MER) family of phosphatidylserine receptors (NEUFELDT
et al., 2018), and Neural Cell Adhesion Molecule (NCAM1) are potential ZIKV
receptors (SRIVASTAVA et al., 2016). The AXL receptor antagonizes type |
interferon (IFN) signaling and promotes ZIKV infection in human astrocytes by
regulating the expression of the SOCS1 type | IFN suppressor in a signal transducer
and activator of transcription proteins (STAT) 1/STAT2-dependent manner (CHEN et
al., 2018).

The most definitive current ZIKV diagnostic tool is based on reverse
transcription associated to polymerase chain reaction (RT-PCR) (LAZEAR;
DIAMOND, 2016). At present, no therapy, antiviral drug or vaccine is available to
ZIKV infection. Despite ZIKV infection being resolved in the majority of the cases
without residual symptoms, some reports suggest persistence of infected cells for
prolonged periods of time, implying the existence of cell and tissue viral reservoirs
that resist host immune clearence (CAMPOS et al., 2020). These aspects, the
transplacental and sexual transmission, and life-threatening neurological
complications, distinguish ZIKV from other flaviviruses and highlight the need for a
better understanding of ZIKV evolution, biology, pathogenesis, and immune

responses that may operate in these processes.

1.2 ZIKA VIRUS INNATE IMMUNE RESPONSE

It is clear that ZIKV can induce a immune response in hosts that includes both
innate and adaptive immune elements, and successfully contain viral infection within
a limited time in the majority of cases (ALIOTA et al., 2016; LUCAS et al., 2018;
SCHOUEST et al., 2020).

12



However, it is increasingly evident that ZIKV has developed multiple strategies
to reprogram or antagonize the host immunity in favor of the virus (BOS et al., 2020;
BOWEN et al., 2017; FOO et al., 2017; HIRSCH et al., 2017; MICHLMAYR et al.,
2017; SUN et al., 2017, 2020; VIELLE et al., 2018). It is unclear how ZIKV reaches
immune privileged sites within the body and breaches protective blood-testis,
placental-fetal, and brain barriers, which lead to sexual transmission and congenital
defects. There are also reports of prolonged viremia in infected pregnant women, in
semen, and persisting reservoirs of ZIKV infected cells in rare cases, e.g. the
genitourinary tract and lymph nodes (PIERSON; DIAMOND, 2018, 2020). Moreover,
different data indicate that an aggressive host inflammatory response is the major
determinant of ZIKV pathogenicity, more than the infection per se (TRIPATHI et al.,
2017, WANG et al., 2018). Finally, it remains unclear how the infection could result in
an autoimmune disorder. In this context the triggered immune response still needs to
be better understood.

The next sections review the identified ZIKV sensors and how ZIKV interacts
with the interferon system; the early innate immune events described in mouse
models, hon-human primate models and human patients, as well as the involvement
of human innate cells in ZIKV pathology through in vitro studies. The highligts of this

review are gathered below (Figure 1).

1.2.1 Zika virus sensors and the Interferon system

The mammalian innate immune system detects and responds to flavivirus
infection by recognizing pathogen-associated molecular patterns (PAMPSs), such as
viral nucleic acid or proteins. The best-characterized viral sensors are pattern-
recognition receptors (PRRs), including cell surface and endosomal Toll-like
receptors (TLRs); the cytoplasmic RNA sensors, retinoic acid-inducible gene | (RIG-
I)-like receptors, the melanoma-associated differentiation antigen 5 (MDA5), NOD-
like receptors (NLRs), and C-type lectin receptors (CLRs). Binding of single or
double-stranded viral RNA results in the downstream activation of adaptor molecules,
such as mitochondrial antiviral-signalling protein (MAVS), myeloid differentiation
primary response gene 88 (MyD88), TIR-domain-containing adaptor-inducing IFN-3
(TRIF), nuclear translocation of transcription factors such as IFN regulatory
transcription factors 3 and 7 (IRF3 nas IFR7), and NF-kB, which induce expression of
type | and Il IFN, and various other inflammatory cytokines and chemokines that

orchestrate the innate and adaptive immune response. The IFN system, comprising
13



type | (IFN-a/B are the main variants), type Il (IFN-y), and type Il (IFN-A1-4)
interferons, is the primary mechanism through which the innate immune system
protects us against viruses. Type | IFNs are the primary IFNs that are generated in
most cell types during viral infections and trigger their own transcriptional program,
which results in expression of hundreds of IFN-stimulated genes (ISGs). The ISGs
influence many cellular processes, including RNA processing, protein stability, and
cell viability, thereby directly affecting specific steps of the viral life cycle and
replication. Type | IFNs bind to IFNA-a/f receptors (IFNAR) and signal through the
Janus kinase and signal transducer and activator of transcription proteins (JAK-
STAT) pathway the experession of ISGs (NGONO; SHRESTA, 2018).

CD14+*CD16* monocytes

ZIKV CD45*CD11b*
A MAC IFN-a/p myeloid cells
al_E . " \RAGT+
o A IENAR 1 |a-IFNAR Ab mice
o —arRteTIITIItasneInaseateteny,,,
M..nu'“ T Pro0e,, —
FAVAVLY I :
viral RNA Jak1 Tyk2 :
- \‘ CD45* monocytes
A100A4* M@
MyDEs / MDA-5 STATA
TRIF  MAVS NS5~ /sTAT2 5 |AG129/AGG mice
\ NS1 IRF9
IRAK y NS4B P :
i immunesupression
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Figure 1. Summary of innate immune components interaction with Zika virus. Identified
ZIKV sensors (indicated in blue) and ZIKV antagonism in IFN pathway (topic 1.2.1); innate
cells susceptible to ZIKV (topic 1.2.5); and innate immunity action in mouse, non-human
primates and humans (topics 1.2.2, 1.2.3 and 1.2.4). M@=macrophages; pDCs=
plasmocytoide dendritic cells; mDCs=myeloid DCs; mdM@=monocyte derived macrophage;
mdDCs=monocyte derived DCs. Designed by the author. Created with Biorender (under
licensing and usage conditions).

RIG-I was identified as the major PRR at early time points after ZIKV infection
and recognizes the 5’ region of the ZIKV genome leading to IFN secretion by infected
cells (CHAZAL et al., 2018; ESSER-NOBIS et al., 2019; HERTZOG et al., 2018).
Besides RIG-I, ZIKV induces the transcription of TLR3 and MDA5 in human skin
fibroblasts (HAMEL et al., 2015). TLR3 and TLR8 are required for triggering type |
IFN production in THP-1 (monocytes like) cells upon ZIKV infection, as well as for

induction of inflammatory cytokines in HTR8 (trophoblast) cells (LUO et al., 2018).
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TLR3 may play a key role in ZIKV-mediated microcephaly, since their activation
abrogates the neurodevelopment of infected neural progenitor cells in a human
embryonic stem cell-derived cerebral organoid model and dysregulates apoptosis
and neurogenesis pathways (DANG et al., 2016).

Moreover, plasmacytoid dendritic cells (pDCs) can sense ZIKV by a
specialized synapse upon physical contact with infected cells, during which viral RNA
is transferred to pDCs, leading to IFN production via TLR7. It has been previously
demonstrated for other viruses that PAMPs could be transferred to pDCs by non-
canonical or non-infectious carriers, like exosomes and immature viral particles
(ASSIL et al., 2019).

ZIKV can also activate the inflammasome pathways throw its NS5 protein,
which facilitates the PYD domain-containing protein 3 (NLRP3) inflammasome
assembly and leads to pro-caspase-1 cleavage, activation of IL-13 secretion, and
induction of a strong host inflammatory response (WANG et al., 2018). Other group
suggested that ZIKV NLRP3 activation represses IFN-a expression in human
monocytes subverting antiviral responses to establish long-term persistence
(KHAIBOULLINA et al., 2017).

IFN antiviral responses arguably represent the most critical immune
component restricting ZIKV replication, as underscored by the high susceptibility to
ZIKV in animal models where the IFN pathway is not functinal. IFNAR1” mice
(lacking type | IFN receptor) or Irf371rf57Irf77 triple knockout mice (little production of
IFN-a/B) were susceptible to ZIKV infection in several tissues including brain, spinal
cord, and testes, and developed neurological disease (LAZEAR et al., 2016). Similar
observations of severe symptoms and detection of viral RNA spread were found
using A129 mice (type | IFN receptor deficient) (DOWALL et al., 2016). A129 mice
showed ZIKV disease in an age-dependent manner with aged mice not succumbing
to infection (ROSSI et al., 2016). In the same way, ZIKV causes high morbidity and
mortality in AG129 mice (lack type | and Il IFN receptor) (ALIOTA et al., 2016; ROSSI
et al., 2016). STAT2” mice (subsequent molecule in IFN signaling pathway)
recapitulated ZIKV tissue tropism to the central nervous system (CNS), gonads,
spleen, and liver and display strain specific severity of neurological symptoms and
lethality (TRIPATHI et al., 2017).

Nevertheless, ZIKV has developed strategies to counterbalance host immune
mechanisms and its IFN antagonism seems to be cell type/species dependent. ZIKV

nonstructural protein NS5 was suggested to antagonize type | IFN signaling by
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targeting STAT2 for degradation via proteasome (GRANT et al., 2016), and inhibiting
STATL1 phosphorilation (HERTZOG et al., 2018). Other ZIKV non-structural proteins
can also interfere with type | IFN production. NS1, NS4, and NS5 can inhibit the
induction of IRF3 and NF-kB signaling and induce proteasome-mediated degradation
of STAT2 (KUMAR et al., 2016). NS1, NS4B and NS2B-NS3 can impair TANK-
binding kinase 1 (TBK1) and JAK-STAT signaling (WU et al., 2017).

Although ZIKV can antagonize IFN-induced responses after infection by
preventing induction of IFNs and disrupting their signaling pathways, IFN still can act
restricting ZIKV replication and spread. ZIKV NS5 protein, besides suppression of
type | and Il IFN signaling, can activate type Il IFN signaling (CHAUDHARY et al.,
2017). ZIKV is sensitive to the antiviral effects of both type | and Il IFN in human skin
fibroblasts (HAMEL et al., 2015), and syncytiotrophoblasts (frontline of fetal
protection) are refractory to ZIKV infection due to their constitutive release of type lli
IFN (IFNA1), which acts in an autocrine and paracrine manner to induce 1SGs and
protect non-placental cells from ZIKV infection (BAYER et al., 2016).

1.2.2 Mouse models

ZIKV does not cause infection and disease in immunocompetent adult mice.
To overcome this limitation, studies have used immunocompromised, neonatal,
special mouse strains or alternative inoculation routes that allow the reproduction of
ZIKV pathogenesis consistent with that seen in humans. Mouse models have been
useful to demonstrate ZIKV ability to cause fetal abnormalities, deterioration of
gonadal tissue, infection through sexual route, and in recapitulating the neurotropic
nature of ZIKV infection (TRIPATHI et al., 2017).

Intracranial ZIKV infection in C57BL/6 WT (immunocompetent) or Ragl” mice
(deficient in mature T and B cells) resulted in a lethal encephalitis with infiltration of
macrophages and NK cells and gene expression of pro-inflammatory cytokines
correlated with virus spread (IFN a/pBly, TNF, IL-1a/p, and IL-6) (HAYASHIDA et al.,
2019). On the other hand, neonatal immunocompetent mice challenged
subcutaneously with ZIKV elicit T cell infiltration with the predominance of CD8" T
cells in the central nervous system, increased expression of IFN-y, granzyme B,
perforin 1, and IL-2 mRNA, and develop slow onset non-lethal encephalitis and
neurodegeneration (MANANGEESWARAN; IRELAND; VERTHELYI, 2016). Both
works showed that the presence of a functinal IFN pathway is not sufficient to control

ZIKV replication in the CNS. In contrast, IFNAR” mice infected through both routes
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showed an accelerated ZIKV spread to peripheral organs in addition to the CNS,
where it elicits an inflammatory response characterized by significant increase in
MRNA expression of complement C3, COX-2, IL-1a/f, IL-6, and neutrophils
infiltration (HAYASHIDA et al., 2019; MANANGEESWARAN; IRELAND;
VERTHELYI, 2016). Curiously, in the brain of STAT27 mice subcutaneously infected
with ZIKV chemokines associated with T cell infiltration (CCL3, CCL4, CCL5, and
CXCL9), monocytes/macrophages infiltration (CCL2 and CCL7), and neutrophil
infiltration (CXCL1 and CXCL2, IFN ao/Bly, IL-6, IP-10, and TNF-a) were detected
(TRIPATHI et al., 2017). ZIKV intravaginal infection in immunocompetent FVB mice
increased transcriptional levels of CCL2, CXCL1 and CXCL10 chemokines in the
brain of ZIKV-positive embryos (KHAIBOULLINA et al., 2019).

Late in pregnancy, CD45*CD11b* myeloid cells, including neutrophils,
monocytes and macrophages from pregnant anti-IFNAR Ab-treated RAG1” (AIR)
mice, a model of ZIKV vertical transmission, were elevated in the placenta and
contained infectious virus. Although the monocyte/macrophage fraction of these
myeloid cells have also been reported to contribute to a reduction in viral spread to
the fetus during vertical transmission (WINKLER et al., 2020). In contrast, neutrophil
recruitment and Ly6C™d" monocytes were essential for ZIKV dissemination and
pathogenesis. AG129 mice challenged with a recombinat ZIKV that could not
replicate in myeloid cells presented no mortality. A complete lack of infectious virus in
the sera, no dissemination of virus to peripheral organs (spleen and reproductive
tract), no influx of neutrophils to spleen, and no key cytokines involved in leukocyte
recruitment during inflammation were also observed. The group also identified
Ly6C™d-"i monocyte as the major myeloid cell population that disseminates ZIKV
(MCDONALD et al., 2020).

In this same way, CD45* leukocytes, especially monocytes, in the tests and
epididymal lumen of AG129 mice contain replicating ZIKV. This finding indicates
these cells infection reservoir and trafficking of ZIKV to immunologically privileged
sites, and a source of virus particles that are ejaculated allowing for ZIKV sexual
transmission (MCDONALD et al., 2018). Still in accordance, bone marrow-derived
S100A4+ macrophages in AG6 mice were showed to be susceptible to ZIKV and
capable, through differentiation into pro-inflammatory M1 macrophages expressing
IFN-y, to increase the permeability of the blood-testis barrier which in turn facilitates
S100A4+ macrophages invasion into the seminiferous tubules, protecting ZIKV from

CD8* T cells action (YANG et al., 2020).
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1.2.3 Non-human primates models

Studies in non-human primates (NHP) models have showed an important role
of innate immune cells during ZIKV infection, including rapid recruitment and
activation of those cells into the blood, signaling pathways regulation, and
upregulation of pro-inflammatory cytokines in peripheral blood.

Within 1-2 dpi, a rhesus monkey cohort showed monocytes, NK cells and
lymphocytes general activation in the peripheral blood during ZIKV infection
(HIRSCH et al., 2017; OSUNA et al., 2016). Minor changes in leukocyte phenotype,
and decreased frequencies of CD14*CD16~ monocytes and myeloid DCs were also
described (COFFEY et al., 2017; SILVEIRA et al., 2017). Rhesus monkey developed
robust pro-inflammatory response in the first days post ZIKV infection as evidenced
by a substantial increase in serum levels of TNF-a, IL-2, IL-10, and IL-12/IL-23 (AID
et al.,, 2017), IL-1RA, CCL2, CXCL10, and CXCL11 (HIRSCH et al., 2017), or CCL2,
IL-15, VEGF, IL-10, and IL-1a (OSUNA et al., 2016). The transcriptome profile in
peripheral blood mononuclear cells (PBMC) of these animals showed a robust
induction of IFN-a and antiviral pathways, 1ISGs (OAS2, IFIT1/2/3, ISG15, IRF7,
IF144, MX1, and MX2), components of the inflammasome (NOD2, NLRP3, CXCL10,
BTG2, BST2, OSM), proinflammatory cytokines/chemokines (TNF-a, IL-1, IL-18,
CCR7, CCL2, and CCL20), and immunomodulatory pathways (IL-10, TGF-B, and T
regulatory cells). Acute ZIKV infection also upregulated genes associated with
monocyte and T helper cell pathways, but downregulated T cell signaling, B cell
signaling, and MHC-I pathways (AID et al., 2017).

ZIKV infection in pigtail macaques induced a robust cellular innate immune
response including rapid DC, monocyte and neutrophil recruitment into the blood,
mucosal tissues (vagina and intestine), and lymph nodes within the first week of
infection and increased plasma pro-inflammatory cytokines/chemokines (IL-1RA,
sCD40L, CCL2, and IL-15). Plasmacytoid DCs presence and the production of CCL2
may initiate the recruitment of non-classical monocytes, primary cellular targets for
ZIKV infection, and other ZIKV cellular targets to the lymph nodes, resulting in the
observed increased viral dissemination and persistence at this site (O'CONNOR et
al., 2018).

The available data from NHP studies suggests the contribution of some
underlying inflammation to the placental dysfunction in ZIKV-infected pregnancies.
Long-term persistence of ZIKV in both pregnant rhesus macaques and fetal tissues

was associated with robust maternal and fetal innate and adaptive immune
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responses, systemic fetal inflammatory response to congenital infection with ZV, and
impairment in transplacental transport of oxygen (uterine vasculitis and placental
villous damage), that may result in adverse obstetric outcomes. The inflammatory
immune response observed in placenta and fetal tissues is characterized by
activation of monocytes/macrophages, myeloid DCs and NK cells, alterations in
classical to non-classical monocytes phenotype, and elevated cytokines/chemokines
(IL-1RA, IL-1B, CCL2, IL-12, IFN-y, and CXCL-10) (HIRSCH et al., 2018).

1.2.4 Human patients

Work from multiple groups has analyzed ZIKV infection and immune
responses from human clinical samples. During the acute phase of human ZIKV
infection, multiple pro-inflammatory cytokines were increased in the blood, although
the cellular sources of these responses remain unknown. Differential cytokine
expression may lead to manifestation of different clinical conditions.

Serum cytokine levels of five travelers returning from Asia, the Pacific and
Brazil with acute ZIKV showed elevated concentrations of IL-13, IL-2, IL-4, IL-6, IL-9,
IL-10, IL-13, IL-17, IL-10, RANTES, CCL2, and VEGF (TAPPE et al., 2016). Several
immune mediators, such as IL-4, IL-6, IL-7, IL-8, IL-10, IL-18, TNF-a, IFN-y, GRO-q,
IL-1RA, CXCL10, CCL2, MIP-1B, eotaxin, and SDF-1a, were higher in 95 acute
ZIKV-infected patients from Campinas, Brazil (KAM et al., 2017). Brazilian patients
from Rio Grande do Norte have increased mRNA expression of TLR3 and IFN a/B/y
in peripheral blood, and decreased expression of RIG-1, TLR-8, MYD88, and TNF-q,
during acute ZIKV infection. This data suggests a viral escape mechanism is in
action (DA SILVA et al., 2019). A cohort of patients with moderate symptoms during
a ZIKV outbreak in Singapore/2016 had higher levells of IP-10, CCL2, IL-1RA, IL-8,
and PIGF-1, accompanied by a transient leukopenia, except of CD14* monocytes
(LUM et al., 2018b).

Using an in vitro model of ZIKV infection of primary human PBMCs obtained
from healthy blood donors, the majority of ZIKV-infected cells at 48 hours post-
infection were CD14*CD16* monocytes. The same was observed for 29 patients in
Nicaragua around 3.3 days of acute illness. An analysis of the patients’ blood
showed that 4.6% of PBMCs become infected, among which 82.6% were monocytes,
10.7% myeloid DCs, 2% NK cells, 0.8% B cells, and 0.6% T cells (MICHLMAYR et
al., 2017).
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ZIKV infection in myeloid DCs from individuals with acute disease was also
characterized by transcriptional changes that suppress IFN-dependent immune
responses and impair DCs function in order to increase these cells susceptibility to
ZIKV (SUN et al., 2017). But, three individuals diagnosed with ZIKV infection during
the 2016 outbreak in Caribbean, showed transcriptional changes of activation in
plasmacytoid DCs and upregulation of type | IFN dependent genes (SUN et al.,
2020).

Higher levels of IL-22, CCL2, TNF-a, and CXCL10 were observed in ZIKV-
infected pregnant women carrying infants with congenital CNS abnormality
deformities (KAM et al., 2017). The placenta of a ZIKV infected pregnant patient
diagnosed with Guillain-Barré Syndrome that had a spontaneous abortion was
inflammated and presented tissue abnormality dysfunction that could be supported
by the increased Hofbauer cells, CD8 T cells, and expression of local pro-
inflammatory cytokine IFN-y, TNF-a, RANTES, and VEGFR2 (RABELO et al., 2018).
Three ZIKV-infected women in Singapore had different placental infection profiles in
acute phase with increased IL-1RA, CXCL10, EGF, and RANTES expression, and
neutrophil numbers. Despite that, the placentas showed no anatomic defects and the

babies had no congenital anomalies (LUM et al., 2019).

1.2.5 Human innate cells

ZIKV-infected leukocytes could disseminate or serve as a viral reservoir in
different compartments of the body, including immune-sheltered tissues, a
mechanism known as Trojan horse. Moreover, insights into the specific cellular
innate immune responses arising at the earliest stages post-ZIKV exposure have a
central role in understanding ZIKV infection, persistence, and pathogenesis. CD14*
monocytes, DCs and macrophages are believed to be primary targets of ZIKV
infection in vitro. Interestingly, ZIKV driven immunosupression that can favor virus
spread as seen in in vitro models of infection of these cells. Moreover, the
overactivation of key molecules in the innate immune pathways upon ZIKV infection
is detrimental to human neuronal differentiation by the induction of pro-aging factors
(LIU et al., 2019; PEI et al., 2021).

At 24 hours post infection with an Asian strain of ZIKV lower virus burden in
CD14* monocytes from whole blood, non-classical monocytes expansion
(CD14°"CD16"), suppression of the type | IFN-signaling pathway, high IL-10

expression, and an M2-skewed immunosupression gene expression profile were
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reported. Though higher virus burden, high expression of CXCL10, and M1-skewed
inflammatory gene expression were associated with African ZIKV strain infection
(FOO et al., 2017; Ll et al., 2018). The authors also observed heightened sensitivity
of maternal monocytes to ZIKV during the first and second trimesters of gestation
with a M2-skewed immunossupression phenotype induced by Asian ZIKV infection
(FOO et al.,, 2017). In line, monocytes from human cord blood were identified as
targets for ZIKV infection (KHAIBOULLINA et al., 2017) and could be more prone to
infection since they present an impaired production of IL-13, IL-10 and MCP-1 and a
higher expression of ZIKV entry receptors (YOSHIKAWA et al., 2019). Moreover,
ZIKV affected adhesive properties of monocytes enhancing their transmigration
through endothelial barriers and viral dissemination to neural cells (AYALA-NUNEZ
et al., 2019).

Contemporary and ancestral ZIKV strains productively infect human mdDCs
(BOWEN et al., 2017; HAMEL et al., 2015; VIELLE et al., 2018). Low but significant
levels of ZIKV infection in immature mdDCs has been reported, whereas mature DCs
were not permissive to ZIKV infection (LI et al., 2018). A better ZIKV replication and
IFN induction in mdDCs was observed associated to Asian than African strain
infection (OSTERLUND et al., 2019). However, other studies reported that ZIKV
infection does not induce activation or maturation of DCs, and is characterized by
limited expression of type | and Il IFN and pro-inflammatory cytokines (BOWEN et al.,
2017; GARCIA-NICOLAS et al., 2019; VIELLE et al., 2018).

Monocyte-derived macrophages are susceptible to Asian and African ZIKV
strains (KHAIBOULLINA et al., 2017). The transcriptomic profile after ZIKV infection
showed activation of cross-talk pathways between monocyte-derived macrophages
and NK cells, suggesting that immune cells can act in combination to orchestrate
host immune responses and drive disease progression (LUM et al., 2018a). Other
study reported ZIKV attenuated replication in macrophages (OSTERLUND et al.,
2019). ZIKV infects and replicates in primary human placental macrophages, called
Hofbauer cells, in vitro and in placenta explants, suggesting an intrauterine
transmission mechanism (DE NORONHA et al., 2016; JURADO et al., 2016; LUM et
al., 2019; QUICKE et al., 2016; TABATA et al., 2016). Upon infection, Hofbauer cells
are modestly activated, produce IFN-a and other pro-inflammatory cytokines (IL-6,
MPC-1 and IL-10), and upregulate RIG-I-like receptor transcription expression and
downstream antiviral effector genes, confirming a ZIKV-antiviral response is activated

in these cells (QUICKE et al., 2016).
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Mast cells were identified positive to ZIKV infection in the placenta of two
women seropositive for ZIKV infection. Also, a human mast cell lineage (HMC-1) was
permissive to ZIKV, degranulated and released TNF-a, IL-6, IL-10, and VEGF in the
presence of virus suggesting these cells as source of mediators that can activate
other immune cells and contribute in viral spread in vertical transmission (RABELO et
al., 2020).

Beyoind that cellular overview, it is worth mentioning that ZIKV neutralization
can be mediated by the human classical complement pathway, driven by IgM
antibodies, leadingto the membrane-attack complex (MAC) formation (SCHIELA et
al., 2018). but ZIKV envelope (E) protein binds to terminal pathway complement
proteins and interferes with the formation of MAC (MALEKSHAHI et al., 2020).

1.3 GAPS IN ZIKA VIRUS INNATE IMMUNOLOGY

Within the presented context, we detected a lack of studies assessing two
relevant components of the innate immune system that may impact the development
of ZIKV disease and ensuing responses: first, the neutrophil; and second, cell
migration, specially DCs and neutrophils, to the draining lymph nodes after skin ZIKV
infection. In this thesis we set out to contribute knowledge to help fill these gaps.

Chapter 1 of this thesis presents work on human neutrophil in vitro response
to ZIKV (submitted manuscript). Chapter 2 elucidates the unprecedented inhibition
role of vaccinia virus in the migration of dendritic cells to the draining lymph node
(paper), making use of a fluorochrome-based migration in vivo assay. This was later
used as a toll to start assessing cellular migration in response to ZIKV infection.

In the next sections an overview of the current knowledge on the role played
by neutrophils in viral infections as well as DCs and neutrophil migration to lymph

nodes is presented.

1.3.1 Neutrophils

Mature neutrophils are abundant (50-70% of circulating leukocytes in
humans), short-lived terminally differentiated polymorphonuclear leukocytes (with
fully formed cytoplasmic granules - filled with more than 700 proteins, secretory
vesicles, and segmented nuclei), and major effectors recruited to sites of acute
inflammation. Neutrophils are continuously generated in the bone marrow from
myeloid precursors and recruited to the circulation, a process called granulopoiesis

(canonically involving IL-23, IL-17 and GM-CSF) (MAYADAS; CULLERE; LOWELL,
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2014). Under physiological conditions, they can also be found in the bone marrow,
spleen, liver and lung (reservoirs of mature neutrophils). Neutrophils (senescent or
dead on inflammation) die through apoptosis and are removed by tissue
macrophages and dendritic cells primarily in the liver, spleen and bone marrow, a
process termed efferocytosis (KOLACZKOWSKA; KUBES, 2013; KRUGER et al.,
2015).

Inflammation develops in response to PAMPs (e.g. lipopolysaccharide,
peptidoglycan, lipoteichoic acids, double-stranded viral RNA, and bacterial DNA) and
injured tissue damage-associated molecular patterns (DAMPS) that trigger activation
of PRRs. Tissue resident macrophages and mast cells act as sentinel cells that
initiate neutrophil recruitment by controlling and inducing various processes, such as
an increase in permeability of local blood vessels and the release of attractive
factors. Chemokines, lipid mediators, complement fragments, and tissue breakdown
products (e.g. TNF-a, IL-1, IL-6, CXCL1, CXCL2, CXCL8, C5a, GM-CSF and
leukotriene B4) (GALANI; ANDREAKOS, 2015), trigger changes on the surface of
endothelium like the expression of adhesion molecules (e. g selectins) and
conformational changes of neutrophil surface integrins (e.g. LFA1 and MACL1) with
higher affinity for immunoglobulin-like cell adhesion molecules (CAMs). Following a
chemotactic gradient along the endothelium to the required site, neutrophil
recruitment cascade involves tethering, rolling, adhesion, crawling and transmigration
at endothelial cell-cell junctions through regions of basement membrane that exhibit
low levels of extracellular matrix molecules and gaps between pericyte regions.
Neutrophil recruitment is not limited to infectious conditions and also occurs in sterile
environments (KOLACZKOWSKA; KUBES, 2013).

Circulating neutrophils are quiescent and their activation is usually a multistep
process, with them becoming fully activated in response to pro-inflammatory stimuli in
the tissue, a state in which neutrophils reach their full pathogen-destruction capacity.
Neutrophils are relatively unresponsive to a single stimulus, but exposure to one
stimulus (e.g. lipopolysaccharide, TNF, chemokines, growth factors and adhesion),
know as neutrophil priming, enhances the ability of the cell to mount an activation
response to a second stimulation (MAYADAS;, CULLERE; LOWELL, 2014).
Neutrophils recognize pathogens via classes of cell surface and intracellular PRRs
(TLRs, CLRs, RLRs, NLRs) that bind to pathogen-specific molecules, opsonic
receptors (FcyRs and complement receptors) that recognize host proteins such as

IgG and complement, and G protein-coupled receptors (GPCRS), involved mainly in
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guiding neutrophil migration. These receptors induce intracellular signals that lead to
full neutrophil activation (TAKEUCHI; AKIRA, 2010).

Neutrophils can readly eliminate pathogens by multiple means, both intra- and
extracellular. After phagocytosis (upon ligation of opsonic receptors), neutrophils Kill
microorganisms using NADPH oxygenase-dependent mechanisms (reactive oxygen
species (ROS)) or antibacterial proteins and enzymes (e.g. cathepsins, calprotectins,
defensins, proteinases, lactoferrin, lipocalin, lysozyme, elastase, and
myeloperoxidase), the latter can be released into the phagosomes or into the
extracellular milieu (KRUGER et al., 2015). Oxigen derivatives kill through
decarboxylation, deamination, or peroxidation of pathogen proteins and lipids; and
most peptides in neutrophil granules cause disruption of bacterial membranes,
inhibition of microbial iron uptake, cleavage of cell wall peptidoglycans, interference
in nucleic acids biosynthesis, and disruption of bacterial biofiim (KRUGER et al.,
2015; MAYADAS; CULLERE; LOWELL, 2014). Also, highly activated neutrophils can
eliminate extracellular microorganisms by releasing neutrophil extracellular traps
(NETSs): a core of DNA element to which histones, granule proteins and enzymes are
attached to immobilize and eventually Kill the trapped pathogen (BRINKMANN et al.,
2004; KENNY et al., 2017; PAPAYANNOPOULOQOS, 2018).

Neutrophils have classically been referred with a restrict set of pro-
inflammatory functions. With new technologies such as intravital microscopy and the
availability of transgenic mice, recently it has become apparent that they are more
complex multitasking cells capable of a vast array of specialized functions,
contributing to chronic inflammatory conditions, adaptive immune responses and
presenting anti-inflammatory or healing characteristics (KOLACZKOWSKA; KUBES,
2013). Neutrophil cross talk with other immune cells is mediated by their ability to
secrete a bunch of cytokines and express a large number of cell surface molecules.
Neutrophils can promote DCs maturation and provide access to neutrophil captured
pathogen products (ALFARO et al., 2011); present antigens capable of priming Thl-
and Thl7-acquired immune responses (ABDALLAH et al., 2011); migrate to lymph
nodes and cross-prime CD8* T cells (BEAUVILLAIN et al., 2007, 2011); transport
antigens from the dermis to the bone marrow, initiating memory CD8* T cells (DUFFY
et al., 2012); and splenic neutrophils can induce immunoglobulin class switching,
somatic hypermutation and antibody production by activating marginal zone B cells

(PUGA et al., 2012). Moreover, neutrophils can participate in NK cells regulation
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(COSTANTINI et al.,, 2011; JAEGER et al., 2012; SPORRI et al., 2008) and
macrophages regulation (FILARDY et al., 2010).

Although neutrophil recruitment during infection is likely to be essential for
protective immunity, neutrophil improper or prolonged activation during a sterile injury
or a dysregulated infection may be detrimental (release of oxidants, proteases,
feeding of neutrophil recruitment loop) and cause perpetual or non-resolving
bystander injury. Several chronic inflammatory disease conditions are characterized
by a sustained influx of neutrophils, such as cystic fibrosis, chronic obstructive
pulmonary disease, rheumatoid arthritis, nephritis, systemic lupus erythematosus,
and cardiovascular diseases. A balance between beneficial and detrimental effects of
neutrophil initiated inflammatory responses must be maintained for tissue
homeostasis (DRESCHER; BAI, 2013; KOLACZKOWSKA; KUBES, 2013; KRUGER
et al., 2015).

1.3.1.1 Neutrophils in virology

The role of neutrophils in bacterial, fungal, and protozoan infections is crucial
and has been well characterized. However, it remains unclear how critical neutrophils
are for antiviral immunity or if they even present virus-directed responses.
Conventionally, due to the abundance of neutrophils reaching the site of infection and
their mechanisms of action, a contribution to viral clearance is expected. Moreover,
neutrophil protective effects during antiviral defense are controversial since they have
been reported to mediate both beneficial and detrimental effects to the host, and no
pattern of action is observed within a group of viruses. A summary on the current
knowledge of the role of neutrophils in viral infections is presented in Table 2. Also,
the accumulated knowledge of neutrophil involvement in ZIKV infection since its last
outbreak is illustrated in Figure 2.

In summary, neutrophils can phagocytose virus or become activated by PRRs
and initiate an antiviral program,produce antimicrobial agents that inactivate the
virus, and neutrophils through NETs can entrap the virus and inactivate it. On the
other hand, neutrophils can propagate viral infections; become excessively activated,
triggering overt immune activation leading to host tissue demage. It is also important
to note that neutrophils are well known to be infiltrated during many types of lung
diseases associated with acute respiratory distress syndrome (ARDS) and severe
pneumonia (CAMP; JONSSON, 2017). Such observations confirm the importance of

neutrophils in viral infections.
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Table 2. Neutrophils involvement in viral infection. Neutrophil positive or negative actions
in the host perspective during various virus infections. In vivo works are indicated in orange

(and by the symble W), in vitro studies are in blue (and by the symble ®), and studies in

patients in green (and by the symble ¢). (-) indicates that the consequences of neutrophil
actions were not investigated.

dissemination

CSF production in the lung.
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2| lung pathology lesions, epithelial barrier
> permeability and cellular
5 inflammation in the lungs.
© Positive: [ | Neutrophils ameliorated
o .|imitati.on qf vascular permeabili_ty and (TATE et al.,
&) viral replication pulmonary inflammation  post 2009, 2011:
and disease intermediate or high virulence | |\ pEy et
and reduction strains of influenza virus infection al., 2005)
of the risk of a limiting extrapulmonary spread of
secondary the virus.
infection. Excessive neutrophil infiltration in
Contribution in lungs of influenza A virus infected
the progression | Influenzavirus | mice resulted in alveolar damage,
of immune increased viral loads and | (NARASARA
response progression into ARDS-like JUetal,
pathology. Neutrophil depletion 2011)
Negative: resulted in mild lung pathology.
instigation of Moreover, NETs formation was
alveolar- linked with lung damage.
capillary Influenza A virus infection induced
damage and neutrophil dysfunction (imparired | (ISHIKAWA
viral phagocytosis) due to reduced G- | etal, 2016)




® Human neutrophils are infected

by influenza virus, activating TLR7 | (WANG et
and TLR8 and producing | @&l 2008)
inflammatory cytokines.
® Neutrophils in the lungs infected
with influenza A virus acted as | (HUFFORD
antigen presenting cells for | etal, 2012)
antiviral CD8* T cells.
® Human neutrophils peptides
induced aggregation of influenza A
virus and bacteria, which
increased  their uptake by | (TECLE et
neutrophils. The antimicrobial al., 2007;
peptide LL-37 did not alter | "RIPATHIet
neutrophil uptake of 1AV, but| & 2014
increased  neutrophil  oxidative
response and boosted NETSs
formation by the virus.
4 Neutrophils were infected with
avian Influenza virus in the | (ZHAO etal,
placental blood of a pregnant 2008)
woman.
B RSV induced NETs formation in
human neutrophils that trap viral
particles. Howe_ver, NETs were (CORTJENS
detected occluding the airways in | . .| 20165)
the lung of patients with severe
lower respiratory tract disease
caused by RSV.
® RSV' induced  neutrophil (JAOVISIDH
degranu_latlon (MPO) and Aetal.,
chemokines release (IL-8, MIP-1a, 1999)
MIP-18).
Positive: viral ® RSV triggered ROS-dependent
restraint Respiratory NETosis in human neutrophils. | (FUNCHAL
o syncytial virus Those NETs were capable of | etal, 2015;
Negative: (RSV) trapping RSV decreasing cellular | MURARO et
obstruction and damage by interfering with viral | @ 2018
damage of fusion protein. Neutrophils also | “©UZA €l
arways released NETs in response to al., 2018)
RSV-infected cells.
® Neutrophil migration and
adherence to RSV-infected airway
epithelial cells was associated with
greater epithelial cell damage, | (DENG et al.,
neutrophil  degranulation  and 2020;
reduction in infectious viral load. | HERBERT et
These effects were mediated in | @ 2020)

part by B.-integrin ligand LFA-1 on
neutrophil  binding to ICAM
receptor on nasal epithelial cells.
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4 RSV proteins were detected in

patients, and
viral restraint

and resident CD4* cells, altered

cytokine milieu in the bone
marrow, and suppression of
hematopoiesis by viral proteins

and antiretroviral drugs. Also HIV
protease inhibitors could directly
induce neutrophils apoptosis.
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o (HALFHIDE
neutrophils in cases of severe | . . -5
RSV bronchiolitis in infants.

B Ly6C'Ly6G" cells infiltrated in

VACV infected skin later than

monocytes and produced IFN-I | (FISCHER et
and ROS. The depletion of | @l 2011)
neutrophils resulted in increased

tissue damage.

Positive: 4 VACV activated oxidative (JONES
protection of metabolism in neutrophils. 1982;WEéT
infected tissue Neutrophils uptaked VACV without | ., . 1987)

and Vaccinia virus | phagocytosis.
contribution in (VACV) m Intranasal infection  with
the progression Modified vaccinia virus Ankara
of immune (MVA) induced early immigration | ¢ .
response of neutrophils to the lungs K
2015)
(dependent on the complement
component C5, but in a C3-
independent manner).
m After intradermal injection,
neutrophils migrated from skin to | (DUFFY et
bone marrow, carrying MVA and | @l 2012)
activating CD8" T cells.
3 B Systemic intravenous MYXV
g infection induced neutrophil and
S platelets recruitment to the liver
E Positive: viral Myxoma virus | Microvasculature.  There,  the | e o
5 "~ restraint (MYXV) interaction between neutrophils | . 5013
and platelets facilitated the release
of NETs, which contributed in
reducing the number of liver
infected cells.
B HIV patients and FIV infected
animals showed a profound defect
in the chemotaxis of neutrophils
(rolling, adhesion and emigration)
in response to inflammatory

Positive: signals. Neutropenia and
reduction in the Human neutrophil defects are common | (HADAD et

risk of a immunodeficiency | complications of infections by | al., 2007;
secondary virus 1 (HIV-1) | lentivirus due to altered neutrophil | HEIT etal.,

infection, and Feline development caused by HIV 2006;

reduced immunodeficiey | infection of bone marrow stem | KUBES etal,
mortality in virus (FIV) cells, stroma cells, macrophages 2eOtO:I; Zg'lf_))E




® Neutrophils sense HIV-1 by
TLR7 and TLR8, and generate
ROS that trigger NETs formation.
NETs captured HIV-1 and
promoted its elimination through
myeloperoxidase and a-defensin.

® Different components of HIV-1
induced activation of neutrophils
by modulating the expression of
TLR2, TLR4, and TLR7, CD62 and
CD11b, promoting the secretion of
IL-6 and TNF-a, and altering ROS
production.

(SAITOH et
al., 2012)

(GIRALDO et
al., 2016)

Positive: viral
restraint

Herpes simplex
virus type-1 (HSV-
1)

Epstein-Barr virus
(EBV)

W Depletion of neutrophils induced
higher HSV-1 titers in the eyes and
spread to skin and brain of mice
that became more susceptible to
encephalitis and had increased
mortality.

® EBV binding to human PMN
resulted in the activation of
intracellular events involved and
release of pro-inflammatory lipid
mediators.

® EBV infected human neutrophils
and induced its apoptosis.

(TUMPEY et
al., 1996)

(GOSSELIN
et al., 2001)

(LAROCHEL
LE et al.,
1998)

Negative: viral
dissemination

Cytomegalovirus
(CMV)

® CMV infection of endothelial
cells induced enhanced production
of IL-8, CXCL1 and neutrophil
chemotaxis. During transmigration,
neutrophils acquired CMV particles
that could later be transmitted to
fibroblasts.

® Human retinal pigment epithelial
cells infected with human CMV
induced neutrophil chemotaxis, but
the binding and the transepithelial
neutrophil penetration were
impaired by up-regulation of Fas
ligand in the retinal cells as a
result of virus infection.

(GRUNDY et
al., 1998)

(CINATL et
al., 2000)

Hepatitis B virus
(HBV)

4 Impaired NETs released in
patients  with  chronic  HBV
infection. HBV proteins C and E
were responsible for this inhibition
by decreasing ROS production
and autophagy.
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Negative:
NETs

exacerbation of
asthma

Sendai virus (Sev)

B Sev infection induced NET
formation in the lung of mice and
alveolar inflammation. NETs also
primed bone marrow-derived cells
to release cytokines that can
amplify the inflammatory cascade.

(AKK;
SPRINGER;
PHAM, 2016)

Negative:
contribution to

the kidney
damage and
NETs
association
with disease

Hantavirus
(HTNV)

B Elevated levels of circulating
and tissue-localized
myeloperoxidase, elastase, IL-8
and histones in acute hemorrhagic
fever with renal syndrome. Primary
blood microvascular endothelial
cells acquired a pro-inflammatory
phenotype  during  hantavirus
infection and are responsible to
attract and activate neutrophils
through surface receptors in an IL-
8 dependent mechanism.
Hantavirus alone did not activat
neutrophils in vitro.

® HTNV wuse of P2 integrin
receptors CR3 and CR4 as entry
receptors at the same time
strongly induces both ROS
production and NET formation.
Also, HTNV infection induced high
systemic levels of circulating NETs
and autoantibodies to nuclear
antigens in patients.

(STRANDIN
et al., 2018)

(RAFTERY et
al., 2014)

Alphavirus and Flavivirus

Positive: viral
restraint

Chikungunya virus
(CHIKV)

B Neutrophils expression of IFN
reduced mortality of zebra fish
infected with CHIKV.

(PALHA et
al., 2013)

® NETs neutralized CHIKV in vitro
and reduced mice susceptibility.
CHIKV activated NETs through
activation of TLR7 and ROS in
Vivo.

(HIROKI et
al., 2020)

Japanese
encephalitis virus
(JEV)

® Neutrophils degraded JEV by
oxidation.

(SRIVASTAV
Aetal.,
1999)

Tick-borne
encephalitis virus
(TBEV)

® TBEV infected neutrophils and
induced their apoptosis.

(PLEKHOVA
et al., 2012)
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W In early infection, neutrophils are
rapidly recruited to the site of

Negative: infection, used as reservoirs for
enhancement West Nile virus | Viral replication and act as Trojan (BAl_et al.,
of horse carrying the virus into the | 2010; PAUL
. . (WNV) i tal., 2017
neuroinvasive central nervous system. Neutrophil | ©' @' )
disease depletion prior to WNV infection

results in reduced viremia and
enhanced survival of the host.

L I\_Ieutrophlls respond to DENV-2 (CASTARED
by increasing mRNA level of the | , /=~
antimicrobial peptides a-defensins | ;.| 2016)
and cathelicidin LL-37.

: : (DEVIGNOT
4 Patients had increased serum | . . o010
Dengue virus levels of IL-8, elastase, TNF-a, | HOANG et
i (DENV) reactive oxygen species, markers al., 2010;

for NETs, neutrophil gelatinase- | JUFFRIE et
associated lipocalin, and several | 2/.. 2000; LIU
canonical proteins associated with | ©' @/ 2010

neutrophils degranulation. It was %ZAASIA\{V‘T\T
also reported severe neutropenia _ etal.,
i hort of adult DENV patients. |
nace o etal, 2014)

1.3.1.2 Neutrophils as therapeutic targets for viral diseases

Clinical manipulation of neutrophils to control viral infection is not trivial and
should be cautiously evaluated once it may cause opportunistc infections or
immunopathology. However, this does not preclude exploring therapies that have
neutrophils as targets in infections and chronic diseases. HSV-1 infection can cause
stromal keratitis lesions, a chronic inflammation of the eye, with risk of intraocular
pressure elevation and formation of cataracts. The disease can be partially controled
with the administration of a resolvin agent, RVE1, which are mediators derived from
omega-3 fatty acids eicosapentaenoic and decosahexaenoic acid. RvE1 was showed
to inhibit the production of IFN-y, IL-6 and IL-17, which was correlated with a reduced
influx of neutrophils in the neovascular system where lesions occured (DRESCHER,;
BAI, 2013; RAJASAGI et al., 2011). In the same line, WNV in a milieu deficient in the
chemokine receptor gene Cxcr2 results in reduced viremia and enhanced survival of
the host (BAI et al., 2010) being possibly amenable to a similar therapeutic approach.

Other explored aproaches are blocking neutrophil transendothelial migration,
inhibition of neutrophil elastase, and decreasing ROS activity (VAN DER LINDEN;
MEYAARD, 2016). NETs can also be targeted by existing drugs through several
means. Neutrophil elastase, peptidyl arginine deiminase type 4 (PAD4), and

gastermin D inhibitors can prevent NET formation. DNAse has been used safely to
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digest NETs in the mucous secretions of the airways of cystic fibrosis patients
(BARNES et al., 2020). Colchicine is an existing drug that could inhibit both
neutrophil recruitment to sites of inflammation and the secreation of IL-1(3, and trials
in COVID-19 are underway (BARNES et al., 2020).

1IL-8 infection
neutropenia LN and placenta

mucose
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Figure 2. Neutrophils in Zika virus infection. There are sparse evidences supporting a
role for neutrophils in ZIKV infection. Neutrophils may be permissive to ZIKV as viral RNA
was found in myeloperoxidase® neutrophils in lymph nodes 7 days after infection in
cynomolgus macaques (OSUNA et al., 2016), and in CD45*CD11b* neutrophil myeloid cells
in the placenta of anti-IFNAR Ab-treated RAG1” (AIR) mice, a model of ZIKV vertical
transmission (WINKLER et al., 2020). IFN receptor deficient mouse models showed
enhanced neutrophil inflammation in the CNS following ZIKV infection and in other relevant
structures such as spleen, spinal cord, epididymis and testes (ALIOTA et al., 2016; DOWALL
et al., 2016; HAYASHIDA et al., 2019; MANANGEESWARAN; IRELAND; VERTHELYI,
2016; MCDONALD et al., 2018; ZUKOR et al., 2018). Neutrophils infiltrations were also
present in mucosal, placental and fetal tissues during acute ZIKV infection in humans, pigtail
and rhesus macaques (LUM et al., 2019; NGUYEN et al., 2017; O'CONNOR et al., 2018).
ZIKV patients presented elevated IL-8 serum levels in the acute or convalescent phases of
the disease (KAM et al., 2017; LUM et al., 2018b; TAPPE et al., 2016). Monocytes infected in
vitro for 24 and 48 hours had IL-8 upregulated in the transcriptional profile compared to
monocytes from healthy uninfected dblodd donors (MICHLMAYR et al., 2017). Neutropenia
was detected in the blood of patients in acute phase and in the first week after ZIKV infection
in rhesus monkeys (DUDLEY et al., 2016; LUM et al., 2018b; PANTOJA et al., 2017).
Moreover, lethal challenge of AG129 mice with a recombinant ZIKV that could not replicate in
myeloid cells, resulted in no viral infection and dissemination to peripheral organs, and no
influx of neutrophils to spleen and key cytokines involved in leukocyte recruitment,
suggesting an essential role for neutrophils recruitment in ZIKV pathogenesis (MCDONALD
et al., 2020). Designed by the author. Created with Biorender (under licensing and usage
conditions).
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1.3.2 Neutrophil and dendritic cell migration to lymph nodes

Beyond the bloodstream, pathogens can spread in the host using lymphatic
vessels (started in open-ended capillaries). The lymphatic system has as major
function to transport interstitial fluids from tissues back to the circulatory system, and
is largely used by the immune system as a migratory via for immune cells
surveillance. As a countermeasure to possible unwanted passers-by, all lymphatic
fluid is filtered in the lymph nodes (LNs), widely distributed in several points along the
system (450 ones in adults), where resident and recruited cells can contain pathogen
dissemination. In a very clever way, lymph nodes evolved to also work as an
important site of antigen presentation, lymphocytes priming and tolerance
(HAMPTON; CHTANOVA, 2019).

LNs are secondary lymphoid organs highly compartmentalized, kidney-shaped
encapsulated bodies. Lymphatic fluid coming from the draining area via the afferent
lymphatics enters the LN into the subcapsular sinus, bypassing LN follicles through
the medullary sinus until efferent lymphatics. The bottom of the subcapsular sinus is
composed by sinus-lining cells and a large population of macrophages and lymphoid
tissue-resident DCs (that capture antigens and either eliminate or presente them and
create cytokine-rich surroundings), and works as a shield to the lymphoid
compartment, allowing the active passage of cells. Fluid and molecules <70 kDa can
enter only via small collagen tubules originating between the sinus-lining cells.
Antigen-loaded DCs reach the lymphoid compartment/outer cortex/lymphoid follicle
throw the reticular conduit system (a road-like cellular three dimensional network
formed by fibroblastic reticular cells that provides essential chemotactic, survival, and
regulatory signals for immune cells) and present their antigens to T cells in the
paracortex or B cells in follicles, developing into germinal centers. The LN paracortex
is vascularized by high endothelial venules (HEV), to allow active immigration of
lymphocytes from the blood into this compartment (NOVKOVIC et al, 2020;
ROOZENDAAL; MEBIUS; KRAAL, 2008).

DCs are the most potent and versatile antigen-presenting cells, and comprise
a heterogeneous population distributed across various organs (different origins,
functions, and surface marker expression). DCs in the skin are diverse: some are
resident in the dermis, some are resident in the epidermis (Langerhans cells), and
others are recruited from the blood and remain only transiently in the skin before
entering lymphatic vessels. Since DCs discovery in 1973 by Ralph Steinman, several

DCs subsets have been described based on ontogeny. Conventional DCs (cDCs)
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represent the prototypical antigen-presenting cell type of the immune system. In
mouse, among Langerhans cells, there are at least four cDCs subsets recognized
within the dermis on the basis of the expression of CD207 (Langerin), CD11b and
CD103 (HENRI et al., 2010; KUSHWAH; HU, 2011).

DCs problaby enter the lymph through the initial lymphatic vessel (during
inflammation, infection or in steady state) in a passive way through gaps between
lymphatic endothelial cells or squeezing themselves between closed junctions. To
migrate through peripheral lymphatic vessels, DCs need to express their main LN
homing chemokine receptor, CC-chemokine receptor 7 (CCR7), induced together
with the maturation of human DCs, while the expression of other chemokine
receptors is downregulated. DCs respond to a chemotactic gradient of CCR7 ligands,
CCL19 and/or CCL21. Even inside the LN, DCs continue to follow a CCL21 gradient
until the T cell zone. Other factors were associated with DCs migration to LN:
intracellular adhesion molecule 1 (ICAM1); junctional adhesion molecule 1 (JAM1);
integrin lymphocyte function-associated antigen 1 (LFAL); lipid mediators like
cysteinyl leukotrienes and prostaglandin E2; pro-inflammatory cytokines such as IL-1;
ADP-ribosyl cyclase; matrix metalloproteinase (MMP) 9 and 2 (PLATT; RANDOLPH,
2013; RANDOLPH; ANGELI; SWARTZ, 2005; WORBS; HAMMERSCHMIDT,;
FORSTER, 2017).

As already mentioned, neutrophils are well know for performing their functions
following recruitment into inflamed tissue before dying in situ. As neutrophils in
inflamed tissues exhibited extended lifespan of up to 5 days, a possible involvement
in other activities, such as shaping of innate and adaptive immune responses has
been proposed (MANTOVANI et al., 2011). Moreover, observations suggest that
neutrophils can re-enter the vasculature from inflamed tissue via reverse
transmigration (BUCKLEY et al., 2006).

It was very elegantly showed by Kastenmiiller et al. (KASTENMULLER et al.,
2012) that a network of diverse lymphoid cells are spatially prepositioned close to
lymphatic sinus-lining sentinel macrophages where they can rapidly and efficiently
receive inflammasome-generated IL-18 and additional cytokine signals from the
pathogen-sensing phagocytes. This leads to rapid IFN-y secretion by lymphocytes,
fostering antimicrobial resistance in the macrophage population. Moreover,
subcapsular sinus macrophages orchestrate a complex interplay involving the
recruitment of neutrophils that provides a rapid and robust response to lymph-borne

pathogens, especially extracellular bacteria. Neutrophils were recruited to the
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subcapsular, medullary, and interfollicular areas of the dLN 4 hours after infection
with Pseudomonas aeruginosa, representing 2-3% of the total hematopoietic cell
population. Neutrophil recruitment was dependent on inflammasome-mediated
activation of macrophages and caspase-1l-dependent cytokine production, in this
case more likely on production of IL-1, rather than IL-18 (KASTENMULLER et al.,
2012).

Other reports indicate similar migration of neutrophils to LNs. As a
consequence of Staphylococcus aureus presence in LNs, a neutrophil influx from
bone marrow arriving via HEVs and the B cells-neutrophil interactions within the LN
parenchyma limited the subsequent humoral immune response (KAMENYEVA et al.,
2015). Neutrophils also accumulated in the subcapsular sinus of the draining lymph
node after infection with Toxoplasma gondii and formed persistent swarms that
removed macrophages in the subcapsular sinus (CHTANOVA et al., 2008). After
influenza virus vaccination with UV-inactivated virus, neutrophils containing influenza
are rapidly recruited to LNs via HEVs dependent on CXCL1 and IL-1a. In the initial
stage, the majority of neutrophils aggroup in the subcapsular sinus of the LN and are
associated with macrophages (PIZZAGALLI et al., 2019). MVA intradermal
administration induced an influx of neutrophils to dLN and MVA was found
associated with these cells in the subcapsular sinus (ABADIE et al., 2009).

The possibility that neutrophils may also emigrate from inflamed tissue via
lymphatics has also been supported after Staphylococcus aureus infection
(HAMPTON et al., 2015). The migration was dependent on CD11b and CXCR4 but
not CCR7 (HAMPTON et al., 2015), as previously suggested (BEAUVILLAIN et al.,
2011). Interestingly, these skin egressing neutrophils were able to augment
lymphocytes proliferation in LN (HAMPTON et al., 2015). Neutrophils can migrate to
LNs through lymphatics also in response to ovalbumin emulsified in complete
Freund’s adjuvant (BEAUVILLAIN et al., 2011; GORLINO et al., 2014), IL-17 and
GM-CSF (BEAUVILLAIN et al., 2011), Mycobacterium bovis BCG (neutrophils
carriage of live bacteria) (ABADIE et al., 2005), and Salmonella abortusovis
(BONNEAU et al., 2006).

Although molecular mechanisms involved in leukocytes trafficking across
HEVs are well described, the molecules that control movement of immune cells into
LNs through lymphatic vessels are not fully defined. In the migratory pattern to LNSs,
neutrophils used CD11b/Mac-1, LFA-1, CXCR4, E-selectin, ICAM-1, VCAM-1, and

CXCL8 molecules (GORLINO et al., 2014; RIGBY et al., 2015).
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In comparison to DCs, the significance and extent of neutrophil lymphatic
migration are incompletely understood. Since neutrophils reach LN early from
inflamed tissues and often carry microbes, neutrophil lymphatic migration can exert
considerable influence on the subsequent adaptive immune response. Neutrophils
appear to exert an immunoregulatory role in both peripheral sites and lymph nodes
(MANTOVANI et al., 2011). The functional relevance of neutrophils that have
migrated to LN was assessed in mice and showed that the cells suppressed the B
cell and CD4* T cell responses, interfered with the ability of DCs and macrophages to
present antigen shortly after their migration into the LNs by competition for the
available antigen (YANG et al., 2010).

Some of the methodologies to evaluate leukocytes entry in afferent lymphatic
vessels and migration to draining lymph node are in vitro and ex vivo models of
adhesion and transmigration, including explanted skin, and in vivo analysis like
transfer of immune cells into the skin, image-based/intravital imaging approaches,
lymphatic cannulation and the classic application of fluorescent sensitizers to the skin
to label cells and induce inflammation. Most of what is known about the mechanisms
of DC migration to LNs is derived from studies of the mobilization of murine DCs from
the skin, derived from the fluorescein isothiocyanate (FITC) painting assay, and most
focus on Langerhans cells. Consequently, there is a large gap in the knowledge of
how leukocytes directly interact with, enter and travel through lymphatic vessels to
finally become positioned in the LN (HAMPTON; CHTANOVA, 2019; RANDOLPH;
ANGELI; SWARTZ, 2005).
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2. AIM

Explore human neutrophils action and the leukocyte migration (specially
dendritic cells (DCs) and neutrophils) to the draining lymph node (dLN) in response
to Zika virus (ZIKV) infection.

Aims chapter 1:

1. To determine the in vitro viability of neutrophils challenge with ZIKV strains at
different time points;

2. To determine the in vitro neutrophil susceptibility to ZIKV, and the virus replication
and release of infectious viral particles after ZIKV infection;

3. To characterize the profile expression of relevant neutrophils surface molecules
after in vitro interaction with ZIKV;

4. To characterize the profile of released pro-inflammatory cytokines by neutrophils
after in vitro interaction with ZIKV;

5. To determine the levels of elastase secretion by neutrophils after in vitro
interaction with ZIKV;

6. To determine the neutrophil intracellular formation of reactive oxygen species after
in vitro interaction with ZIKV;

7. To determine the in vitro formation and blockage of neutrophil extracellular traps
(NETSs) by ZIKV, and the potential of pre-induced NETSs to capture viral particles;

8. To characterize the profile of released chemokines by human PBMCs and mdDCs
after in vitro challenge with ZIKV;

9. To determine the in vitro migration of neutrophils in response to different
concentrations of recombinant human IL-8 and A549 cells culture after ZIKV
infection;

10. To determine the susceptibility to ZIKV infection and viability of A549 cells
cultivated during different times in the presence of neutrophils (pre-activated or not),
and the activation profile of neutrophils after that interaction;

11. To determine ZIKV titers in the peripheral organs after different times of
subcutaneous infection;

12. To characterize neutrophil antibody-mediated depletion in wild type C57BL/6
mice;

13. To compare ZIKYV titers in the draining lymph nodes after subcutaneuos infection

in an inflamed site between wild type C57BL/6 mice and neutrophil-depleted mice.
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Aims chapter 2:

1. To produce and purify vaccinia virus (VACV) Western reserve strain, VACV
deletion mutants (AA49, AB13 and AB15), and modified vaccinia virus Ankara (MVA)
stocks;

2. To quantify the in vivo skin DCs migration to the popliteal lymph node (pLN) in
reponse after subcutaneous infection to different VACV doses and in different days in
comparison with Mycobacterium bovis bacillus Calmette-Guérin (BCG);

3. To determine other skin migratory cell populations in response to VACYV infection
after infection;

4. To characterize cellular populations in the pLN after VACV and BCG infection;

5. To quantify skin DCs migration to pLN after infection with non-replicative VACV
(inactivated VACV and MVA) in comparison with BCG;

6. To compare the migratory skin DCs subsets in the pLN between non-replicative
VACV and BCG;

7. To determine skin DCs migration to pLN, BCG loads in the pLN, and proliferation
of CD4* T cells from P25 TCRTg RAG-17- EGFP mice after BCG infection upon pre-
treatment with VACV or i-VACV;

8. To quantify skin DCs migration to pLN after infection with zymosan and Herpes
simplex virus-1 , also in a upon pre-treatment with VACV;

9. To determine the skin inflammatory cytokines and CCR7 in the skin after 24 hours
of VACV, i-VACV and MVA in comparison to BCG infection;

10. To quantify skin DCs migration after infection with VACV deletion mutants to IL-1
signaling components;

11. To determine VACV and BCG loads in the pLN over time after infection;

12. To produce, confirm, expand and purify a recombinant VACV expressing the
Ag85B from BCG (rVACV-Ag85B);

13. To determine the proliferation of CD4* T cells from P25 TCRTg RAG-17- EGFP
mice after rVACV-Ag85B infection;

14. To characterize cellular populations in the pLN after flavivirus subcutaneous
infection;

15. To standardize the in vivo fluorochrome-based migration assay at Instituto Carlos
Chagas;

16. To determine skin DCs migration to pLN after subcutaneous flavivirus infection in

comparison with BCG;
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3. DEVELOPMENT

3.1.CHAPTER 1. Zika virus escapes from human neutrophils (manuscript)
The data from this section is present in form of a manuscript which will be

submitted to the journal Frontiers in Immunology.

Title: Zika Virus Escapes from Human Neutrophils

Authors: Juliana Bernardi Aggio, Barbara Nery Porto, Claudia Nunes Duarte dos
Santos, Ana Luiza Pamplona Mosimann and Pryscilla Fanini Wowk

Resumo: A emergéncia de Zika virus (ZIKV) destacou a necessidade de um
conhecimento aprofundado para o desenvolvimento de terapias virais. Seis anos
apos o ultimo surto que deixou inesperadas sequelas neurolégicas e congénitas em
humanos, ainda ha uma grande lacuna de conhecimento de imunologia de ZIKV.
Este trabalho abordou a resposta de neutréfilos, uma importante célula efetora da
imunidade inata, para cepas asiaticas e africanas de ZIKV. Neutrdfilos sdo células
abundantes e versateis que entram em contato com virus na corrente sanguinea ou
em tecidos afetados. Entretanto, a funcdo desempenhada por neutréfilos em
infecgbes virais € ainda controversa. Nossos resultados mostram que neutréfilos
humanos nao foram alvos da replicacao de ZIKV, e que o virus ndo ativou respostas
antivirais em neutrofilos. Rastreando mecanismos de acdo de neutrofilos contra
ZIKV nas primeiras 12 horas depois da estimulacdo in vitro, descobrimos que
neutréfilos ndo parecem ser componentes essenciais dessa resposta de defesa do
hospedeiro. As células ndo foram ativadas ou agiram contra o virus conforme
avaliado através da auséncia de fosfatidilserina e modulacdo de receptores de
superficie, secrecdo de citocinas inflamatérias e conteddo granular, producdo de
espécies reativas de oxigénio e formacdo de armadilhas extracelulares neutrofilicas.
No geral, a presenca de neutrofilos ndo afetou a infectividade de ZIKV. Além disso, a
infeccdo de ZIKV em células imunes inatas primarias ndo foi suficiente para
promover um ambiente favoravel para a migracdo de neutrofilos. A deplecédo de
neutréfilos de camundongos imunocompetentes também néo afetou a disseminacao
de ZIKV para o linfonodo drenante. Resumindo, esses dados sugerem que ZIKV
escapa do reconhecimento de neutréfilos humanos e ndo exercem uma funcéo
antiviral benéfica ou contribuem para um ambiente inflamatério, somando a

discusséo do papel de neutrdéfilos durante infecgdes virais.
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Abstract

Zika virus (ZIKV) emergence highlighted the need for a deeper understanding on virus-host
interaction to pave the development of antiviral therapies. The present work addressed the response
of neutrophils to ZIKV, an important effector cell in innate immunity that showed relevant
participation in other neurotropic arbovirus. Our results indicate that human neutrophils are not
permissive to Asian and African ZIKV strains replication and the interaction with the virus does not
activate antiviral response in neutrophils. Indeed, after in vitro challenge with ZIKV, neutrophils
were not primed or acted against the virus as evaluated by the absence of phosphatidylserine and
surface receptors modulation, secretion of inflammatory cytokines and granule content, production of
reactive oxygen species and neutrophil extracellular traps formation. Moreover, ZIKV infection of
primary innate immune cells was not sufficient to trigger a favorable environment for neutrophil
migration. However, neutrophil presence in a co-culture infection resulted in lower frequencies of
infection on the co-cultured cells, but neutrophil depletion from immunocompetent mice did not
affect ZIKV spreading to the draining lymph nodes. The data suggest that ZIKV escapes from
directly human neutrophils response and neutrophil do not play a beneficial antiviral role per se, but
these cells can participate on an infected environment.

Number of words: 6,926
Number of figures: 8 and 4 supplementary

1 Introduction

Zika virus (ZIKV) is an enveloped vector-borne RNA virus, member of the genus Flavivirus which
includes important human pathogens. The epidemic potential of flaviviruses is related to the
particulars and global distribution of their arthropod vectors (mainly Aedes spp.), as well as human
population density,mobility and anthropogenic interventions (1). Furthermore, genetic changes in the
viral genome and the host immune-status may also contribute to viral spread and pathogenesis (2).
After decades of sparse reports of infection in Africa and Asia, since 2007 the ZIKV Asian genotype
has been implicated in larger outbreaks in human populations, starting at Southeast Asia, spreading
throughout the Americas and reaching Europe (3). In Brazil, ZIKV was first detected in 2015 and
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recognized as a Public Health Emergency in 2016 around 220,000 cases confirmed and the
infectection was associated with Congenital Syndrome Associated to ZIKV infection during
pregnancy and to the Guillain-Barré Syndrome in adults (4-6).

Tipically ZIKV infection results in mild clinical symptoms and the infection is rapidly counter-acted
by different arms of the immune response such as interferon (IFN) type I, neutralizing antibodies,
and specific T cells (7-9). Furthermore, ZIKV infection has been reported to trigger a rapid
recruitment and activation of monocytes, NK cells, plasmacytoid dendritic cells and lymphocytes,
and the upregulation of multiple signaling pathways, like pro-inflammatory cytokines and
chemokines in the blood of macaques and humans (10-15). Among innate immune cells, monocytes,
dendritic cells and macrophages have been described as targets of ZIKV infection and replication
(16-19).

It had been suggested that the ensuing innate immune response is linked to particular and not well
determined aspects of ZIKV infection that define the fate of the disease. Cellular infiltration and
inflammation at ZIKV infection sites contributed to placental dysfunctions (20) and encephalitis (21—
23). The overactivation of key molecules in the innate immune pathways upon ZIKV infection is
detrimental to human neuronal differentiation (24). Moreover, ZIKV affects adhesive properties of
monocytes, enhancing their transmigration through endothelial barriers and viral dissemination to
neural cells (25). Neutrophils, Ly6C™" monocyte, and CD45* monocytes in AG129 mice (type |
and Il IFN receptor deficient), and bone marrow-derived S100A4+ macrophages in AG6 mice (type
I, I and 111 IFN receptor deficient) were showed to be essential for ZIKV dissemination and
pathogenesis in peripheral organs and testis (26-28). CD45"CD11b* monocytes and macrophages
play an important role in containing ZIKV spread in the placenta (29), while infected human
placental macrophages (Hofbauer cells) might gain access to the fetus (30). In this context, the role
played by neutrophils during ZIKV infection remains undertermined. Elucidating mechanisms by
which neutrophils mediate antiviral activity might enable the development of therapies that retain
antiviral functions but limit inflammation-associated damage.

Mature neutrophils are the most abundant granulocytes in the bloodstream and the major effectors
during inflammation and infection. Once in the infection site, neutrophils can fastly eliminate intra-
and extracellular pathogens by phagocytosis, oxidative burst, multiple granule proteolytic enzyme,
antimicrobial peptides and neutrophil extracellular traps (NETS) release (31,32). Neutrophils have
been also recognized as multitasking cells capable of cross talk with adaptive responses, for example,
presenting antigens during viral infections (33,34). The relevance of neutrophils during flavivirus
infection was demonstrated for West Nile virus (WNV) infections, where neutrophils are recruited to
the site of infection, used as reservoirs for viral replication and act as Trojan horses carrying the virus
into the central nervous system (CNS) enhancing WNYV neuroinvasive disease (35). Neutrophil
depletion prior to WNV infection resulted in reduced viremia and enhanced survival of the host (36).

Here, we address the role of neutrophils on ZIKV pathogenesis by the in vitro screening of classical
human neutrophil defense mechanisms after stimulation with different ZIKV strains and a recent
clinocal isolate. We report that neutrophils are not targets for ZIKV replication. In accordance, we
did not evidence changes in cell viability nor in the expression of human neutrophil activation
markers after interaction with ZIKV, suggesting viral escape from neutrophil recognition. ZIKV
infection of monocyte derived dendritic cells (DCs) and peripheral blood mononuclear cells
(PBMCs) also did not trigger a favorable environment for neutrophil migration. Neutrophil presence
in a co-culture infection assay seems to reduce ZIKV infection in susceptible cells, but did not
contribute to reducing ZIKV spread to peripheral organs in vivo.
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2 Materials and Methods

2.1 Cells

Peripheral blood was obtained by intravenous puncture from healthy volunteers (both genders, aged
between 21-42 years old and without clinical evidence of disease) upon written consent. The
procedures were in accordance with Fundacdo Oswaldo Cruz (FIOCRUZ) research ethics committee
under the number CAAE 60643816.6.0000.5248. Human neutrophils were isolated from peripheral
blood by negative selection with magnetic microspheres MACSxpress Neutrophil Isolation Kit and
MACSxpress Separator (Miltenyi Biotec), according to the manufacturer instructions. Cell viability
was determined by Trypan blue exclusion counting and the neutrophil status was confirmed by flow
cytometry and cytospin slides (Cytospin 4; Thermo Fisher Scientific) visualized by deconvolution
microscopy (LEICA AF6000 Modular System).

Peripheral blood mononuclear cells (PBMCs) were isolated using Histopaque density 1.077 g/mL
(Lonza). CD14" cells were sorted with the MACS system (Miltenyi Biotec), according to the
manufacturer instructions and seeded at 5x10° cells/mL in RPMI-1640 media with L-glutamine
(Lonza) supplemented with 10% fetal bovine serum (FBS; Gibco), 25 pg/mL gentamicin (Gibco),
100 1U/pg/mL penicillin-streptomycin (Sigma-Aldrich), 12.5 ng/mL recombinant human GM-CSF
(PeproTech), and 25 ng/mL recombinant human IL-4 (PeproTech). The cells were incubated during 7
days at 37°C, 5% CO- and humid atmosphere. On the third day of incubation, fresh supplemented
medium was added to the cell culture. Human monocyte-derived dendritic cells (mdDCs)
differentiation was confirmed by flow cytometry (CD11c¢*Ms" CD14*/1ow),

Human A549 lung epithelial cells (ATCC CCL-185) were maintained in RPMI-1640 media
supplemented with 10% FBS, 25 pg/mL gentamicin, and 100 1U/pg/mL penicillin-streptomycin at
37°C, 5% CO2 and humid atmosphere. Aedes albopictus mosquito C6/36 cells (ATCC: CLR-1660)
were grown in Leibovitz’s media (L-15; Gibco) supplemented with 5% FBS, 25 pg/mL gentamicin,
and 0.26% tryptose (Sigma-Aldrich) at 28°C.

2.2 Zikavirus

Viral stocks of the Zika virus (ZIKV) Asian strains, the clinical isolate BR 2015/15261 (37) and the
laboratory-adapted PE243 (38), and the ZIKV ancestral African isolate MR766 (39) were prepared in
C6/36 cells. Seven days post-infection the cell culture supernatant was collected, clarified by
centrifugation and later titrated by foci-forming immunodetection assay in C6/36 cells (40). In
parallel, C6/36 cells were maintained in the same conditions without viral addition. This conditioned
supernatant, hereby called mock, was used as a negative control of activation and infection.

2.3 Cell interaction with ZIKV

Neutrophils at 2.5x10° cells/200 uL of RPMI-1640 media supplemented with 25 pg/mL gentamicin
and 100 1U/ug/mL penicillin-streptomycin were incubated during 2 hours with ZIKV strains (BR
2015/15261, PE243 and MR766) using a multiplicity of infection (MOI) of 1 at 37°C, 5% CO> and
humid atmosphere under agitation. Neutrophils were also stimulated in the same conditions with
mock, 200 1U/mL IFN-02A (Blau Farmacéutica), 100 ng/mL of Escherichia coli lipopolysaccharide
(LPS-EK, InvivoGen) and 16 nM of phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) as
controls of activation. After the 2h incubation period, neutrophils were washed twice (250 x g; 7
minutes) in non-supplemented media and plated in 96 well plates in RPMI-1640 media supplemented
with 10% FBS, gentamicin and penicillin-streptomycin. Medium collected at this point was called
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input and used as a control to account for any remaining viruses in the neutrophil culture after
washing out the initial inoculum. Two (input), 6, 12 and 24 hours after the beginning of challenge,
neutrophils and the culture supernatant were harvested and assessed. To exclude non-internalized
virus binding in their surface, neutrophils were treated after the wash steps with 0.05% trypsin-EDTA
(Gibco) during 10 minutes at room temperature (41), washed and suspended in the new media.
Where indicated, neutrophils did not have the stimuli removed after 2 hours and were immediately
plated in the same conditions for 6 hours.

PBMCs at 1x10° cells/500 pL of RPMI-1640 media supplemented with 25 pg/mL of gentamicin and
100 1U/pg/mL of penicillin-streptomycin were stimulated with mock, ZIKV strains at an MOI of 1,
and LPS at 37°C, 5% CO and humid atmosphere under agitation for 2 hours. The cells were then
washed twice (300 x g; 10 minutes) with non-supplemented media and plated in 24 well plates in the
same conditions and concentration during 24 and 48 hours when the supernatant was recovered for
chemokines quantification. With the same purpose, mdDCs were plated at 1x10° cells/500 pL of
RPMI-1640 supplemented with gentamicin and penicillin-streptomycin and rested during 24 hours at
37°C, 5% CO2 and humid atmosphere before undergoing the same stimulation.

A549 cells were seeded 16 hours before infection in 24 well plates at 1x10° cells in RPMI-1640
media supplemented with 10% of FBS, gentamicin, and penicillin-streptomycin at 37°C, 5% CO> and
humid atmosphere. A549 cells were incubated during 2 hours with ZIKV strains at an MOI of 1 (or
different stimulations when indicated) in 400 pL of RPMI-1640 media supplemented with
gentamicin and penicillin-streptomycin. After the incubation period, cells were washed twice with
non-supplemented media and kept in RPMI-1640 media supplemented with 10% FBS, gentamicin,
and penicillin-streptomycin at 37°C, 5% CO> and humid atmosphere during the indicated times.
C6/36 were infected following the same protocol described above for A549 cells but using L-15
media supplemented with 5% FBS, 25 pug/mL gentamicin, and 0.26% tryptose at 28°C.

24 RT-qPCR

Neutrophil RNA was extracted using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. RT-gPCR to detect ZIKV was performed in a 20 pL one-step RT-qPCR master mix
(Promega) containing 25 ng of sample RNA, 500 nM of the ZIKV1086 and ZIKV1162c
oligonucleotides and 200 nM of ZIKV1107-FAM probe according to a previously described protocol
(42). RNase P (RPPH1) was used as a reference gene (43). The expression of human gene IRF3 was
determined using the forward primer 5> CGCTCTGCCCTCAACCGCAA 3’; and the reverse primer
5 CCACCCAGGCAGCTCAGCAC 3°.RPPH1 primer was used to normalize gene expression. One-
step SYBR Green RT-gPCR master mix (Sigma) was used with 25 ng of sample RNA and 10 pmoles
of each primer pair following manufacturer recommendations. The following cycling conditions were
used: reverse transcription at 42°C for 30 min, denaturation and RT inactivation at 94°C for 30 sec,
followed by 40 cycles of denaturation at 94°C for 10 sec, annealing at 55°C for 10 sec, extension at
72°C for 30 sec, and plate read (acquisition of fluorescent data). A melting curve analysis was
performed after the amplification steps were completed by continuously recording the fluorescence
while increasing the temperature. The fluorescence threshold limit of the SYBR Green was set
automatically by the Light Cycler software (Roche). The relative expression of those molecules was
determined by the 2024€Y method, in which samples were normalized to RNAse P and expressed as
fold change over mock cells.

2.5 Flow cytometry
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Neutrophils and A549 cells viability was determined at the indicated time points using Annexin V
(ImmunoTools) and 7-Amino-Actinomycin (7-AAD; BD Bioscience) according to instructions of the
PE Annexin V Apoptosis Detection Kit (BD Bioscience). The frequency of ZIKV antigen positive
neutrophils, A549 cells and C6/36 cells was measured through staining with a Flavivirus E protein
monoclonal antibody 4G2 (ATCC HB-112) (40). Briefly, at the designated time points, the cells were
detached (A549 cells with trypsin and C6/36 with cell scrapper) from the cell culture flask, blocked
(5% FBS and 1% human AB serum in PBS) during 20 minutes at room temperature, fixed and
permeabilized using the Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Biosciences), and
stained with 4G2-FITC conjugated antibody during 45 minutes at 37°C. Alternatively, these cells
were labeled with 4G2, goat anti-mouse Alexa Fluor 488 secondary antibody (Thermo Fisher
Scientific) and Vybrant DyeCycleViolet Stain (Thermo Fisher Scientific), and fixed in slides pre-
treated with poly-L-lysine (Sigma-Aldrich) to be visualized by confocal microscopy (LEICA SP5
AOBS). For surface markers staining, neutrophils were blocked and incubated with fluorochrome-
conjugated mouse anti-human monoclonal antibodies specific for CD11b (clone ICRF44), CD16
(3G8), CD32 (FLI8.26), CD62L (DREG-56), CD182 (6C6) (BD Biosciences) and Hu AxI
(D57HAXL) (eBioscience), for 20 minutes at room temperature. Cytokines and chemokines in
neutrophils, PBMCs and mdDCs culture supernatants were quantified through the Cytometric Bead
Array (CBA) method using the Human Inflammatory Cytokines Kit and Human Chemokine Kit (BD
Biosciences) as per manufacturer instructions. To measure intracellular oxygen species, the infection
was labeling during 45 minutes at room temperature with 0.5 uM of 5-(and-6)-chloromethyl-2’,7’-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA\) probe (Invitrogen). Flow
cytometry was performed on a FACS Canto 11 with BD FACSDiva software (BD Biosciences) and
the acquired data analyzed on FlowJoV10 (BD Biosciences).

2.6  Neutrophil elastase measurement

Elastase in neutrophil culture supernatant at 6 hours post stimulation was detected using the Human
PMN-Elastase ELISA Kit (Invitrogen). Cell culture supernatant (100 pL) was added to a microwell
plate coated with anti-human polymorphonuclear elastase polyclonal antibody and incubated at room
temperature during 1 hour with a Horseradish peroxidase-conjugated anti-a 1-proteinase inhibitor
antibody. The immunocomplex was detected by adding tetramethyl-benzidine substrate solution and
the absorbance determined at 450 nm on a microplate reader (BioTek Synergy H1 Hybrid).

2.7 Neutrophil Extracellular Traps Assessment

Neutrophils at 2x10° cells/200 pL of RPMI-1640 media supplemented with 25 pg/mL gentamicin
and 100 1U/ug/mL penicillin-streptomycin were incubated during 5 hours with either mock, ZIKV
strains (BR 2015/15261, PE243 and MR766) at an MOI of 1, or 160 nM of PMA in 96 well plates at
37°C, 5% CO2 and humid atmosphere. In another setting, neutrophils were first incubated during 1
hour with mock or ZIKV strains under agitation, washed twice (250 x g, 7 minutes) and incubated 5
hours with PMA. Following the stimulation period, neutrophils were treated with 0.04 U/pL of Turbo
DNAse (Thermo Fisher Scientific) during 10 minutes at 37°C. The enzymatic digestion was stopped
with 5 mM EDTA, the culture was centrifuged (300 x g for 1 minute) and the supernatant collected
and 5-fold diluted. Free double-stranded DNA (dsDNA) was quantified using Quant-1T PicoGreen
dsDNA kit (Invitrogen) in a Qubit 2.0 fluorometer (Invitrogen) according to the manufacturer’s
recommendations.

For neutrophil extracellular traps (NETS) detection, neutrophils were stimulated during 5 hours as
described above on Lab-Tek chamber slides (Thermo Fisher Scientific) pre-treated with poly-L-
lysine. Afterwards, the supernatant was carefully removed and the cells were treated with 3%
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paraformaldehyde (Sigma-Aldrich) and stained with an acetyl-histone H3 polyclonal antibody
(Sigma) followed by a mouse anti-rabbit Alexa Fluor 488 secondary antibody (Sigma) and Vybrant
DyeCycleViolet Stain (Thermo Fisher Scientific) during 45 minutes at 37°C. The slides were sealed
with n-propyl gallate (Sigma-Aldrich) and NETs quantified by confical microscopy (LEICA SP5
AOBS). To evaluate the effect of NET on viral clearance, neutrophils were stimulated during 5 hours
with media or PMA using the same conditions described above. Cells were then incubated for 1 hour
with ZIKV (1 MOI) after which the cell culture was centrifuged (300 x g for 1 minute) and the
supernatant with virus not attached to the traps collected and quantified by foci-forming
immunodetection assay in C6/36 cells.

2.8 Migration assay

Neutrophils at 3x10° cells/200 pL of RPMI-1640 media supplemented with 25 pg/mL gentamicin
and 100 1U/ug/mL penicillin-streptomycin were seeded on a 3 pm pore Thin Cert insert (Greiner
Bio-One) coupled to a 24 well plate. To the well underneath the insert were added 600 pL of RPMI-
1640 media containing 1,000 or 50,000 pg of recombinant human (rh-) IL-8 (PeproTech) or A549
cells culture previously infected during 48 hours with mock or ZIKV (1 MOI). For this specific
experiment, infected A549 cells were maintained in the absence of FBS. RPMI-1640 media and
Ab549 cells stimulated with mock were used as a negative control of cell migration. After 2 hours at
37°C, 5% CO2 and humid atmosphere, migrated neutrophils were collected from the bottom part of
the transwell system and the cellular concentration determined by Turk dye exclusion counting. The
chemotactic index was calculated as the ratio of the number of migrated neutrophils in each condition
and the number of neutrophils that migrated in the negative control (44).

2.9 Co-culture assay

A549 cells at 1x10° cells per well of 24 well plates in RPMI-1640 media supplemented with 25
pg/mL gentamicin and 100 1U/pug/mL penicillin-streptomycin were stimulated during 2 hours with
mock and ZIKV (1 MOI) in the absence or presence of neutrophils in a ratio of 1:5. To evaluate if
neutrophils were physically interacting with A549 cells through a surface protein, neutrophils were
treated with trypsin during 10 minutes at room temperature, washed and suspended in fresh media
before addition to A549 cells in the same ratio. After the incubation period A549 cells culture was
washed twice and kept in 500 pL of RPMI-1640 media supplemented with 10% FBS, gentamicin and
penicillin-streptomycin for 14 hours. At this point, A549 cells were assessed for viability and
intracellular ZIKV antigen by flow cytometry as described above. In a second co-culture experiment
setting, A549 cells were incubated during 2 hours with mock or ZIKV (1 MOI), washed twice and
kept in the described conditions during 24 hours. Next, neutrophils in a ratio of 1:5, LPS only or
neutrophils plus LPS were added or not to these cultures. A549 cells were evaluated 16 hours later
for viability and frequency of ZIKV antigen positive cells. At the end of interaction, neutrophils
present in the culture were checked for surface markers by flow cytometry as described above.

2.10 Invivo ZIKV infection model

C57BL/6 mice were obtained from Instituto Carlos Chagas/FIOCRUZ-PR animal facility, and
maintained and handled according to the directives of the Guide for the Care and Use of Laboratory
Animals of the Brazilian National Council of Animal Experimentation. The protocols were approved
by the Committee on the Ethics of Animal Experimentation from Fundagdo Oswaldo Cruz —
CEUA/FIOCRUZ (license LW 03-19). Both male and female mice between 8-12 week-old mice
were used. ZIKV PE243 (1.3x10° FFU, 10 pL) spread to tissues were determined in blood, spleen,
kidney and lymph nodes (popliteal (pLN), lumbar aortic (laLN), and sciatic lymph nodes (SLN)) after

6
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10 minutes, 1, 3, 6 and 24 hours of viral subcutaneous footpad injection. The organs were aseptically
removed, gently homogenized using a tissue grinder, submitted to three freeze-thaw cycles and the
viral load measured by foci-forming immunodetection assay in C6/36 cells. The blood samples were
collected through cardiac puncture and the plasma were titered in C6/36 cells. To deplete peripheral
neutrophils, animals were inoculated intraperitoneally with 200 uL of PBS containing 400 pg of anti-
mouse Ly6G (1A8; BioxCell) or mouse IgG2a isotype control (C1.18.4; BioxCell). Control animals
received 200 pL of PBS only. After 18 hours, the frequency of neutrophils in total blood was
evaluated through flow cytometry by surface staining with fluorochrome-conjugated anti-mouse
monoclonal antibodies specific for CD11b (M1/70), Ly6C/G (RB6-8C5), CD3 (145-2C11) and CD8
(53-6-7) (1:100; BD Biosciences). Neutrophils depleted animals were inoculated in the hind footpad
with PBS containing 1,000 ng of LPS (to induce an inflammatory environment) or PBS. After 3
hours, the mice were inoculated with 10 pL of ZIKV PE243 (1.3x10° FFU) in the same footpad. One
hour later, popliteal lymph nodes (pLNs) were harvested and the viral title determined as above.

2.11 Statistical Analyses

Analyses were performed using GraphPad Prism 6 (GraphPad Software, Inc., USA). Wilcoxon
matched-pairs signed rank test (nonparametric paired t-test) was used in the analysis of the in vitro
experiments with primary human cells to clarify individual patterns. One-way Anova with Tukey’s
multiple comparison test was used in animal experiments to compare the average of groups. A cut-off
of p <0.05 was considered significant.

3 Results

3.1 ZIKV does not trigger human neutrophil cell death

Cell death is a mechanism through which viruses may deplete cell populations and imbalance
immune response. Conversely, the induction of anti-apoptotic signals may extend the availability of
cellular substrates for viral replication (45). Therefore, our first aim was to assess if ZIKV
stimulation affects the viability of human neutrophils. No morphological changes in neutrophils were
observed after ZIKV challenge (Figure 1A). The neutrophils viability during the first 24 hours after
interaction with different ZIKV strains were investigated by annexin V and 7-AAD labeling (Figure
1B-C). As expected, over time, an increased expression of phosphatidylserine in the control mock-
stimulated neutrophils were observed (Figure 1). In the absence of inflammation, neutrophils have a
short life span of 8-12 hours in circulation and undergo constitutive apoptosis (46). The observed
decrease in viability was not attributed to the neutrophil isolation methodology (Figure 1C, dashed
line). In accordance with previous reports (47), LPS, a positive control of neutrophil activation,
inhibited apoptosis at the late time points (Figure 1C). In the first 6 hours post virus interaction,
neutrophils expressed phosphatidylserine in higher frequencies than the mock control (Figure 1C).
This is suggestive of an early stress induced by the virus presence, but with low impact in the
neutrophil apoptotic state. In our model, we considered neutrophils functional until 24 hours after
ZIKV interaction due to the low loss of cellular integrity indicated by 7-AAD uptake (Figure 1C) and
used this time frame to evaluate other aspects of neutrophil biology.

3.2  ZIKV does not establish a productively infection in human neutrophils

In addition to subverting the target cell into a reservoir for virus replication and dissemination, viral
infection may use the infected cells as a Trojan horse to overcome physiological host defense barriers
(35). It can also result in the inhibition of important cell signal transduction pathways (19). To
address this issue, we next sought to understand whether human neutrophils are susceptible to and
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sustain ZIKV infection. No positive cells were detected for intracellular staining of the envelope
protein (4G2 monoclonal antibody) through immunofluorescence or flow cytometry 24 hours after
incubation with all three ZIKV strains tested (Figure 2A, panels a-d, and 2B). Also, no signal was
detected at early time points (data not showed). The possibility of an active internalization of a few
viral particles by neutrophils via receptors or phagocytosis could not be excluded. Low frequency
events may not result in a signal strong enough to allow the detection with used technigues, in
contrast with observed in the positive control, the highly susceptible and permissive mosquito cell
line C6/36 (Figure 2A, panels i-1). Corroborating with this hypothesis, ZIKV RNA could be detected
in the cells that had been incubated with the virus, however we did not observe an increase in ZIKV
RNA levels over time (Figure 2C) or the release of functional viral particles in loads greater than the
input (Figure 2D). Treatment of neutrophils with trypsin after the wash steps resulted in the reduction
but not in the abolishment of virus RNA levels (Figure 2E). This suggests that the low RNA levels
measured cannot be fully attributed to viral inoculum leftover that could not be completely washed
away, and at least partially, could be explained by the virus particles that stick at the cell membrane.
Moreover, the expression of IRF3 mRNAs, an important factor whose translation is induced when
endossomal sensors recognize viral RNA, indicate that there is some degree of intracellular
recognition of ZIKV antigens over time, although not significant nor different from the positive
control, IFN-a (Figure 2F).

3.3 Human neutrophils are not responsive to ZIKV

The recognition of viral elements in the cell cytosol triggers the development of defense mechanism
involved in viral replication control and inflammation. However, a significant part of neutrophil
activation mechanisms is coordinated through the signaling of cell surface pattern-recognition
receptors (46). Thus, we evaluated the modulation of neutrophil surface receptors after ZIKV
challenge as a measurement of activated phenotype in neutrophils. The adhesion integrin CD11b, the
FcyRI11 CD32, and the chemokine receptor CD182/CXCR2 were upregulated over time following
LPS stimulation, while the selectin adhesion receptor CD62L was downregulated (Figure 3A-B),
indicating priming of neutrophils (48,49). Nevertheless, only slight differences were observed in the
expression of these molecules between mock- and the ZIKV strains-stimulated neutrophils. No
significant differences were observed in the IL-8/CXCLS levels secreted by neutrophils after 12
hours of stimulation with mock or ZIKV (Figure 3C). Similar results were obtained for IL-1p, IL-6
and IL-10 (data not showed). Corroborating these findings, no elastase was detected in neutrophil
supernatant culture after 6 hours of stimulation with ZIKV BR 2015/15261 (Figure 3D). It was also
noted a general lack of intracellular ROS production in neutrophils, measured by the oxidation of
chloromethyl-H,DCFDA, in contrast to the oxidative stress generated by phorbol 12-myristate 13-
acetate (PMA) stimulation, a well-known ROS inducer (Figure 3E).

Next, we evaluated the generation of NETSs in the context of ZIKV infection. NETs formation are
dependent on ROS (50) and the lack of intracellular ROS in neutrophils previously stimulated with
ZIKV (Figure 3E) indicated an impairment to its formation. Moreover, neutrophils nuclei and
membrane integrity after contact with ZIKV (Figure 1A) indicated this defense mechanism was not
being activated. We confirmed that NETs were not induced by any ZIKV strains tested after 5 hours
of stimulation through the quantification of free double-stranded DNA in neutrophil supernatants
(Figure 4A), and the absence of web-link extracellular structures colocalizing with DNA and histone
(Figure 4B). PMA, a well-known potent mitogen and a robust NET inducer over a 3-4 hour time
course (50), as observed here (Figure 4A-B). When neutrophils were first stimulated for 1 hour with
ZIKV followed by PMA for 5 hours, no difference were observed in the levels of free DNA in
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neutrophil culture when compared with PMA treatment of mock-stimulated cells (Figure 4C),
suggesting that ZIKV also does not interfere with NETs formation by other stimuli. Moreover, no
less free viral particles were detected when ZIKV was incubated with PMA-induced NETs (Figure
4D), which suggests that ZIKV is not trapped and neutralized by the DNA fibers in a scenario where
a secondary stimulus triggered NETS.

To confirm that neutrophil does not impact ZIKV particles, neutrophil were incubated for either 2 or
6 hours with ZIKV. These virus did not have impaired infectivity during subsequent infection of the
susceptible A459 cells (Figure 5).

3.4 ZIKV infection does not provide a favorable environment for human neutrophil
migration

Although neutrophils are circulatory cells and therefore have the potential to encounter viruses in the
bloodstream, their fate is to contribute to the inflammation process on the infected tissue. In fact, the
priming of neutrophils in the circulation by an isolated stimulus is insufficient, and their complete
activation to full capacity is a multistep process achieved after their transmigration through the
endothelium following a chemotactic gradient (46). Secretion of IL-8/CXCL8, an important
neutrophil chemoattractant, was measured after stimulating mdDCs and PBMCs with ZIKV for 24
and 48 hours. LPS was used as a positive control of activation and boosted the chemokines
production (Figure 6A-B). Similar levels of IL-8 were detected for the monocyte chemoattractant
protein-1 (MCP-1/CCL2) and IFN-inducible protein 10 (IP-10/CXCL10) in mdDCs at the same time
points (Figure 6A). A concentration of recombinant human IL-8 (rhIL-8) corresponding
approximately to the ones detected in the PBMCs and mdDCs supernatant (1,000 pg) was not enough
to induce neutrophil migration in a transwell assay (Figure 6C). Neutrophils migrated with a 50-fold
higher rhIL-8 concentration (Figure 6C). Interestingly, A549A cells infected with ZIKV PE243 for
48 hours, which could generate a rich environment to neutrophil migration due to higher replication,
also did not promote neutrophil migration (Figure 6C).

To mimic a situation where neutrophils reached an infected environment after migration, we co-
cultured neutrophils with A549 cells in two situations. First, to assess neutrophil influence during the
infection, neutrophils were added to A549 cells concomitant with ZIKV infection. Both stimuli were
maintained for 2 hours and then removed. The A549 cells infection frequency was evaluated after 16
hours by the detection of ZIKV envelope protein (4G2) (Figure 7A). The second situation aimed to
observe neutrophil role to an established ZIKV infection. A549 cells were infected for 24 hours with
ZIKV strains and after this time neutrophils were added for 16 hours when A459 cells infection
frequency was measured (Figure 7B). A significant reduction in A549 cell infection was observed
when neutrophils were present in both conditions (Figure 7A-D). We did not detect an increase in the
frequency of A549 cells annexin V'7-AAD" due to neutrophil presence pointing to no loss in A549
cell viability (Supplementary Figure 1A-B). We hypothesized that a small number of particles might
have been internalized by neutrophils (Figure 2) and a reduced fraction of the virus particles could be
binding to the surface of neutrophils (Figure 2D-E). Nevertheless, such a small reduction in the
number of free viral particles is not enough to explain the decrease in the infection rate seen in the
co-cultures (Figure 5). Neutrophils co-cultured with A549 cells infected for 24 hours also did not
exhibit modulation of surface receptors, indicating non-activation (Supplementary Figure 1C).
Moreover, the addition of neutrophils previously activated with LPS to the infected A549 cells had
no effect on the frequency of infected cells in comparison with the conditions where resting
neutrophils were added to the co-culture (Supplementary Figure 1D), reinforcing that the reduction of
the infection is not due to neutrophils activation. Since neutrophil treatment with trypsin before
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addition to A549 cells restored A549 cells infection frequencies (Figure 7E), we hypothesized that
neutrophils were interacting with A459 cells through surface protein membrane components,
impairing ZIKV infection. The treatment with trypsin did not significantly affect the viability of
neutrophils (annexin V-'7-AAD") or the average expression of CD11b and CD32 receptors, but did
reduce the expression of CD62L and CD182, suggesting an impact on neutrophil surface proteins by
trypsin (data not showed).

3.5 Neutrophil depletion does not alter ZIKV titers in the draining lymph node

Next, we investigated contribution of the neutrophils to virus clearance in a local ZIKV infection. In
C57BL/6 immunocompetent model, we only detected ZIKV PE243 in the lymph nodes (popliteal
(pLN), lumbar aortic, and sciatic lymph nodes) until 3 hours post infection (Supplementary Figure
2A). Therefore, we used the pLN after 1 hour of ZIKV infection as a viral spread site in our studies.
C57BL/6 mice had the number of neutrophils significantly reduced through a monoclonal antibody
targeting Ly6G (clone 1A8) (Supplementary Figure 2B-C), and were inoculated subcutaneously in
the hind footpad with LPS to stimulate neutrophil migration to the injection site 3 hours previously
viral subcutaneous infection. The animals treated with the anti-Ly6G antibody (Ly6G x LPS)
presented similar titers of ZIKV in the pLN than animals that received no antibody treatment (PBS x
LPS) (Figure 8). The slightly reduced titers in the pLN seen in mice that received LPS in comparison
with the ones that received PBS in the footpad were attributed to the inflammatory context. This
result suggests that, in this model, the presence of neutrophils was not essential to contain ZIKV
spreading to the draining lymph node.

4 Discussion

Neutrophil-inflammatory responses triggered by viral infection are necessary for the initiation of
effective antiviral immunity (51-54), but can also become dysregulated and result in tissue injury
(55,56). Due to its dual nature, a complete understanding of neutrophil functions during viral
infections may lead to the design of therapeutic strategies that exploit the beneficial functions of
neutrophils while limiting their damaging effects. It could be extended to ZIKV pathology, in which
neutrophils could be associated with the virus congenital and neurotropic nature, the ability to cause
injury to the reproductive tract and be sexually transmitted, as well as the long-term viral persistence
in some body fluids and tissues (3). In order to investigate these possibilities we interrogated the
response of human neutrophils to Asian and African ZIKV strains in different experimental settings.

Neutrophils were suggested to be permissive to ZIKV as viral RNA was found in myeloperoxidase®
neutrophils present in the lymph nodes of cynomolgus macaques 7 days post-infection (12), and in
CD45*CD11b* neutrophil-myeloid cells in the placenta of AIR mice (vertical transmission in a Rag1-
deficient mouse model) (29). In contrast to those previous findings, our results showed that human
neutrophils are not targets of ZIKV replication and do not represent a remarkable ZIKV reservoir.
This is in agreement with previous reports showing that ZIKV preferentially targets human PBMCs,
specially CD14*CD16"™ monocytes (18). We reported the absence of AXL in the surface of human
neutrophils (Supplementary Figure 3), a TAM family tyrosine kinase that has been described as a
facilitator to ZIKV infection due to attenuation of type I IFN (57), but other known or unknown
receptors could mediate viral endocytosis or phagocytosis in neutrophils.

Surprisingly, neutrophil stimulation with ZIKV did not promote cell activation or any of the classical
pathways of neutrophil microbicide mechanisms as noted by the absence of phosphatidylserine and

surface receptors modulation, secretion of inflammatory cytokines and granule content, production of
reactive oxygen species and NETs. A prolonged continued stimulation of 6 hours did not change this
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scenario (Supplementary Figure 4). These results indicate neutrophils presented a non-responsive
phenotype in our experimental settings and would not be the major source of mediators during ZIKV
infection. Other virus, such as Human immunodeficiency virus-1, induced activation on neutrophils
by modulating the expression of TLR2, TLR4, and TLR7, CD62 and CD11b, promoting the secretion
of IL-6 and TNF-a, and altering ROS production (58). ZIKV and Dengue virus type 2 (DENV-2)
were showed previously not able to provoke NETSs induction in mouse neutrophils (59) and humans
(60), but DENV-2 triggered spontaneous decondensation of neutrophil nuclei in patients during acute
phase of infection and the in vitro incubation of NETs with DENV-2 significantly decreased DENV
infectivity (61).

A viral escape from innate immune components could result in delayed immune responses favoring
virus spread. Furthermore, we cannot rule out a possible suppression of neutrophil action by ZIKV,
as already showed to primary monocytes, mdDCs and plasmacytoid DCs that have their maturation
and activation impaired during ZIKV replication (16,18,19,62). Moreover, a cohort of rhesus
monkeys produced minimal systemic cytokine response to ZIKV infection (11). In accordance, Asian
ZIKV strains triggered a non-classical monocyte expansion and M2-skewed gene expression,
characteristic of anti-inflammatory responses (17). In patients infected by ZIKV, myeloid DCs and
PBMCs showed suppression of antiviral IFN immune responses and innate immune sensors,
suggesting that ZIKV creates an intracellular milieu conducive to supporting the infection (63,64).

However, several reports indicate neutrophil migration during ZIKV infection, it is likely that
neutrophils exercise their actions at the site of infection rather than directly on the virus. IFN receptor
deficient mouse models show enhanced neutrophils infiltration in the CNS following ZIKV infection
and in other relevant structures such as spleen, spinal cord, epididymis and testis (9,21,22,27,65).
Neutrophil infiltrations were also present in mucosal, placental and fetal tissues during acute ZIKV
infection in humans, pigtail and rhesus macaques (13,66,67). ZIKV patients in acute or recovery
disease phase, THP-1 cells and monocytes presented elevated IL-8/CXCLS8 levels after ZIKV
infection (14,15,18,68), and neutropenia was detected in the blood of patients in acute phase and in
the first week after ZIKV infection in rhesus monkeys (15,69,70). Moreover, lethal AG129 mice
model challenged with a recombinant ZIKV that did not replicate in myeloid cells, resulted in no
viral infection, no cytokines involved in leukocytes recruitment, and no viral dissemination to
peripheral organs (26). Despite these reports, in our settings, 48 hours of ZIKV infection of mdDCs
and PBMCs did not induce sufficient levels of IL-8 to promote neutrophil migration. This might be
due to limitations of our in vitro model. Even ZIKV infection in A549 cells that endure high levels of
ZIKV replication and can generate a more complex environment did not promote neutrophil
migration. Frumence et al. showed the secretion of soluble IL-8 in ZIKV infected A549 cells (71),
however at lower levels required to promote neutrophil migration in vitro.

Emerging evidence points out to a secondary action of neutrophils in the site of infection, not directly
primed by the virus, but possibly dependent on the mosquito saliva components. Mosquito-sourced
factors at bite sites enhanced Semliki Forest virus infection specifically by promoting a counter-
productive neutrophil-dependent inflammation. The mosquito bite induced at the site of infection an
increase in neutrophil chemoattractants CXCL1, CXCL2, CXCL3, CXCLS5, IL-1p and IL-6, which
cause an influx of inflammatory neutrophils expressing IL-1p. These infiltrating neutrophils helped
coordinate the entry of myeloid cells, via CCR2, that are permissive to viral infection (72). The
neutrophil stimulation factor 1 (NeSt1), a recently identified Aedes aegypti salivary gland protein,
could contribute to this process. It activates neutrophils in the bite site increasing IL-1 and CXCL2,
and promotes the recruitment of susceptible macrophages to the bite site, which in turn increases
ZIKV replication and leads to increased viral pathogenesis in AG129 mice (73). In an attempt to
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assess the putative impact of neutrophil migration to infected tissues in vitro, we used a co-culture
system with A549 cells. Our results show a reduction on ZIKV infection of A549 cells when
neutrophils are present that it seems to be due to the interaction between the two cells, but not related
to neutrophil activation. It has been showed that cell-to-cell contact between neutrophils and A549
cells leads to a pro-proliferative effect on tumor cells involving the release of elastase and COX-2
products (74). Also, the direct cell-cell contact between neutrophils and A549 cells was a prerequisite
for an increased production of IL-6 and IL-8 by A549 cells (75). Apoptotic neutrophils induced A549
cell death mediated by soluble Fas ligand (76), or arrested its cell cycle, which can be dependent on
cell contact (77). It was not the case in our model, where neutrophils presence did not affect A549
cell viability. It remains to be defined what molecules and pathways might be involved during those
cell interactions that potentially contribute to the reduction of viral infection or proliferation.

In order to gain a better understanding on the role played by neutrophils in ZIKV clearance at the
inflammation site, we depleted neutrophils from C57BL/6 mice. In this scenario, we did not observe
a direct action of neutrophils in preventing ZIKV spread to the lymph nodes in the first hour after
ZIKV inoculation in a setting where an inflammatory environment had been previously induced by
LPS injection. Interestingly, other authors reported that besides extensive neutrophil recruitment to
the inflammation site after certain virus infections (Respiratory syncytial virus, Herpes simplex virus
type 1 and Coxsackievirus B3), neutrophils did not play an important role in viral replication and
disease susceptibility, which in turn was exerted by monocytes and macrophages (78-81).

Immunocompetent mice, like C57BL/6 strain, readily resolve ZIKV infection and are a limited
model to answer long-term questions. However, IFN pathway deficient models, despite being
valuable tools to study ZIKV pathology, could alter the kinetic of neutrophil recruitment. Intracranial
ZIKV infection in C57BL/6 WT or Ragl” mice (deficient in mature T and B cell) resulted in a lethal
encephalitis with infiltration of macrophages and NK cells (21). Neonatal immunocompetent mice
challenged subcutaneously with ZIKV elicit CD8" T cells to the CNS (22). In contrast, IFNAR™- mice
(IFN type I and |1 receptor deficient) infected by both routes, showed an accelerated ZIKV spread to
peripheral organs and to the CNS, where it elicits an inflammatory response characterized by
neutrophils infiltration (21,22). Curiously, chemokines associated with neutrophil infiltration, besides
T cell, monocytes and macrophages were also detected in the brain of STAT2”- mice subcutaneously
infected with ZIKV (23). In the context of infection with the pulmonary bacteria Francisella
tularensis and Influenza virus, the absence of IFN result in higher neutrophil recruitment (82,83). It
would be of considerable interest to assess the production of neutrophil chemoattractants, such as
CXCL1 and CXCL2 in the CNS of humans following ZIKV infection, since ZIKV antagonizes
human IFN-1.

In conclusion, the results indicate that human neutrophils are slightly activated by direct contact with
the ZIKV. Thus, the direct interaction between ZIKV and neutrophils does not contribute to the viral
replication or to the inflammatory disease associate with the virus infection. On the other hand, in
vitro, neutrophils are able to reduce the ZIKV infection/replication on A549 cells. Is not clear how
neutrophils play this role and also, this data needs in vivo validation. Finally, despite not being a cell
target for the ZIKV infection it seems that, in vitro, neutrophils play a role in shaping the ZIKV
infection in other target cells.
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Figure Captions

Figure 1. ZIKV strains do not affect human neutrophils viability. (A) Neutrophils morphological
features showed by flow cytometry and deconvolution microscopy (bright-field) after in vitro
stimulation during 2 hours with mock (C6/36 cells conditioned media in equivalent volume of ZIKV
strains), LPS (100 ng/mL), ZIKV BR 2015/15261, ZIKV PE243 and ZIKV MR766 (1 MOI). The
cells were washed to remove the stimuli (indicated by V) and evaluated right after that (2 hours) and
at 6, 12 and 24 hours after stimulation. The image shows a representative dot plot and cell image of
neutrophils after 6 hours of interaction with ZIKV PE243. Bar=25 um; magnification=100x. (B)
Contour plots depicting the frequency of annexin V* and 7-AAD" in the neutrophils gated population
at 6 hours after stimulation with mock, LPS and ZIKV PE243. This is a representative plot of the
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ZIKYV strains’s effects. Mock-unstained condition was used as a negative control of fluorescence to
set the gates. (C) Frequency of annexin V* and annexin V*7-AAD* neutrophils at 2, 6, 12 and 24
hours after stimulation with mock, LPS and ZIKV strains. The dashed line represents annexin V* and
annexinV*/7-AAD" frequency right after neutrophil purification from blood. Three independent
experiments are showed (n=11). Bars indicate standard error of the mean (SEM). The asterisk (*)
denotes statistical difference between mock and LPS and the number sign (#) between mock and all
the three ZIKV strains in the condition.

Figure 2. ZIKV strains do not replicate in human neutrophils. (A) Immunostaining of neutrophils
with 4G2 at 24 hours after ZIKV PE243 (1 MOI) (a-d) or mock (e-h) stimulation. Nuclei were
stained withVVybrant DyeCicleViolet. Merge of these stainings and the bright-field colocalization are
also showed. C6/36 cells (I-p) were used as an infection positive control. Bar=50 pum;
magnification=40x. (B) Histograms showing 4G2 immunostaing of neutrophils at 24 hours after
mock and ZIKV PE243 stimulation as measured through flow cytometry. Mock-unstained cells were
used as a negative fluorescence control. One representative result of three independent experiments is
showed. (C) RNA levels of ZIKV BR 2015/15261, ZIKV PE243 and ZIKV MR766 (1 MOI)
represented by ACt (Ct ZIKV —Ct RNAse P) in neutrophils at 2, 6, 12 and 24 hours after stimulation
with the different strains. One independent experiment is showed (n=3). (D) ZIKV loads on
neutrophil culture supernatant after 6, 12 and 24 hours of stimulation with ZIKV strains. The dashed
line named input represents the mean of the titers of the three ZIKV strains still detected on the
supernatant after the stimuli removal after 2 hours of stimulation. Four independent experiments are
showed (n=15). (E) RNA levels of ZIKV represented by ACt (Ct ZIKV —Ct RNAse P)detected 2
hours after stimulation with ZIKV PE243 (1 MOI) in neutrophils treated or not with trypsin. Three
independent experiments are showed (n=9). (F) mRNA levels of IRF3, in neutrophils at 2, 6, 12 and
24 hours after stimulation with IFN-a (200 U/mL), ZIKV PE243, and ZIKV MR766 (MOI 1) relative
to the non-stimulated cells (represented as 222<Y). All data was normalized to human RNAse P
expression levels. One independent experiment is showed (n=3). Bars indicate SEM.

Figure 3. ZIKV strains do not promote regulation of surface molecules expression, cytokines,
elastase secretion, and intracellular reactive oxygen species production in human neutrophils. (A)
Contour plots depicting the frequency of CD16*CD11b™ neutrophils 6 hours after stimulation with
mock, LPS and ZIKV PE243 (1 MOI). Isotype control antibodies were used as a negative
fluorescence control to set the gates. Histograms of representative results of the CD16"CD11b* and
CD11b fluorescence intensity are showed. (B) Expression of CD11b, CD32, CD182 and CD62L,
represented by the mean fluorescence intensity (MFI), in neutrophils at 2, 6 and 12 hours after
stimulation with mock, LPS and ZIKYV strains. The dashed line represents the respective markers
MFI right after neutrophil obtaining from blood. Two independent experiments are showed (n=8).
(C) IL-8 levels in neutrophil culture supernatant after 6 and 12 hours of stimulation with mock, LPS
(100 ng/mL), ZIKV BR 2015/15261, ZIKV PE243 and ZIKV MR766 (1 MOI). Three independent
experiments are showed (n=12). (D) Elastase levels in neutrophil culture supernatant after 6 hours of
stimulation with mock, LPS and ZIKV BR 2015/15261 (1 MOI). Two independent experiments are
showed (n=6). (E) Chloromethyl-H,DCFDA dye fluorescence in neutrophils 6 hours after
stimulation with mock, PMA (16 nM) and ZIKV PE243 (1 MOI), and the frequency of neutrophils
chloromethhyl-H,DCFDA" at 2 and 6 hours after stimulation with mock, PMA and ZIKV strains.
Two independent experiments are showed (n=6). Bars indicate SEM. The asterisk (*) denotes
statistical difference between mock and LPS (B-D) or PMA (E) and the number sign (#) between
mock and all the three ZIKV strains in the condition (B).
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Figure 4. ZIKV strains do not induce, block or are impacted by NETSs. (A) Free double stranded
DNA (dsDNA) on neutrophil culture supernatant after 5 hours of stimulation with mock, PMA (160
nM), ZIKV BR 2015/15261, ZIKV PE243 and ZIKV MR766 (1 MOI). Three independent
experiments are showed (n=9). The asterisk (*) denotes statistical difference between mock and
PMA. (B) Immunostaining of neutrophils with anti-acetyl-histone H3, after 5 hours of stimulation
with mock (a-d), PMA (e-h) and ZIKV PE243 (1 MOI) (i-l). DNA was stained using Vybrant
DyeCicleViolet. Merge of these stainings and the bright-field colocalization are also showed. Bar=50
pum; magnification=60x. ZIKV PE243 is showed as representative of the ZIKV strains’ effects. One
representative of three independent experiments is showed. (C) Free dsDNA on neutrophil culture
supernatant after 1 hour of stimulation with mock and ZIKV strains plus 5 hours of stimulation with
PMA. Two independent experiments are showed (n=6). (D) ZIKV titers on neutrophil culture
supernatant stimulated or not with PMA during 5 hours followed by 1 hour of interaction with ZIKV
strains. Two independent experiments are showed (n=6). Bars indicate SEM.

Figure 5. ZIKV interaction with human neutrophils does not affect the viral infectivity. Flow
cytometry plots depicting the frequency of 4G2* A549 cells at 36 (A) or 32 hours (B) after infection
with ZIKV PE243 (1 MOI) previously incubated 2 or 6 hours, respectively, in the presence (+N@) or
absence of neutrophils. Mock condition was used as a negative fluorescence control and ZIKV
PE243 is showed as a representative of the ZIKV strains’s effects. Frequency of 4G2* A549 cells
infected during 36 (C) or 32 hours (D) with ZIKV strains (1 MOI) previously incubated 2 or 6 hours
in the presence or not of neutrophils. Two independent experiments are showed (n=9). Bars indicate
SEM. N@, neutrophils. (V) indicates the moment cells were washed to remove the stimuli.

Figure 6. ZIKV infection in human primary cells or highly susceptible cell lines does not promote
human neutrophils migration. 1L-8, MCP-1 and IP-10 levels in mdDCs (A) and IL-8 in PBMCs (B)
culture supernatant after 24 and 48 hours of stimulation with mock, LPS (100 ng/mL), ZIKV BR
2015/15261, ZIKV PE243 and ZIKV MR766 (1 MOI). Three independent experiments are showed
(n=9). The asterisk (*) denotes statistical difference between mock and LPS. The number sign (#)
between mock and all the three ZIKV strains in the condition. (C) Chemotactic index of neutrophils
after 2 hours of stimulation with 1,000 or 50,000 pg of rhIL-8 and ZIKV PE243 infected A459 cells
at 48 hours post-infection. Two independent experiments are showed (n=6). Bars indicate SEM.

Figure 7. Neutrophils presence during or after ZIKV infection in susceptible cells impacts the
intracellular viral burden. (A) Flow cytometry plots depicting the frequency of 4G2* A549 cells when
neutrophils (+N@) or neutrophils pre-treated with trypsin (+N@ +trypsin) were added or not only
during the 2 hours of interaction with ZIKV PE243 (1 MOI). Mock condition was used as a negative
fluorescence control. ZIKV PE243 is showed as representative of the ZIKV strains’ effects. (V)
indicate the moment cells were washed to remove the stimuli. (B) Flow cytometry plots depicting the
frequency of 4G2" A549 cells when neutrophils were added (+N@) during the last 16 hours to an
A549 cell culture previously infected during 24 hours with ZIKV PE243. Frequency of 4G2" A549
cells when neutrophils were added or not during ZIKV strain infection (1 MOI) (C) or 24 hours after
ZIKV infection (D). Four independent experiments are showed (n=12). The asterisk (*) denotes
statistical difference between the absence and presence of neutrophils to each ZIKV strain. (E)
Frequency of 4G2* A549 cells when neutrophils were treated with trypsin and added during ZIKV
infection (1 MOI). Two independent experiments are showed (n=6). Bars indicate SEM. N@=
neutrophils.

Figure 8. A systemic reduction of neutrophils does not restrict ZIKV relocation to draining lymph
nodes. After neutrophils depletion, mice received footpad s.c. injection of PBS or LPS (1000 ng) and
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3 hours later, ZIKV PE243 (5x10° FFU). One hour later, pLNs were harvested and pooled to
determine ZIKV loads. Three animals per group were used in each experiment. One of three
independent experiments is showed. Bars indicate SEM.

Supplementary Figure 1. ZIKV lower infection in A549 cells in the presence of neutrophils is not due
to viability reduction in A549 cells or neutrophils activation. Frequency of A549 cells annexin V7-
AAD" after stimulation with mock or ZIKV BR 2015/15261, ZIKV PE243 and ZIKV MR766 (1
MOI) in the presence or not of neutrophils added during infection (A) or 24 hours after ZIKV
infection (B). (C) Expression (MFI) of CD11b in neutrophils or neutrophils treated with LPS (100
ng/mL) co-cultured 24 hours with A549 cells infected with mock or ZIKV strains (1 MOI). (D)
Frequency of 4G2" A549 cells when neutrophils were added 24 hours after ZIKV strains infection in
the presence or absence of LPS. Three independent experiments are showed (n=9). Bars indicate
SEM. The asterisk (*) denotes statistical difference between mock and LPS (C) and between the
absence and presence of neutrophils to each ZIKV strain (D). N@= neutrophils.

Supplementary Figure 2. Neutrophil depletion mediated by anti-Ly6G monoclonal antibody. (A)
ZIKV titer detected in the pool of both popliteal (pLN), sciatic (SLN) and lumbar aortic (laLN) lymph
nodes per animal after 10 minutes, 1 and 3 hours of ZIKV PE243 (5x10° FFU) injection in the
footpad. (B) Flow cytometry plots depicting the frequency of CD11b*Ly6C/G" polymorphonuclear
leukocytes (PMN) and CD8"CD3" lymphocytes population in the total blood of C57BL/6 mice
treated with PBS or Ly6G (400 pg) i.p. during 18 hours. (C) Frequency of CD11b"Ly6C/G* cells in
the PMN population in mice treated with PBS or Ly6G. The dashed line indicates the isotype control.
The asterisk (*) denotes statistical difference between PBS and Ly6G. Three animals per group were
used in each experiment. One of three independent experiments is showed. Bars indicate SEM

Supplementary Figure 3. Absence of AXL expression in human neutrophils. AXL fluorescence in
neutrophils (first line). An isotype control antibody was used as a negative fluorescence control and
A549 cells as a positive control (second line). One representative of two independent experiments is
showed.

Supplementary Figure 4. A prolonged ZIKV stimulation does not impact the viability, surface
receptors expression, and intracellular reactive oxygen species production in human neutrophils.
Contour plots depicting the frequency of annexin V* and 7-AAD™ neutrophils (A), CD16"CD11b*
and CD11b fluorescence intensity (B), and Chloromethhyl-H,DCFDA* (C) after 6 hours of constant
stimulation with mock, LPS (100 ng/mL) or PMA (16 nM) and ZIKV PE243 (1 MOI). Mock-
unstained condition or the isotype control were used as negative control to set the gates. ZIKV PE243
is showed as a representative of the ZIKV strains’s effects. One representative of two independent
experiments is showed.
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3.2 CHAPTER 2. Cellular migration to the draining lymph nodes in viral infection

3.2.1 Vaccinia virus infection inhibits skin dendritic cell migration to draining
lymph nodes (paper)

The data from this section was publisehd in The Journal of Immunology
(impact factor: 4.886 (2019)/ Qualis: Al), on February of 2021: doi:
10.4049/immunol.2000928. Most of that paper results are available as a preprint

article on Biorxiv plataform since February of 2020, doi: 10.1101/2020.02.17.952374.

Title: Vaccinia Virus Infection Inhibits Skin Dendritic Cell Migration to the Draining
Lymph Node

Authors: Juliana Bernardi Aggio, Veronika Krmeskéa, Brian J. Fergusin, Pryscilla
Fanini Wowk and Antonio Gigliotti Rothfuchs

Resumo: Ha uma escassez de informacdo sobre a resposta de células dendriticas
(DCs) para vaccinia virus (VACV), incluindo a trafego de DCs para o linfonodo
drenante (dLN). Neste estudo, usando um modelo murino de infecgdo, noés
estudamos a migracéo de DCs da pele em resposta a VACV e a comparamos com a
vacina contra tuberculose Mycobacterium bovis bacilo Calmette-Guérin (BCG), outra
vacina atenuada administrada pela pele. Em contraste com BCG, DCs da pele néo
se deslocaram para o dLN em resposta a VACV. A infegdo com VACYV inativada por
UV ou modified VACV Ankara promoveram o movimento de DCs para o dLN,
indicando que a interferéncia em DCs da pele requer VACV competente em
replicacdo. Este efeito supressivo de VACYV foi capaz de mitigar respostas para um
segundo desafio com BCG na pele, abalando a migracdo de DCs, reduzindo o
transporte de BCG, e retardando a ativacao de linfocitos CD4 no dLN. A expressao
de mediadores inflamatoérios associados com a migracdo de DCs desencadeada por
BCG estavam ausentes na pele infectada com o virus, sugerindo que outra via de
sinalizacdo provoca o movimento de DCs em resposta a VACV deficientes para
replicacdo. Apesar da forte supressédo da migracdo de DCs, VACV foi detectada
cedo no dLN e ativou linfécitos CD4 antigeno especificos. Eu resumo, VACV
blogueia a mobilizacdo de DCs da pele do local de infeccdo, mas retém a habilidade

de acessar o dLN e ativar linfécitos CD4.
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Vaccinia Virus Infection Inhibits Skin Dendritic Cell
Migration to the Draining Lymph Node

Juliana Bernardi Aggio,*’* Veronika Krmeska,* Brian J. Ferguson,1E

Pryscilla Fanini Wowk,*" and Antonio Gigliotti Rothfuchs*

There is a paucity of information on dendritic cell (DC) responses to vaccinia virus (VACYV), including the traffic of DCs to the
draining lymph node (dLN). In this study, using a mouse model of infection, we studied skin DC migration in response to VACV
and compared it with the tuberculosis vaccine Mycobacterium bovis bacille Calmette-Guérin (BCG), another live attenuated
vaccine administered via the skin. In stark contrast to BCG, skin DCs did not relocate to the dLN in response to VACYV. Infection
with UV-inactivated VACYV or modified VACV Ankara promoted DC movement to the dLN, indicating that interference with skin
DC migration requires replication-competent VACYV. This suppressive effect of VACV was capable of mitigating responses to a
secondary challenge with BCG in the skin, ablating DC migration, reducing BCG transport, and delaying CD4"* T cell priming in
the dLN. Expression of inflammatory mediators associated with BCG-triggered DC migration were absent from virus-injected
skin, suggesting that other pathways invoke DC movement in response to replication-deficient VACYV. Despite adamant suppres-
sion of DC migration, VACV was still detected early in the dLN and primed Ag-specific CD4" T cells. In summary, VACV blocks
skin DC mobilization from the site of infection while retaining the ability to access the dLN to prime CD4" T cells. The Journal of
Immunology, 2021, 206: 000-000.

endritic cells (DCs) excel in their capacity to capture, Calmette—Guérin (BCG), the live attenuated tuberculosis vaccine
transport, and present microbial Ag to prime naive T cells (3). We found that the population of migratory EpCAM™
in secondary lymphoid organs (1). The lymph node (LN) CD11b™#" skin DCs were important for the transport of BCG from

is a major site for such Ag presentation, which is often preceded its inoculation site in the skin to the dLN and, in doing so, for
by the relocation of DCs from the site of infection in the periphery priming mycobacteria-specific CD4" T cells in the dLN (3).

to the draining LN (dLN) (2). Despite a large body of data on Similar to BCG, the smallpox vaccine vaccinia virus (VACV) is a
immunizations with model Ags, DC migration remains incom- live attenuated microorganism administered via the skin. Despite
pletely understood during infection with pathogens and live at- many studies on the immune response to poxviruses and countless
tenuated bacterial or viral vaccines. Using an infection model in investigations on antiviral T cell priming, there is a knowledge gap
mice and a novel assay to track DC migration in vivo, we have on the initial immunological events that unfold in vivo in response
previously identified a role for IL-1R signaling in mobilizing skin to VACV. Because of its large genome and replication cycle fea-
DCs to the dLN in response to Mycobacterium bovis bacille tures, VACV is readily used as an expression vector and live

recombinant vaccine for infectious diseases and cancer (4-7).
Because BCG efficacy is suboptimal, there is a standing need to
*Department of Microbiology, Tumor and Cell Biology, Karolinska Institutet, improve tuberculosis vaccination. Recombinant BCG strains as

SE-171 77 Stockholm, Sweden; 'Instituto Carlos Chagas, FIOCRUZ, Curitiba PR . . . .
81310-020, Brazil; and iDeparlment of Pathology, University of Cambridge, Cam- well as novel vaccine candidates are considered or have been

bridge CB2 1QP, United Kingdom developed, some of which are currently undergoing clinical trials.
ORCIDs: 0000-0001-8094-6266 (V.K.); 0000-0002-6873-1032 (B.J.E.); 0000-0002- These efforts include attenuated or recombinant VACV vectors
8976-2647 (PE.W.); 0000-0001-6001-7240 (A.G.R.). and, in fact, modified VACV Ankara (MVA) expressing Myco-
l;gzc(e)ived for publication August 6, 2020. Accepted for publication December 8, bacterium tuberculosis AgSSA is an example of a clinically—

advanced vaccine candidate (8).
This work was supported by the Swedish Research Council and Karolinska Institutet, . : : : RTETI By
Sweden (both to A.G.R.), Instituto Carlos Chagas, FIOCRUZ, Brazil (to PEW.), Following inoculation of VACV in the skin, infected cells, in

Coordenagdo de Aperfeigoamento de Pessoal de Nivel Superior, Brazil (to J.B.A. cluding DCs and macrophages, can be detected in the dLN within a
and PEW.), and UK Research and Innovation, Biotechnology and Biological Sci- few hours (9-12). It is not entirely clear if this rapid relocation of

ences Research Council Grant RG94719 (to B.J.F.). The funders had no role in study . 1 . . .
design, data collection and interpretation, or the decision to submit the work for virus from skin to the dLN occurs through direct viral access to

publication. lymphatic vessels, as also observed after skin infection with Zika
Address correspondence and reprint requests to Dr. Antonio Gigliotti Rothfuchs, virus (12), or if it is supported by other mechanisms. In contrast,
Department of Microbiology, Tumor and Cell Biology, Karolinska Institutet, Bio- other studies indicate that VACV is largely restricted to its inoc-

medicum, Solnavdgen 9, SE-171 77 Stockholm, Sweden. E-mail address:

antonio.rothfuchs @ki.se ulation site in the skin, with limited or no relocation of virus to the

dLN (13, 14). In this regard, VACV can interfere with fluid
o o . . " transport in lymphatic vessels and, as such, can curb its dissemi-
Abbreviations used in this article: BCG, bacille Calmette—Guérin; DC, dendritic cell; . .. . .
dLN, draining LN; FFU, focus-forming unit; i-VACV, VACV inactivated with UV nation (15). In addition to data on viral traffic to the dLN, there is
radiation; LN, lymph node; MVA, modified VACV Ankara; pLN, popliteal LN; substantive literature on immune evasion and immunosuppression
TVACV-Ag8SB, recombinant VACV expressing mycobacterial Ag85B: SCS, subcap-  meqjated by VACV in vitro and in models of infection (16). Using
sular sinus; Tg, transgenic; VACYV, vaccinia virus; WR, Western Reserve. i K ) A
an established toolset and mouse model for investigating DC re-
sponses to mycobacteria we compared local BCG-triggered in-
Copyright © 2021 The Authors flammatory responses in the skin and skin dLN with that of VACV
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FIGURE 1. Skin DCs migrate to the dLN in
response to BCG but not VACV. C57BL/6
mice were inoculated in the footpad skin
with PBS, BCG, or VACV and subjected to
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cytometry. (A) Total number of CFSE-la-
beled skin DCs (MHC-II"€" CD11¢*"%) in
the pLN 3 d postinfection with 1 X 10°
CFUs of BCG or given doses of VACV. (B)
Total number CFSE-labeled skin DCs in the
pLN at the given time points after footpad
infection with BCG (1 X 10° CFUs) or
VACV (1 X 10° PFUs). (C) Concatenated
FACS plots showing CFSE-labeled cells
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and focused on the ability of VACV to mobilize skin DCs to the
dLN. Unlike the early reaction to BCG, we found that VACV
actively inhibits skin DC migration to the dLN but retains the
ability to enter the dLN in the absence of DC transport and prime
CD4* T cells therein.

Materials and Methods
Mice

C57BL/6NR]j mice were purchased from JANVIER LABS (Le Genest-
Saint-Isle, France) and used as wild-type controls. P25 TCR transgenic
(Tg) RAG-1""" mice expressing EGFP (17) were kindly provided by Dr.
R. Germain (National Institute of Allergy and Infectious Diseases, Na-
tional Institutes of Health). Animals were maintained at the Department of
Comparative Medicine, Karolinska Institutet. Both male and female mice
between 8 and 12 wk old were used. Animals were housed and handled at
the Department of Comparative Medicine according to the directives and

0.004 0.28

CD11¢c —» CFSE—»

guidelines of the Swedish Board of Agriculture, the Swedish Animal
Protection Agency, and Karolinska Institutet. Experiments were approved
by the Stockholm North Animal Ethics Council.

Mpycobacteria

M. bovis BCG strain Pasteur 1173P2 was expanded in Middlebrook 7H9
broth supplemented with ADC (BD Biosciences) as previously described
(18). Quantification of mycobacterial CFUs for bacterial stocks and de-
termination of bacterial load in LNs was performed by culture on 7H11
agar supplemented with OADC (BD Biosciences).

Vaccinia virus

VACYV Western Reserve (WR) and deletion mutants AA49 (19), AB13 (20),
and AB15 (21) (kindly provided by Prof. G. Smith, Cambridge University,
Cambridge, U.K.) were expanded on BSC-1 cells. MVA was expanded in
BHK-21. Viral stocks were purified by saccharose gradient ultracentrifu-
gation. Quantification of PFUs from WR and focus-forming units (FFUs)
from MVA was performed as previously described (22) with MVA stocks
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quantified in chicken embryo fibroblasts cells, and WR stocks or WR
viral load in LNs were quantified on BSC-1. In some experiments,
VACV was inactivated with UV radiation (i-VACV) by placing the
virus for 2 min in a UV Stratalinker 2400 equipped with 365-nm long-
wave UV bulbs (StrataGene). UV inactivation was confirmed by lack of
cytopathic effect on BSC-1 cells infected with i-VACV for up to 3 d
(data not shown).

Recombinant VACV expressing mycobacterial Ag85B (rVACV-Ag85B)
was constructed using the transient dominant selection method (23, 24).
Briefly, a cassette containing Ag85B from M. tuberculosis (BEI Resources,
Manassas, VA) was cloned in a pUC13 plasmid containing the Escherichia
coli guanylphosphoribosyl transferase (Ecogtp) gene fused in-frame with
the EGFP gene under the control of the VACV 7.5k promoter. The correct
insertion was confirmed by restriction enzyme digestion and Sanger se-
quencing. CV-1 cells were infected with WR VACV at a multiplicity of
infection of 0.1 PFUs and transfected with the constructed plasmid using
TransIT-LT1 in a 2:1 ratio. Progeny virus was harvested after 72 h and used
to infect BSC-1 cells in the presence of mycophenolic acid (25 wg/ml),
hypoxanthine (15 pg/ml), and xanthine (250 wg/ml). EGFP-positive pla-
ques were selected and purified by three rounds of dilution—infection using
BSC-1 cells in the presence of the drugs, as above. Intermediate virus was
resolved in BSC-1 cells by three rounds of dilution—infection in the ab-
sence of the drugs. The genotype of resolved virus was confirmed to ex-
press Ag85B by Sanger sequencing and PCR following proteinase K
treatment of infected BSC-1 cells using primers that anneal to the flanking
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regions of the Ag85B fragment. rVACV-Ag85B was amplified, purified,
and quantified in BSC-1, as described above.

Inoculation of mice

Animals were inoculated in the hind footpad with 30 wl of PBS containing
(unless otherwise stated) 1 X 10 CFUs of BCG, 1 X 10° PEUs of VACYV, or
1 X 10° FEUs of MVA. i-VACV was used at an amount equivalent to 1 X
10® PFUs before UV-inactivation. Control animals received 30 pl of PBS
only. For footpad conditioning experiments, animals were injected in the
footpad with PBS, VACYV, or i-VACV 24 h before receiving BCG into the
same footpad. For studying gene expression in the skin, mice were inocu-
lated in the ear dermis with 5 .l of PBS containing the same concentration
of mycobacteria or virus as above. Control animals received 5 nl of PBS.
Assessment of cell migration from the footpad skin to the dLN was done
as previously described (3, 25). Briefly, animals previously injected with
vaccine or PBS were injected 24 h before sacrifice in the same footpad
with 30 pl of 0.5 mM CFSE (Invitrogen). For assessing migration after
24 h, CFSE was injected 2 h after vaccine or PBS inoculation. In control
experiments, migration was assessed in response to 1 X 10° PFUs of HSV-1
strain 17 or 100 pg of zymosan (InvivoGen). For studying CD4* Ag-specific
T cell responses, 1 X 10° LN cells from naive P25 TCRTg RAG-1~"~ EGFP
mice were injected i.v. in the tail vein of C57BL/6 recipients in a final
volume of 200 1. Recipients were infected 24 h later in the footpad with 30
wl of BCG or virus. Control animals received PBS. In footpad conditioning
experiments, recipients received naive T cells as above and were injected in
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i-VACV and MVA. C57BL/6 mice were inoculated in n 5004
the footpad skin with PBS, BCG (1 X 10° CFUs), 6

VACV (1 X 10° PEUs), i-VACV (equivalent to 1X 10° 0
PFUs before inactivation), or MVA (1 X 10° FFUs)

and subjected to CFSE migration assay as in Fig. 1.

dLN and pLNs were analyzed by flow cytometry 3 d B
postinfection. (A) Total number of CFSE-labeled skin 25007
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the footpad 2 h later with PBS, VACYV, or i-VACV. BCG was given the next Results

day, and animals were sacrificed 3 and 6 d after BCG, respectively.
Generation of single-cell suspensions from tissue

Popliteal LNs (pLNs) were aseptically removed, transferred to micro-
centrifuge tubes containing FACS buffer (5 mM EDTA and 2% FBS in
PBS), and gently homogenized using a tissue grinder. The resulting single-
cell suspension was counted by trypan blue exclusion. In certain experi-
ments, an aliquot was taken and subjected to CFU or PFU determinations as
described above. LN suspensions were otherwise washed in FACS buffer
and stained for flow cytometry. Ears were excised, transferred into TRIzol
reagent (Sigma-Aldrich), and homogenized in a TissueLyser (QIAGEN) for
subsequent RNA extraction, as explained below.

Flow cytometric staining

Single-cell suspensions from pLN were incubated with various combina-
tions of fluorochrome-conjugated rat anti-mouse mAbs specific for CD4
(L3T4), CD11b (M1/70), CD11c (HL3), MHC-II I-A/I-E (M5/114.15.2),
Ly-6G (1A8), VP11 (RR3-15) (BD Biosciences), CD326/EpCAM
(G8.8), CD103 (2E7) (BioLegend), CD64 (X54-5/7), and CD4 (RM4-5)
(eBiosciences) for 45 min at 4°C in FACS buffer containing 0.5 mg/ml
anti-mouse CD16/CD23 (2.4G2) (BD Biosciences). Flow cytometry was
performed on an LSR II with BD FACSDiva software (BD Biosciences).
The acquired data were analyzed on FlowJo software (BD Biosciences).

Real-time TagMan PCR

RNA was extracted from ear homogenates and reverse transcribed into
cDNA using M-MLYV Reverse Transcriptase (Promega). Real-time PCR was
performed on an Applied Biosystems PRISM 7500 Sequence Detection
System (Applied Biosystems) using commercially available primer pairs
and TagMan probes for TNF-a, IL-la, IL-18, CCR7, and GAPDH
(Thermo Fisher Scientific). The relative expression of the above factors
was determined by the 2722 method, in which samples were nor-
malized to GAPDH and expressed as fold change over uninfected, PBS-
injected controls.

Statistical analyses

The significance of differences in data group means was analyzed by
Student ¢ test or ANOVA where appropriate, using GraphPad Prism 8
(GraphPad Software) or JMP (SAS Institute), with a cutoff of p < 0.05. In
some experiments, outliers were excluded from analysis following Grubbs
test for outliers (GraphPad).

Skin DCs migrate to dLN in response to BCG but not VACV

To investigate DC migration in response to VACV, we inoculated
the virus in the footpad skin of C57BL/6 wild-type mice and used a
CFSE fluorochrome-based migration assay to track the movement
of skin DCs to the dLN and pLN (3, 25). We have used this setup in
the past to study early responses to BCG, another live attenuated
vaccine given via the skin and so included BCG in this study as a
comparison with VACV. In line with our previous results (3), BCG
footpad infection triggered migration of skin DCs to the dLN.
However, in stark contrast to BCG, skin DCs did not relocate to
the dLN in response to VACV (Fig. 1). The lack of DC movement
in response to VACV was independent of viral inoculation dose
(Fig. 1A) and the time point at which DC migration was investi-
gated (Fig. 1B). Interestingly, the absence of CFSE labeling in skin
DCs in the dLN of VACV-infected mice was not concurrent with
CFSE labeling in other MHC class II (MHC-II)* cells or even in
MHC-II-negative populations, suggesting a generalized absence of
cells moving from skin to the dLN in response to the virus (Fig. 1C).

Although migratory skin DCs did not readily relocate to the dLN
in response to VACYV, the infection did provoke a robust inflam-
matory response in the dLN, expanding several phagocyte pop-
ulations (Fig. 2A, 2B). The lack of skin DC migration recorded in
our CFSE assay was in line with a marked decrease in the overall
number of skin DCs (MHC-II"&" CD11c¢**% cells) found in
VACV-infected LN, suggesting a major negative impact of virus
infection on these cells (Fig. 2B). We also observed high surface
expression of CD64 on monocytes and CD11b"&" LN-resident
DCs in the VACV-infected group (Fig. 2A), in which CD11b"e"
LN-resident DCs expressing CD64 were clearly expanded com-
pared with BCG (Fig. 2A, 2C).

VACYV actively inhibits skin DC migration to dLN

Because many of the known immunomodulatory molecules pro-
duced by VACYV require viral replication, we investigated whether
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FIGURE 4. Conditioning the BCG injection site in the skin with VACV mutes DC responses to BCG. C57BL/6 mice were inoculated in the footpad skin
with PBS, VACV (1 X 10° PFUs), or i-VACV (corresponding to a dose of 1 X 10® PFUs before inactivation). Twenty-four hours later, the same footpads
were inoculated with BCG (1 X 10° CFUs), and the CFSE-based migration assay was performed. (A) Total number of CFSE-labeled skin DCs in the pLN
3 d after BCG. (B) Recovery of BCG CFUs from the pLN after conditioning with VACV. Before giving BCG, footpads were inoculated 24 h earlier with
PBS (PBS X BCG), VACV (VACV X BCG) or i-VACV (i-VACV X BCGQG). (C) Frequency and total number of P25 TCRTg cells in the pLN 3 and 6 d after
BCG. Naive P25 TCRTg cells were given i.v. to C57BL/6 recipients, which were then conditioned as in (B). Three and 6 d after BCG, pLNs were processed,
and P25 TCRTg cells (EGFP* VB11* CD4") were analyzed by flow cytometry. Five animals per group were used in each experiment. One of two in-
dependent experiments is shown. Bars indicate SEM. The asterisk (*) denotes statistical significance between PBS X PBS controls and vaccine-injected
groups (A); between PBS X BCG and i-VACV X BCG or VACV X BCG groups (B); between PBS X BCG and VACV X BCG groups (C). Expansion of
P25 TCRTg cells is statistically significant in conditioned groups relative to PBS X PBS controls (C).

the absence of DC migration in response to VACV was coupled to
productive infection. We thus exposed VACYV to UV cross-linking
at levels sufficient to ablate viral replication but without abolishing
viral entry into cells (26). Interestingly, inoculation with i-VACV in
the footpad promoted skin DC mobilization to the dLN (Fig. 3A).
Similarly, skin infection with MVA, a highly attenuated VACV lacking
numerous immunomodulators that infects but fails to assemble new

virions in mammalian cells (27), also triggered DC migration to the
dLN (Fig. 3A). These results indicate that replication-competent
VACYV actively blocks skin DC migration. Similar to BCG (3, 28),
EpCAM™ CD11b"" DCs were the main DC subpopulation mi-
grating in response to i-VACV and MVA (Fig. 3B).

Consistent with a potent suppressive effect on skin DC migra-
tion, conditioning the footpad with VACYV prior to injecting BCG in
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FIGURE 5. Enhanced mRNA expression of proinflammatory mediators associated with BCG-triggered DC migration are absent from virus-infected
skin. C57BL/6 mice were inoculated intradermally in the ear with PBS, BCG (1 X 10° CFUs), VACV (1 X 10° PEUs), i-VACV (equivalent to 1 X 10°
PFUs before inactivation), or MVA (1 X 10°® FFUs). Ears were removed 24 h postinfection and subjected to RNA extraction and cDNA synthesis. The
mRNA accumulation of TNF-a, IL-1a, IL-1B, and CCR7 relative to GAPDH was determined by real-time TagMan PCR, and the fold change of infected
animals over PBS controls was calculated. Data pooled from three independent experiments (including 15-38 samples per group) are shown. Bars indicate
the SEM. The asterisk (¥) denotes statistical significance between PBS- and vaccine-injected groups.

the same footpad completely blocked skin DC migration to BCG
(Fig. 4A). As expected, the absence of skin DCs entering the dLN
was associated with a massive reduction in BCG detected in the
dLN (Fig. 4B). DC migration was not impaired when conditioning
was done with i-VACV (Fig. 4A). Rather, the number of moving
DCs was increased in the i-VACV-conditioned group (Fig. 4A),
although BCG entry itself was slightly lower in this group com-
pared with controls conditioned with PBS instead of virus
(Fig. 4B). In line with muted DC responses and BCG transport to
the dLN, VACV conditioning also delayed the priming of myco-
bacterial Ag85B-specific P25 TCRTg cells in the dLN (Fig. 4C).
Overall, these experiments suggest a carry-over of the DC
migration-dampening properties of VACV to a secondary chal-
lenge with BCG.

Enhanced mRNA expression of inflammatory mediators
associated with BCG-triggered DC migration is absent from
the skin of VACV-infected mice

Next, we compared local changes at the site of infection fol-
lowing inoculation with either vaccine. Transcription of the
proinflammatory cytokines TNF-a, IL-1a, and IL-1 was clearly
detected in the skin 24 h after BCG infection (Fig. 5), corroborating
our previous data on a role for IL-1R signaling in regulating DC
migration to BCG (3). On the contrary, enhanced expression of
TNF-a and IL-1 was absent in response to VACV (Fig. 5). Inter-
estingly, the same was also observed in response to i-VACV and
MVA (Fig. 5). Furthermore, expression of the LN-homing chemo-
kine receptor CCR7 was high in the skin postinfection with BCG
and MVA but not VACV or i-VACV (Fig. 5), suggesting differences
between i-VACV and MVA, although both trigger skin DC
migration.

VACV is detected early in dLN postinfection in the skin and
primes Ag-specific CD4* T cells

Although DC migration was blocked in response to VACYV, the
virus was detected in the dLN as early as 10 min postinfection in
the footpad skin, and levels remained steady over time (Fig. 6A).
The kinetics of this response was different and notably faster than
the entry of BCG into the dLN (Fig. 6B), which is reliant on DC
transport (3). To compare priming of CD4* T cells to VACV and
BCG using the same tool, we engineered rVACV-Ag85B, and used
P25 TCRTg cells to gauge T cell priming in the dLN after footpad
infection. BCG and rVACV-Ag85B but not VACV expanded P25

TCRTg cells in the dLN (Fig. 6C, 6D). This reveals that the
amount of VACV that relocates to the dLN in the absence of DC
transport is clearly sufficient to expand Ag-specific CD4" T cells
in the dLN.

Discussion

VACY infects a variety of cell types in the skin, including kera-
tinocytes and epidermal and dermal DCs (29). The virus is in-
triguing, given that it carries a diverse immunosuppressive arsenal
but remains highly immunogenic. Concurrent with this complex-
ity, the outcome of DC-VACYV interactions remains incompletely
understood. The fate of the virus and its transport to the dLLN for
Ag presentation are matters of interest, given that attenuated or
recombinant VACV is often considered as a vaccine vector,
oncolytic agent, and tool for Ag delivery. We report that VACV
profoundly inhibits the ability of skin DCs to mobilize to the dLN.
This inhibition is dependent on viral replication and capable of
dampening DC migration to a subsequent challenge with BCG.
VACYV can nevertheless relocate to the dLN in the absence of DC
mobilization and prime CD4" T cells. Our study supports recent
observations that LN conduits transport VACV to the dLN for
T cell priming (12). We also add to a large body of data on the
immunosuppressive properties of VACV (16) and extend these to
include virus-mediated inhibition of skin DC migration.

VACYV can infect DCs but undergoes abortive replication (30—
33). That said, VACYV infection is known to have many negative
effects on DC function. For instance, the virus can inhibit ex-
pression of DC costimulatory molecules and cytokines (30, 32,
33). Splenic DCs isolated from VACV-infected mice express
less MHC-II and have lower Ag presentation capacity (34). We
find lower expression of MHC-II on migratory skin DCs from
the dLN of both VACV- and BCG-infected mice (Supplemental
Fig. 1A). VACV and MVA can induce apoptosis in DCs (34).
Although we did not investigate virus-induced DC death in our
studies, the frequency of migratory skin DCs in the dLN of
VACV-infected mice was similar to that of PBS-injected con-
trols (Fig. 2A, Supplemental Fig. 1B). This speaks against mas-
sive DC death in the skin, which would lower the availability of
migratory DCs in the skin and consequently the frequency of
these DCs in the dLN. Results from our migration assay point
instead to an impediment of skin DC traffic to the dLN during
VACYV infection.

1202 ‘TE AN uo 189Nnb Aq /6o jounwiw i [-mmmy/:dny wou) papeojumod


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2000928/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2000928/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2000928/-/DCSupplemental
http://www.jimmunol.org/

The Journal of Immunology

A s
b
—
o
@ 2
D
[
o
s 1
[@)]
(@]
|
O TT T T 1
oL £ < =
- M O <
[aY]
hrs after VACV infection
C BCG

7
B
z
—
[=%
B 2
-
L
Q
g
o
o
-
C T T T 1
oL £ < <
—— ™ w <
(o]
hrs after BCG infection
VACV r'VACV-Ag85B

D 0.5+
o
*
[=%
% 04
8
o 0.3
o
G 0.21
'_
Te]
a1 0.11
a *
= 0.0
=) (C] =\ 2
QQ) Q,O \\V‘C) &g:
_h&l?‘
©
3

P25 TCRTg cells/pLN

<0.001 0.054
600001
*
40000+
200004
*
ol 1

5 © & @
&L E S

&
(@)
(\\}?“

3 days after infection

FIGURE 6. VACYV is detected early in dLN postinfection in the skin and leads to priming of CD4" T cells. (A and B) C57BL/6 mice were inoculated in
the footpad skin with VACV (1 X 10° PFUs) or BCG (1 X 10° CFUs). Viral (A) and mycobacterial (B) loads in pLN were determined at different time
points postinfection. (C and D) Frequency of P25 TCRTg cells in pLN after footpad infection with BCG or rVACV-Ag85B. Naive P25 TCRTg cells were
given i.v. to C57BL/6 recipients, which were infected 24 h later in the footpad skin with PBS, BCG (1 X 10° CFUs), VACV (1 X 10° PFUs), or rVACV-
Ag85B (1 X 10° PFUs). Three days postinfection, pLNs were processed, and P25 TCRTg cells (EGFP* VB11* CD4") were analyzed by flow cytometry.
Five animals per time point and group were used in each experiment. One of two independent experiments is shown. Bars indicate SEM. The asterisk (*)

denotes statistical significance between PBS- and vaccine-injected cohorts.

Both VACV and MVA have previously been shown to inhibit
migration of human monocyte-derived DCs toward CCL19 by
interfering with CCR7 signaling rather than surface expression of
the receptor (35). Although we did not formally investigate this in
our model, inhibition of CCR7 signaling by VACV could be a
possible explanation for impaired DC migration. Indeed, we ob-
served muted influx of skin DCs and BCG into the dLN when the
injection site in the footpad skin was preconditioned with VACV.
Thus, the suppressive effect of VACV on DC migration was robust
enough to interfere with DC movement triggered by a secondary
stimulus (BCG). Interestingly, conditioning with i-VACV doubled
the number of migratory skin DCs reaching the dLN without
enhancing the entry of BCG. We speculate that migration elicited
by inactivated virus depleted skin DC pools available for BCG
transport, contributing, in turn, to the delayed priming of BCG-
specific CD4* T cells noted in this setting.

VACYV also blocked skin DC migration in response to a subsequent
challenge with zymosan (Supplemental Fig. 2A), suggesting that
this VACV-inhibitory effect is a more general phenomenon of skin

infection with VACV. That said, this does not apply broadly to
viral infections in the skin. There is a large body of data on the
enveloped DNA viruses HSV-1 and HSV-2 showing that they
trigger DC migration from skin (HSV-1) or the vaginal mucosa
(HSV-2) to the dLN (36-39). Skin DC migration is also observed
in response to the enveloped RNA viruses Semliki Forest virus and
West Nile virus and the nonenveloped DNA virus adenovirus (40,
41). In these studies, DC migration was investigated mainly by
FITC skin painting. We also confirm the ability of HSV-1 to
trigger skin DC migration to the dLN in our footpad infection
model that uses a CFSE injection-based migration assay
(Supplemental Fig. 2B). VACV conditioning also blocked HSV-
1-triggered DC migration (Supplemental Fig. 2B), in line
with the VACV-inhibitory effect being a more general
phenomenon.

Interestingly, respiratory infection with VACV has been shown
to mobilize lung DCs to the dLN, and these lung-migratory DCs
can also prime CD8"* T cells (42). Our study focused on DC mi-
gration in skin and, as such, did not investigate migration at other
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sites. Similar observations of bona fide DC migration from lung to
the dLN have nevertheless been made in response to influenza
virus (42—47), respiratory syncytial virus (48), and Sendai virus
(49), supporting lung DC migration during virus respiratory in-
fections. Thus, we propose that the DC migration-blocking effect
of VACV in our model is a general phenomenon of VACV in-
fection targeted to the skin. This is an important consideration for
the future use of VACV vectors in vaccines and Ag delivery
applications.

Enhanced mRNA accumulation of TNF-«, IL-1, and CCR7 in
the skin was accompanied by skin DC migration in response to
BCG but not VACV. Infection with VACV deletion mutants AA49,
AB13, and AB15, which lack molecules that inhibit NF-kB,
caspase-1, and IL-1, respectively, did to provoke DC migration
(Supplemental Fig. 3), revealing, at least, that deletion of these
specific molecules from VACV could not rescue the migration
phenotype observed in our model. The contribution of IL-1R sig-
naling to BCG-triggered migration is partial (3), so additional
factors must regulate this process. During M. tuberculosis infection,
IFN-a/f has been shown to block IL-1 production from myeloid
cells (50). Whether the lack of IL-1 expression in VACV-infected
skin or VACYV inhibition of skin DC migration is coupled to IFN-
o/P remains to be determined. Evaluating cytokine expression and
DC migration in IEN-/BR ™ mice may help clarify this point.

Both i-VACV and MVA promoted migration of skin DC subsets
that also relocate in response to BCG, but to our surprise, neither
virus triggered the inflammatory transcription profile seen with
BCG in the skin. It is possible that i-VACV and MVA trigger skin
DC migration by different pathways. Indeed, enhanced CCR7
mRNA accumulation was observed with BCG and MVA but not
with i-VACV. CCR7 expression is not an obligatory predictor of DC
migration, and both CXCR4 and CXCRS5 have been reported to
guide DCs from the skin to the dLN (51, 52). Also, accumulation of
migratory skin DCs in the dLN is not inhibited by footpad in-
fection with the mouse-pathogenic poxvirus ectromelia (53),
suggesting that blockade of DC migration by orthopoxviruses
cannot be explained by virulence alone.

Although VACYV did not induce transcription of proinflammatory
cytokines in the skin, it did unleash a profound inflammatory in-
filtrate in the dLN. CD169" subcapsular sinus (SCS) macrophages
are directly exposed to afferent lymph-borne particulates and thus
form a strategic line of defense in the dLN against free-flowing
viruses, including VACYV, preventing systemic viral spread (54).
Previous studies confirm VACYV infection of SCS macrophages (9,
55). In addition, MVA triggers inflammasome activation in SCS
macrophages that leads to the recruitment of inflammatory cells
into the LN (56). We observed an expansion of MHC-II*
CD11c"&" CD11b"e" cells expressing CD64 in VACV-infected
dLN. Although MHC-II* CD11c"&" cells are generally recog-
nized as LN-resident DCs, a network of macrophages with similar
markers has recently been described in the LN paracortex during steady
state (57). CD64" DCs have also been observed in the dLN during
Listeria infection, where they expand in response to IFN-a/B (58).

Migratory skin DCs are tasked with the transport of microbes and
their Ags to the dLN and thus play a central role in priming T cells
in the dLN postinfection or vaccination in the skin. In our study,
VACV reached the dLN without mobilizing skin DCs, whose
migration was blocked by the virus. Using a novel recombinant
VACYV, rVACV-Ag85B, we confirmed using P25 TCRTg cells that
the virus is still clearly capable of priming Ag-specific CD4" T cells
in the dLN. This provides evidence for migratory skin DC-
independent priming of CD4* T cells during vaccination with a
live attenuated vaccine. We speculate that DC-independent virus
relocation occurs by VACV gaining direct access to lymphatic

VACYV INHIBITION OF DC MIGRATION

vessels. Previous studies show that VACV appear in the dLN within
a few minutes after injection in the skin (9-12). We also report the
virus in the pLN just minutes after inoculation in the footpad. This
rapid relocation of virus to the dLN is in favor of direct viral access
to lymphatics after skin infection. The rVACV-Ag85B developed
for our studies may be a useful tool for mechanistic dissection of
CD4" T cell responses to heterologous Ags in the context of VACV
vaccination. Indeed, the fate of DC transport-independent VACV in
the LN paracortex, its interactions with APCs at this site, and the
quality of ensuing CD4* T cell priming are topics that merit further
investigation and are likely to contribute to the development of
novel vaccine-based counter-measures against infection and cancer.
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SUPPLEMENTARY FIGURE 1. Expression of MHC-II and frequency of skin DCs in
dLN of VACV- and BCG-infected mice. (A and B) C57BL/6 mice were inoculated in the
footpad skin with PBS, BCG (10° CFUs) or VACV (10° PFUs). Three days later, pLNs were
processed and analyzed by flow cytometry. (A) Mean fluorescence intensity (MFI) for
MHC-II on skin DCs in pLN. (B) Frequency of skin DCs in pLN. Five animals per group
used in each experiment. One of 3 independent experiment shown. Bars indicate standard

error of the mean. * denotes statistically significant difference between PBS and infected

groups (A) and PBS and BCG (B).
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SUPPLEMENTARY FIGURE 2. Conditioning with VACV mutes subsequent DC
migration in response to zymosan and HSV-1. C57BL/6 mice were inoculated in the
footpad skin with PBS or VACV (10° PFUs). Twenty-four hours later the same footpads
were inoculated with BCG (10° CFUs) (A and B), zymosan (100 pg) (A) or HSV-1 (10°
PFUs) (B) and the CFSE-based migration assay performed as in Fig. 1. Total number of
CFSE-labeled skin DCs in the pLN 3 days after stimulation/infection are shown. Four to 5
animals per group were used. Bars indicate standard error of the mean. One of 3
independent experiments for zymosan. One of 2 independent experiments for HSV-1.
* denotes statistical significance between PBS- and VACV-conditioned groups. PBS x
BCG, PBS x zymosan and PBS x HSV-1 groups are statistically significant from PBS x
PBS controls.
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SUPPLEMENTARY FIGURE 3. Infection with VACV AA49, AB13 and AB15 does not
trigger skin DC migration to dLN. C57BL/6 mice were inoculated in the footpad skin with
PBS, BCG (10° CFUs), VACV (10° PFUs) or the VACV deletion mutants AA49, AB13 and
AB15 (10° PFUs) and subjected to the CFSE migration assay as in Fig. 1. Total number of
CFSE-labeled skin DCs in the pLN 3 days after infection are shown. Five animals per group

were used. Bars indicate standard error of the mean. * denotes statistical significance
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3.2.3 Cellular migration to the draining lymph nodes after Zika virus infection

3.2.3.1 Methodology

Mice

C57BL/6 mice were obtained from Instituto Carlos Chagas/FIOCRUZ-PR animal
facility, maintained and handled according to the directives of the Guide for the Care
and Use of Laboratory Animals of the Brazilian National Council of Animal
Experimentation. The protocols were approved by the Committee on Ethics of Animal
Experimentation from Fundacdo Oswaldo Cruz — CEUA/FIOCRUZ (license LW 03-

19). Both, 8-12 week old male and female mice were used.

Virus and Mycobacteria

Viral stocks of the Zika virus (ZIKV) Asian strain PE243 (DONALD et al., 2016), and
Dengue virus (DENV sorotype 4 LRV13/422; GenBank KU513441) were prepared in
C6/36 cells. Yellow fever virus (YFV) strain 17DD was obtained after two passages of
the commercial vaccine (Biomanguinhos, Fiocruz, Brazil) (JORGE et al., 2017) in
Vero-E6 cells (ATCC CRL-1586). To ZIKV and DENV-4, seven days post-infection
the cell culture supernatant was collected, clarified by centrifugation and later titrated
by foci-forming immunodetection assay in C6/36 cells (CATANEO et al., 2019). YFV
17DD was quantified by plague assay after 5 days of infection in Vero-E6 cells. M.
bovis BCG strain Moraeu was kindly provided by Dr. Andre Bafica (Universidade

Federal de Santa Catarina).

Inoculation of mice

Animals were inoculated in the hind footpad with 30 uL of PBS containing 5x10°
CFUs of BCG, 5x10° FFUs of ZIKV PE243 and DENV LRV13/422, or 5x10° PFUs of
YFV 17DD. Control animals received 30 pL of PBS only. Assessment of cell
migration from the footpad skin to the dLN was done as previously described
(AGGIO et al., 2021; BOLLAMPALLI et al., 2015). Briefly, animals previously injected
with vaccine, virus or PBS were injected 24 hours before euthanasia in the same

footpad with 30 pL of 0.5 mM of CFSE (Sigma) to track cell migration.

Flow cytometric staining
Popliteal LNs (pLNs) were aseptically removed, transferred to tubes containing FACS

buffer (5 mM EDTA and 5% FBS in PBS), and gently homogenized using a tissue
90



grinder. The resulting single-cell suspension was filtered in 40 pum cell strainers and
counted by trypan blue exclusion. The cells were washed in FACS buffer and stained
for flow cytometry. Single-cell suspension from pLN were incubated with various
different combinations of fluorochrome-conjugated rat anti-mouse mAbs specific for
CD3 (145-2C11), CD4 (RM4-5), CD8 (53-6.7), CD19 (1D3), CD11b (M1/70), CD11c
(HL3), CD64 (X54-517.1.1), CD103 (M290), CD326/EpCAM (G8.8), MHC-II I-A/I-E
(M5/11.4.15.2), Ly-6G (1A8), Ly-6C/G (RB6-8C5) (BD Biosciences) for 45 minutes at
4°C in FACS buffer containing 0.5 mg/mL of anti-mouse CD16/CD23 (2.4G2) (BD
Biosciences). Flow cytometry was performed on a FACS Canto Il with BD FACSDiva
software (BD Biosciences) and the acquired data analyzed on FlowJoV10 (BD
Biosciences).

Statistical analyses
Analyses were performed using GraphPad Prism 6 (GraphPad Software, Inc., USA).
one-way Anova with Tukey’s multiple comparison test. A cut-off of p <0.05 was

considered significant.

3.2.3.2 Results

Three days after subcutaneous infection with ZIKV, DENV, and YFV, the
animals pLN presented lymphadenopathy (Figure 5B and 6C) with expanded
lymphocytes and phagocyte populations, such as CD64* cells, neutrophils and
monocytes (Figure 5). Among the virus, DENV resulted in the highest numbers in all
assessed populations (Figure 5). However, monocytes/neutrophils Ly-6C/GMd" seem
not to be provenient from the infected skin, since no CFSE was detected in the pLN
of virus infected mice in this time point (Figure 6B). CFSE detected in the pLN was
mostly associated to skin DCs MHC-IINg"CD11c*"o¥ (Figure 6A). As BCG, ZIKV and
DENV induced migration of skin DCs (Figure 6A and 6D) and dowregulation of MHC-
Il in this population (Figure 6E), but to a lesser extent. Whitin the subset of skin DCs,
CD103-CD11b"s"EpCAM"" showed to be the predominant migratory population in

response to BCG and virus (Figure 7).
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Figure 5. Populations expanded in the dLN after flavivirus infection. C57BL/6 mice were
subcutaneously inoculated in the footpad with PBS, ZIKV PE243 (5x10° FFU), DENV

LRV13/422 (5x10° FFU), or YFV 17DD (5x10° PFU). Three days later,
suspensions were obtained from the pLN and analyzed by flow cytometry.

single-cell

(A)

Representative FACS plots showing frequency of the different populations; (B) Total cell
numbers into the pLN; (C-G) Total number of specific populations (CD4* T cells, CD8" T
cells, CD64"9" cells, neutrophils CD11b"9"Ly-6G"9", and monocytes CD11b"9'Ly-6G"%).
Three-four mice per group were used. One independent experiment is showed. Bars
indicated SEM. The asterisk (*) denotes statistical significance between PBS.
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Figure 6. Skin DCs migrate to the dLN in response to ZIKV and DENV. C57BL/6 mice
were inoculated in the footpad skin with PBS, BCG (5x10° CFU), ZIKV PE243 (5x10° FFU),
or DENV LRV13/422 (5x10° FFU) and subjected to a 3 days CFSE migration assay. Single-
cell suspensions were prepared from the pLN and analyzed by flow cytometry. (A) FACS
plots showing CFSE" cells from pLN; (B) FACS plots showing the absence of CFSE staining
in the neutrophils/monocytes population (CD11b"9"Ly-6C/G"9") in pLN;. (C) Total cell
numbers in the pLN; (D) Total number of CFSE-labeled skin DCs (MHC-IIM""CD11c*"*%) in
the pLN; (E) Mean fluorescence intensity (MFI) for MHC-II on skin DCs in pLN. One of two
independent experiments is showed. Two-four miceper group were used. Bars indicated
SEM. The asterisk (*) denotes statistical significance between PBS and the other groups.
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Figure 7. Skin DCs migratory subsets in response to ZIKV and DENV. Same set up of
figure 6. (A) Representative FACS plots showing frequency of CFSE with defined subsets of
skin DCs (AGGIO et al., 2021; BOLLAMPALLI et al., 2015) in PBS, BCG, or virus treted
mice; (B) CFSE expression within these populations. One of two independent experiments is
showed. Two-four mice per group were used. Bars indicated SEM. The asterisk (*) denotes
statistical significance between PBS and the other groups.
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4. DISCUSSION

The first chapter of this thesis comprises the results of the original topic of
interest of this work: the human neutrophil interaction with Zika virus (ZIKV). The aim
of this study was to assess in vitro classical neutrophil mechanisms of action during
viral stimulation and differences in ZIKV infection in the presence or under depletion
of neutrophils. The motivation of this study was mainly the ambiguous roles
neutrophils seem to play during viral infection (MIDDLETON et al., 2020; SAITOH et
al., 2012) and the possible neutrophil involvement in aspects of ZIKV pathology that
remain unclear (e.g. ZIKV persistence in some organs, infection in immune-privileged
sites, autoimmune disorders, sexual transmission and the exacerbated inflammatory
response associated with severe ZIKV pathogenicity) (PIERSON; DIAMOND, 2018;
TRIPATHI et al., 2017; WANG et al., 2018). Moreover, neutrophils showed relevant
participation in other neurotropic arbovirus (West Nile virus and Semliki forest virus)
infections (PAUL et al., 2017; PINGEN et al., 2016).

The manuscript unexpectedly reports an in vitro absence of human neutrophils
action during interaction with ZIKV. These findings spoke against a beneficial role of
neutrophils in viral clearance and suggested that neutrophils by themselves would
not contribute to spreading the virus or increasing inflammation during ZIKV infection.
Reports of such lack of action of neutrophils in viral infections, even when the cells
reached the inflamed site are not unusual (CORTJENS et al., 2016b; KIRSEBOM et
al., 2020; WOJTASIAK et al., 2010; XU et al., 2018). Even though our results did not
show neutrophil migration in response to the levels of IL-8 produced by ZIKV infected
cells, based in several reports of neutrophil infiltration in inflamed regions after ZIKV
infection (ALIOTA et al., 2016; DOWALL et al., 2016; HAYASHIDA et al., 2019; LUM
et al.,, 2019; MANANGEESWARAN; IRELAND; VERTHELYI, 2016; MCDONALD et
al., 2018, 2020; NGUYEN et al., 2017; O'CONNOR et al., 2018; ZUKOR et al., 2018),
we speculate that neutrophils migration require a specific milieu. The ideal conditions
can be linked to the mosquito saliva (HASTINGS et al., 2019; PINGEN et al., 2016).
That way, in an inflammation where neutrophils would not act directly on the virus, its
presence could contribute negatively through cell overactivation in the milieu,
damaging tissue or recruiting other susceptible cells to propagate the infection.

It is also important to consider the limitations of in vitro and animal models to
flavivirus infection. This work is one of the first to focus on neutrophils and ZIKV
interactions, adding to the discussion on the relevance of neutrophil during flavivirus

infections, which is important to the assertive development of antiviral strategies. The
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work also incentivizes a more often inclusion of neutrophils in scientific
investigations.

Still seeking an understanding of the participation of neutrophils in ZIKV
infection, aspects related to the draining lymph node (dLN) were next evaluated. A
compelling feature of ZIKV is its ability to persist for long periods of time in
immunocompetent hosts and during pregnancy, which may be linked to adverse
infection outcome. One consistent site of viral persistence are lymphoid tissues. The
LN is an early amplification site for pathogens, including Dengue virus (DENV) and
Yellow fever virus (YFV) (FINK et al., 2009; LEE; LOBIGS, 2008; MEIER et al.,
2009). It is known that free ZIKV reaches the dLN very fast post infection (up to 5
minutes) (REYNOSO et al., 2019). ZIKV could persist and replicate until up to 72
days in LNs (paracortical regions and germinal centers), cerebrospinal fluid,
reproductive tissues of infected monkeys (rhesus, pigtail, and cynomolgus),
notwithstanding acute viremia was rapidly controlled in peripheral blood (AID et al.,
2017; COFFEY et al., 2017; HIRSCH et al., 2017; O'CONNOR et al., 2018; OSUNA
et al., 2016).

The viral persistence in this regions correlated with upregulation of mTOR,
proinflammatory, and anti-apoptotic pathways, which promote survival in infected
cells, and downregulation of extracellular matrix pathways, that may be important for
lymphocyte recruitment to sites of infection (AID et al., 2017). ZIKV RNA was also
detected in mothers and fetal LNs during reshus macaques and anti-IFNAR Ab-
treated Ragl”’ (AIR) mice pregnancy (NGUYEN et al., 2017; WINKLER et al., 2020).
At 28 days post infection, ZIKV RNA was found in macrophages, non-classical
monocytes and B cell subsets with reduced levels in DC subsets in LN follicles
(HIRSCH et al., 2017; O'CONNOR et al., 2018). ZIKV RNA was also found in
myeloperoxidase* neutrophils into the LN 7 days after infection in cynomolgus
macaques (OSUNA et al., 2016). Based in reports that showed neutrophils presence
in LN after inflammation or evidence of roles in enhancing/containing pathogens
spread, or yet in regulating adaptive responses (ABADIE et al., 2009; BEAUVILLAIN
et al., 2011; CHTANOVA et al., 2008; HAMPTON et al., 2015; KAMENYEVA et al.,
2015; KASTENMULLER et al., 2012; MANTOVANI et al., 2011; PIZZAGALLI et al.,
2019; YANG et al., 2010), we interrogated whether neutrophils in dLN after 3 days of
ZIKV subcutaneous infection (Figure 5) could be arriving from the site of infection. To

achieve that goal we used a novel in vivo fluorochrome-based migration assay
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proposed by Dr. Rothfuchs group (BOLLAMPALLI et al.,, 2015; BOLLAMPALLI;
NYLEN; ROTHFUCHS, 2016).

Dr. Rothfuchs group is interested in the early events that take place during
Mycobacterium bovis bacillus Calmette-Guérin (BCG) skin infection/vaccination. The
group has set up a mouse model to mimic intradermal BCG infection (footpad
injection in C57BL/6 wild type mouse), a CFSE fluorochrome-based migration assay
to track dendritic cells (DCs) migration in that model, and the study of priming of BCG
specific CD4* T cells using transgenic mice with mycobacteria antigen-specific P25
T-cell receptor. Using that approach, EpCAM“CD11b"9" migratory skin DCs were
identified as the main DCs subset mobilized to the dLN in response to BCG, and
responsible for the transport of alive BCG from its inoculation site to the dLN, priming
CD4* T cells. This process was showed to be dependent on the inflammatory
cytokine IL-1 (IL-1 receptor, MyD88, TNFR-I and IL-12p40 signaling) (BOLLAMPALLI
et al., 2015).

With the purpose of learning the methodology, the work presented in chapter
2.1 of this thesis was performed during an exchange (Sep/2017 - Dec/2017 and
Nov/2018 - Dec/2019) in the Department of Microbiology, Tumor and Cell biology
from the Karolinska Institutet under the supervision of the Dr. Antonio Rothfuchs and
in collaboration with Dr. Brian Ferguson from the Department of Pathology from the
University of Cambridge. As in Sweden ZIKV is considered a biosafety level 3
organism (whose handling implies a series of practical impediments), a parallel
project was developed using vaccinia virus (VACV) as a model. Cellular migration in
response to ZIKV was answered next.

VACV is a double-stranded DNA virus belonging to the Orthopoxvirus genus
of unknown origin and natural host. VACV remains the only vaccine to have
eradicated a human disease, smallpox. It randomly replaced cowpox or horsepox at
some point between 1796 and 1939 due to the procedures used at the time for
vaccine production and given the cross protection it confers. Despite the eradication
of this disease by the 1970s, VACV is still greatly studied as a platform to develop
novel vaccines against heterologous agents (the large genome allows the insertion
and high level expression of large foreign genes), and its wide range of
immunomodulatory proteins make it an excellent model for studying interactions
between viruses and their host. Complications of smallpox vaccination led

investigators to develop safer candidate vaccines for smallpox, like modified virus
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Ankara (MVA) in Germany, LC16m8 in Japan, and NYVAC in USA (DAMASO, 2018;
JACOBS et al., 2009; SMITH, 2008).

Following intradermal infection in mice, the virus causes a localized mild
disease characterized by the formation of a lesion that heals in about 2 weeks. VACV
immunomodulators are numerous and so are their targets. These VACV proteins
function either by preventing soluble factors binding to receptors or preventing the
establishment of chemokine concentration gradients: intracellular proteins (A49, A46,
A52, K1, M2, and N1) inhibit signaling pathways (TLRs, ILs, TNF and IFN receptors),
apoptosis (B13, F1, and N1), action of IFN-induced antiviral proteins (K3 and E3);
additionally, extracellular proteins bind to complement factors, IFN types | and II, IL-
1B, IL-18, TNF-a, and CC chemokines (B15, VCP, B8, B18, B15, C12, CrmC,
vCKBP, B7, and A41) (SMITH, 2008; SMITH et al., 2013). VACYV infection induces a
robust antibody and T-cell response, but the outcome of DC-VACV interactions
remains incompletely understood.

The aim of the study was to investigate DCs migration to the dLN in response
to VACV and to compare it to the live tuberculosis vaccine BCG, another live-
attenuated vaccine given through the same route. Using the CFSE migration assay
and a VACV engineered to express mycobacterial Ag85b, we show that interestingly,
in stark contrast to BCG, VACYV infection actively interferes with the mobilization of
skin DCs to the dLN, but not with the priming of CD4* T cells therein, and the virus
freely reaches the dLN. Moreover, this inhibition is capable of impairing DCs
migration upon secondary challenges. This work reports an unprecedented
immunosuppressive mechanism in VACYV infection.

One of the motivations to compare BCG and VACYV is the different sizes of
them. Although VACV is a large virus (300 nm), it is still considerably smaller than the
bacteria and can easliy access the lymphatics. BCG can access lymphatic vessels
and reach the dLN in the absence of DC transport. Indeed, BCG arrives in the dLN
even when cell migration from the skin has been impaired by Pertussis toxin
(BOLLAMPALLI et al., 2015). The arrival of free pathogens to the LN without or
before the mobilization of DCs may potentially affect the development of adaptive
responses in ways not explored. Reynoso et al. (2019), showed that VACYV that freely
reached the dLN infected cells in the T cell zone which leads to a more rapid
activation of CD8* T cells in comparison with cells infected in nodal regions,

conferring a temporal advantage to the host.
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Other interesting comparison between the two vaccines is regarding the
mechanisms that trigger DCs movement to bacterial or viral infection. The data
pointed out that IL-1 is not involved in the skin environment that permits DCs
migration in response to inactivated VACV or modified VACV Ankara, a modified
VACV that was developed as a safer candidate vaccine for smallpox and lost a
significant part of its genome responsible for ecoding proteins responsible for the
evasion of the immune system. The contribution of IL-1R signaling to BCG-triggered
migration is partial, so additional unknown factors must regulate this process. It is
possible that IFN-a/B, more present in viral infections, interfere with IL-1 signaling
(MAYER-BARBER et al., 2011).

Our results on the regulation of skin DCs traffic in response to live attenuated
vaccines/immunization with antigen models add to the understanding of particular
means in which microorganisms initiate immune response in vivo, a subject weakly
explored in viral infection. This work impacts vaccination understanding and may
contribute in new developments or the improvement of current low efficient vaccines,
e.g. BCG (DOHERTY; ANDERSEN, 2005). For example, a replication inducible
VACV (VINDs) expressing ZIKV pre-membrane and envelope proteins was recently
tested and showed anti-envelope 1gG titers and protection in mice (JASPERSE et al.,
2021).

At last, chapter 2.2 showed evidences that despite immunocompetent mice
respond to ZIKV expanding leukocytes populations in the dLN three days post
infection, even in the absence of viral particles at this time point (manuscript chapter
1, supplementary figure 2), neutrophils in the dLN were not recruited from the
infected skin. The mobilization of skin DCs to the dLN during flavivirus infection
reinforce the specific suppressive effect of VACV infection and the relevance of the
development of adaptive responses to contain ZIKV infection. These first results
urged a close look at the ZIKV infection site to understand the mechanism that
contained ZIKV dispersion in immunocompetent mice in comparison with
susceptibility models, as well as the stimuli that still drive skin DCs mobilization 3

days after the infection.
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5. CONCLUSIONS

e Zika virus (ZIKV) does not establish a functional infection in human
neutrophils;

e Human neutrophils are non responsive to ZIKV;

e ZIKV infection does not provide a favorable environment for human neutrophil
migration;

e Neutrophil depletion does not alter ZIKV titers in the draining lymph node
(dLN) from immunocompetent mice;

e Neutrophils are recruited to the dLN after 3 days of flavivirus subcutaneous
infection in immunocompetent mice, as other inflammatory populations;

e Neutrophils identified in the dLN of ZIKV-infected mice 3 days after infection
do not migrate from skin;

e ZIKV and DENV induced migration of CD103-CD11b"S"EpCAM"" skin DCs
and downregulation of MHC-II in general skin DCs;

e Replication-competent vaccinia virus (VACV) inhibits skin dendritic cells (DCs)
migration to dLNs;

e The VACV-suppressive effect is a general phenomenon of VACYV infection in
the skin;

e VACV can dampen the skin DCs migration to secondary challenges;

e Skin localized inflammatory responses at the site of infection associated with
BCG-triggered skin DCs migration are absent in response to VACV,

¢ Replication-deficient VACV trigger DCs migration by a different pathway than
IL-1;

e VACV can access the LNs in the absence of DCs transport and prime CD4* T

cells.

Understanding how inflammation and T cell response are initiated during viral
challenge can be the base for improving viral treatments or vaccines in a time of
viral pandemics. Curiously in this work, two different viral models and infection
models, questioned very classical statments of immunology: neutrophils are the

first line of defense against infections and DCs migrate to LN to prime T cells.
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5.1 PERSPECTIVES

Listed below are some ideas and questions that remain unexplored and that
might be tackled in the future:
1. Compare ZIKV-neutrophil in vivo results with the cell response to other flavivirus
infection (such as DENV, YFV and WNV);
2. To use the IFN receptor deficient mouse model to assess neutrophil responses
during ZIKV infection (depletion assay, viral spreading, neutrophil migration to
infection site);
3. Do murine neutrophils replicate flavivirus?
4. How does neutrophil behave in the presence of A. aegypti saliva?
5. Does ZIKV infection increase in neutrophils in the presence of immunocomplex
with DENV immune sera?
6. Are there differences in neutrophil susceptibility to ZIKV in pregnant women?
7. Improvement of the co-culture model, e.g. extending it to other relevant cell
lineages;
8. How is leukocytes migration and LNs cell population in shorter time points after
flavivirus infection?
9. Does VACV act directly in skin DCs inhibiting their migration or is it an
environmental response?
10. Does VACV infect skin or pLN cells?
11. Does i-VACV/MVA migrate in IFNa/p knockout mice?
12. Are skin DCs viable after VACYV infection?
13. Do skin DCs express CD80 and CD86 after VACYV infection?
14. What are the differences in the ensuing adaptive immunity between VACV (no
skin DCs migration) and BCG (skin DCs mobilization)?

Provisional titles of manuscripts in preparation:

e IL-1 Regulates Mycobacterium bovis BCG-Triggered Skin Dendritic Cell
Migration to Draining Lymph Node via Production of COX-Derived PGEz;
e Trypanosomatid Microvesicles as Immunogenic Potential in Chagas disease.
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