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Abstract

Zika virus (ZIKV) re -emerged in the 20152016 epidemic in the Americas, when it
was recognized that this mosquito transmitted virus can also be transmitted congenitally.
One in 10 infants born to ZIKV -infected pregnhancies presented with congenital defects
including microcephaly, brain and ocular damage, neurodevelopmental delays, and
mobility defects. In the past outbreak 11,000 children in Brazil were born with
microcephaly and even more have lifelong disability. To prevent congenital transmission,
a vaccine that is effective in pregnancy is urgently needed. Developing such an
interventio n requires an understanding of the targeted immune responses that mediates
protection in pregnancy. Therefore, we investigated maternal B cell and antibody
immunity to ZIKV.

First, we characterized ZIKV immunity in mothers with natural ZIKV infection
and found that all mounted high ZIKV neutralizing antibody titers within 10 days of
symptoms and maintained this throughout gestation. We then evaluated transplacental
transfer of IgG and found that maternal ZIKV infection did not impair transfer of vaccine -
elicited and flavivirus -neutralizing IgG, indicating that maternal immunization is a viable
option to transfer immune protection to the newborn. However, a potential risk of
transferred IgG is antibody -dependent enhancement of a heterologous flavivirus in early

life. Consequently, we next tested the role of vertically transferred cross-reactive IgG in



infant cord blood and found that transferred IgG may mediate in vitro flavivirus
enhancement in absence of high ZIKV-neutralizing titers.

Next, we evaluated the role of IgM antibodies in the maternal immune response
to ZIKV, as IgM do not cross the placenta during gestation and were found for an
unusually long time in many cohorts. We found that p lasma IgM contributes to early
ZIKV neutralization acrossseveral ZIKV -infected pregnant women. We then isolated a
potently ZIKV -neutralizing IgM monoclonal antibody, DH1017.IgM, which demonstrates
39-fold increased neutralization activity than a recombinant IgG with the same antigen
binding sites, suggesting that the multivalency of the IgM may have a role in function.
Potency of DH1017.IgM increased in a dosedependent manner with complement.
Structural studies of the epitope revealed a novel E dimer epitope on Domain Il . This
epitope can be bound by DH1017.Fab at multiple angles and is computationally predicted
to have the capacity to be bound by all five IgM monomers simultaneously , defining a
novel route of ZIKV neutralization. Importantly, the DHO17.IlgM protects mice from a
lethal challenge of ZIKV and reduced in vitro enhancement otherwise observed with
DH1017.1gG, suggesting that DH1017.IgM may be a suitable candidate for prophylactic
interv ention in pregnancy.

Altogether, we have identified key aspects of maternal immunity that will inform

the development of ZIKV vaccines. First, we show that pregnant women can mount a



robust B cell response against ZIKV, that is durable throughout pregnancy, and that
protective levels of vaccine-elicited 1gG can be transferred transplacentally to infants,
suggesting that maternal immunization is a viable strategy to prevent infections in
pregnancy and protect the newborn. However, with the transfer of flaviv irus cross-
reactive IgG, there is a need to monitor infants for enhanced flavivirus disease upon
maternal immunization. Subsequently, we found that IgM antibodies in plasma
contribute to ZIKV neutralization and identified a novel route for virus neutraliz  ation by
DH1017.IgM that can be leveraged in immunogen design. Thus, vaccine design should
assess if inclusion of multimeric immunogens that mimic the conformational surface of

the virion supports development of IgM -mediated immunity.
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1. Introduction 1

Zika virus (ZIKV) is a n enveloped and positive single-stranded RNA virus in the
flavivi ridae family, along with other human pathogens like Dengue, West Nile, Yellow
Fever, and Japanese encephalitis viruseghat are spread by mosquitoes. In 20152016
ZIKV caused an epidemic in the Americas, starting in northeast Brazil and rapidly
spreading across the continent where it was identified for the first time that this virus
transmits from mother to child during pregnancy .

Congenital transmission results in the greatest burden of disease of ZIKV. The
resulting array of symptoms in newborns is know n as Congenital Zika Syndrome (CZS),
and includes microcephaly, neural and cardiovascular developmental defects, seizures,
and motor and vision impairments. These conditions result in lifelong disability. Families
of affected children bear high healthcare costs and disruption to employment, with the
EEEDUDPOOEOWET POEEEUI WEDPUxUOx OUU P OdddEseduriyaliub Ox EE U
is estimated that a single CZS case would result in $100 million in healthcare costs in the
United States (Centers for Disease Control and Prevention, 2016) The previous ZIKV

outbreak led to microcephaly in 11,000 newborns in Brazil and decline in fertility rate on
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a national level (Castro, Han, Carvalho, Victora, & Franca, 2018; DiazQuijano, Pelissari,
& Chiavegatto Filho, 2018). If the virus were to return , these devastating consequences for
people and countries must be prevented by an intervention that is effective in pregnancy.
The great burden of Zika disease on congenitally infected newborns has motivated

intensive research, unprecedented collaborations, and rapid sharing of data.

1.1 Zika virus: A brief history

Zika virus (ZIKV) was discovered in 1947 from the Zika forest in Uganda during
a dudy on the related flavivirus, yellow fever, by the Rockefeller Foundation (Schwartz,
2017) ZIKV was isolated from a febrile rhesus monkey that was caged in the canopy to
determine the vector of YFV from wild animals (Gubler, Vasilakis, & Musso, 2017). This
isolate was derived from the rhesus monkey #766 and passaged in the brain of swiss mice;
it now known as ZIKV strain MR766 (Gubler et al., 2017) The Zika forest contains a
research field station that is currently operated by the Uganda Virus Research Institute.
The adjacent areas have become increasingly populated, and the forest is tilized by local
communities. Arboviruses have been found in 50% of 61 mosquito species captured in
this forest (Kaddumukasa, Mutebi, Lutwama, Masembe, & Akol, 2014). These factors
characterize a biodiverse environmental interface where arboviral diseases may spillover

from animals to humans.



In the subsequent 60 years, cases of AV were reported in Asia but epidemics
were not observed. This may be due to use of serological testing for diagnosis in the
presence of other, more prevalent, caendemic flaviviruses such as dengue, Japanese
encephalitis, and West Nile. In 2007, ZIKV generated an epidemic in the Yap Islands in
the Pacific of 5000 cases, which was characterized as a shotived febrile disease (Gubler
et al., 2017) ZIKV spread rapidly and efficiently through the mosquito vector as 75% of
the population became infected in a span of 4months (Lazear & Diamond, 2016). In 2013,
there was another larger outbreak in French Polynesia and other southern Pacific islands
of 30,000 cases, where ZIKV was associated with Guillain Barre Syndrome for the first
time (Gubler et al., 2017) Spread of ZIKV from Africa to Asia, and then across the Pacific
Islands was likely facilitated by increased globalization, socioeconomic factors,
urbanization, and simultaneous lack of mosquito control at the household and

community level.
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Figure 1: Spread of Zika virus through the pacific islands from 2007 -2014,
which resulted in localized outbreaks . Reported exported cases are laklled. Reprinted
with permission from American Society for Microbiology Journal (Musso & Gubler,
2016)

Despite these outbreaks, global attention to ZIKV as a human pathogen worth
targeting with research and public health intervention arose only during the 2015-2016
epidemic. Retrospective analyses suggest that ZIKV may have been introduced to Brazil
in 20132014 from the Pacific. The 2018016 epidemic started in northeast of Brazil and
spread across the Americas. The first case of ZIKV was reported to the Brazilian Ministry

of Health in April 2015. However, the disease remained unrecognized until excess

neurologic disease and microcephaly was found in newborns in Brazil in November of
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2015. The association between ZIKV and neurologic disease was confirmed, as well as the
identification of a sexual route of transmission for this flavivirus. In July, we identified the
first case in the continental United States(Gubler et al., 2017) During this period and the
preceding years, the world was still addressing the Ebola outbreaks in western Africa, and

we experienced the burden of addressing multiple global epidemics simultaneously.
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Figure 2: Countries in North and South American continents  reporting ZIKV
outbreaks up till January 2016. Soon afterthis map was made, the US would have locally
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Due to the severity of the disease in newborns and great burden of lifelong
disability of congenitally transmitted ZIKV, the WHO declared this as a public health
emergency of international concern in February 2016 (Gubler et al., 2017) In this epidemic,
75 countries reported ZIKV cases (WHO). This spurred investments in research, political
will to act against this pathogen, and unprecedented collaboration and transparency. In
August 2016, the DNA vaccine candidate was launched in Phase | trial (Gubler et al.,
2017) At the time, the speed of vaccine development was considered record breaking,
however our efforts to design vaccines for the current coronavirus pandemic have proved
to be even faster.

The ZIKV outbreak has left behind thousands of children with microcephaly in
Brazil alone and others with neurodevelopmental defects that are being detected later in
life (Campos et al., 2018; NielserSaines et al., 2019)Livelihoods of families with children
affected by congenital Zika disease have been hampered due to the immense burden of
childcare. In particular, women and mothers have lost opportunities and fallen into
economic, social, and food insecurity (Human Rights Watch, 2017). Moreover, the
outbreak amplified issues for women arising from lack of reproductive rights (Human
Rights Watch, 2017) In the U.S., in 2020, 3 travel associated cases of ZIKV were reported
Maryland, Virginia, and North Carolina, and 57 cases in Puerto Rico (CDC). In Brazil, 579

suspected ZIKV cases were reported in over 3 months in 2020(Human Rights Watch,



2017) Despite rapid public health efforts and immense research growth in the field of
flaviviruses, we still do not have a licensed vaccine or safe intervention for ZIKV infection

in pregnancy. We remain unprepared for the next ZIKV outbreak.

1.2 Epidemiology

ZIKV results i n explosive outbreaks driven by mosquito -transmitted disease that
can reach more than 60% of a population in a time span of 47 months. The reproductive
number varies widely based on environmental conditions for transmission and
susceptibility of the popul ation, ranging from 1.3 + 12 (Keegan, Lessler, & Johansson,
2017) The median incubation period for ZIKV disease is 6 days, with 9-10 days as the
mean times for seroconversion and viral clearance (Lessler et al., 2016)In most adults,
symptoms last for 2-7 days and are mild (fever, rash, conjunctivitis, arthralgia, myalgia,

and headache Figure 3).



Figure 3: Conjunctivitis and ras h typical of mild ZIKV infection.  Top left photo
courtesy of H. P. Mallet, Department of Health of French Polynesia; top right, bottom left,
and bottom right photos by V. M. Cao -Lormeau and E. Grange, Institut Louis Malardé.
Reprinted with permission fro m American Society for Microbiology Journal (Musso &
Gubler, 2016)

However, a large proportion of ZIKV infections are asymptomatic, even in
pregnancy. Estimates on the prevalence of asymptomatic infections vary across
populations from 29% to 82% of all ZIKV -infections (Haby, Pinart, Elias, & Reveiz, 2018)
Also, a rare long-term consequence ofZIKV infections in 2 in 10,000 healthy adults is
Guillain -Barre syndrome, an autoimmune condition which damages nerve cells and

results in muscle weakness and potentially even paralysis (Mier-y-Teran-Romero,

Delorey, Sejvar, & Johansson, 2018)



1.2.1 Environmental risk f actors

The threat of ZIKV epidemics is highest in tropical areas, where year-round
transmission may be feasible due to a favorable climate for mosquitoes. Whereas
temperate areas, such as the United States and Europe, will be at risk of imported travet
related cases from tropical areas during warmer seasons. In general, arboviruses spread
seasonally after rainfall, which promotes the growth of mosquitoes. Evidence suggests
even households with fans experience fewer mosquito borne illnesses(Tsang et al., 2019)
Also, indoor and outdoor mosquito control measures can be applied by eliminating
sources of standing water (Fuller et al., 2017). While, community mosquito control for
arbovirus outbreaks in densely popula ted areas may help to reduce transmission, it does
not offer complete protection, as mosquito populations may be missed and rebound (Dick
et al., 2012) Current habitable zone of Aedes aegypti and albopictus mosquito

populations worldwide shown in  Figure 4.



\
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Figure 4. Global distribution of Aedes aegypti and albopictus mosquito vector.

Reprinted with permission from American Society for Microbiology Journal (Musso &
Gubler, 2016)

As the temperatures increase with climate change, the mosquito habitat expands
farther from the tropics. It is projected that this shift may render ~1 billion additional
susceptible people at risk for future outbreaks by the end of the century (Ryan, Carlson,
Mordecai, & Johnson, 2019) Future ZIKV epidemics are likely since urban monkeys in
tropical areas may serve as an animal reservoir for reemergence once population herd
immunity from the recent outbreak wanes (Terzian et al.,, 2018) As a result, related
flaviviruses, like Dengue virus, are known to re -emerge in 3-5 year cycles(Dick et al., 2012;

Katzelnick, Narvaez, et al., 2020; Weaver, Charlier, Vasilakis, & Lecuit, 2018)

10



1.2.2 Infection in pregnancy and congenital transmission

Pregnant women can be infected either through Zika virus carrying mosquitoes or
via sexual transmission. The virus can then cross the placenta or ascend the uterine tract
to transmit to the fetus. However, the majority of congenital transmission s are mediated
by infections in pregnancy due to mosquito bites. Studies find that 1 in 10 ZIKV -infected

pregnancies may result in microcephaly and brain damage (Rice et al., 2018)Figure 5).

_ _Typical Head Size
-

_ _Typical Head Size
-

Baby with Typical Head Size Baby with Microcephaly Baby with Severe Microcephaly

Figure 5: Congenital Zika syndrome (CZS). CZS can manifest as other defects and
microcephaly may be one of them. Image sourced from the US Centers for Disease Conl
and Prevention. Reference to specific commercial products, manufacturers, companies, or
trademarks does not constitute its endorsement or recommendation by the U.S.
Government, Department of Health and Human Services, or Centers for Disease Control
and Prevention. https://www.cdc.gov/pregnancy/zika/testing -follow -up/zika -syndrome-
birth -defects.html

Congenital transmission can occur during any trimester in pregnancy, and risk of
adverse birth defects is greatest in the first trimester (Reynolds et al., 2017) Yet delayed
onset neurodevelopmental abnormalities are being found in several children who were
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apparently healthy at birth, suggesting that this rate of congenital transmission based
upon abnormal outcomes at birth may be an underestimate (Nielsen-Saines et al., 2019)

Unlike mild infections in non -pregnant adults, there have been several reports of
prolonged viremia in pregnancy, and it is now known that ZIKV may persistupto 3 -times
longer in pregnant as compared to non-pregnant women (Lozier et al., 2018; PazBailey et
al., 2018) Symptomatic maternal infection is not associated with increased risk of birth
defects as compared to asymptomatic maternal infection (Rice et al., 2018) However,
prolonged viremia of more than 30 days post infection is related to more adverse fetal and
neonatal outcomes as compared to ZIKV-infected mothers without prolonged viremia
(Pomar et al., 2021)

For maternal infections within 2 weeks of delivery, the virus may pass to the infant
at the time of delivery. This route of transmission may not result in the developmental
defects observed with congenital transmission, though the rate of perinatal transmission
and clinical spectrum of disease is unknown (Centers for Disease Control andPrevention,
2021) Postnatal infections in infancy are possible by mosquito bites, though there is
limited evidence on the long -term consequences of this given the recency of the ZIKV

epidemic.
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1.3 Congenital Zika Syndrome

In newborns, congenital zika synd rome (CZS) defines a cluster of birth defects and
congenital anomalies related to the pathophysiology arising from neurotropism of ZIKV
during fetal development. While a range of ZIKV -related symptoms have been described
over the past few years, five key features have predominated these reports and distinguish
ZIKV from other congenital anomalies. As per the CDC, congenital ZIKV infection can be
El I DOl EwWEaAaoww? phuAwUIl YI Ul wOPEUOEI xT EQawbbUT wxeE
cortices with subcortical calcifications; (3) macular scarring and focal pigmentary retinal
mottling; (4) congenital contractures; and (5) marked early hypertonia and symptoms of
I RUUExaUE ODE E QMobrdat 8.0001701 00U~ w

At birth, microcephaly is defined as a head circumference less than the 3
percentile for gestational age and sex. Long term sequelae of microcephaly consist of
seizures, vision and hearing dysfunctions, and developmental disabilities. Recent
evidence from 6% 42 month old normocephalic children who were expos ed to ZIKV in utero
suggests that head circumference zscore at birth is directly associated with anatomical
and neurocognitive anomalies (Cranston et al., 2020)

Also, neural defects related to ZIKV infection in utero may give rise to
hyperreflexia, irritability, tremors, brainstem dysfunction, and dysphagia (Moore et al.,

2017) Ocular damage as well is commonly observed in these infants (Moore et al., 2017)
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Importantly, as thein uteroZIKV -exposed infants from the 201516 outbreak continue to
grow, there will be more to learn about the clinical spectrum of disease due to congenital

ZIKV infection.

1.3.1 Delayed developmental defects in children

In the 3-4 years of follow up of children exposed to ZIKV in utero, additional
developmental defects have been linked to ZIKV in those who were apparently healthy
at birth. Delay in language skills, as detected by the Bayley lll test, have been noted as tle
most affected developmental attribute across multiple studies, with up to 37% of in utero
exposed children being impacted by 15 months of age(Nielsen-Saines et al., 2019; Pecanha
et al., 2020) A caseseries found delays in motor performance and cognition in 24% and
5% of children respectively by 15 months of age (Pecanha et al., 2020) Also, a prospective
cohort reported that 25% of infants who demonstrated normal hearing and vision scores
at birth developed abnormalities by 7-32 months of age (Nielsen-Saines et al., 2019)
However, infant developmental trajectories may also resolve over time. In 49% of infants
with neurodevelopme ntal abnormalities in the first month of life, neurodevelopmental
scores were found to be in the normal range upon retesting the second or third year of life
(Nielsen-Saines et al., 2019)inally, cardiac defects have also been identified in our cohort

and previously reported in 40% of infants exposed to ZIKV in utero (Orofino et al., 2018).
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Studies are still on-going to identify the long -term consequences ofin utero exposure to

ZIKV.

1.4 Zika virus amongst Flaviviruses

ZIKV belongs to the flaviviridae family, which includes other human pathogens
like Dengue (DENV), Yellow fever (YFV), West Nile (WNV), Japanese Encephalitis (JEV),
and Tick-borne Encephalitis viruses (TBEV). Generally, flaviviruses result in systemic and
encephalitic diseasesand are transmitted by vectors such asmosquitoes and ticks (Figure
6).

Amplifyinghost  Vector
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Figure 6: Genetic relatedness of the complete genome among flaviviruses,
shown as a schematic phylogeny. Reprinted with permission from American Society for
Microbiology Journal (Lazear & Diamond, 2016).

Like other flaviviruses, ZIKV is small spherical enveloped virus of ~50nm in
diameter and contains a positive-sense single stranded RNA genome of 10.7 kb in length.
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prevent degradation of viral RNA in the cytosol (Lazear & Diamond, 2016; Pierson &
Diamond, 2020). The ZIKV genome has one open reading frame and can be translated into
one polyprotein that is cleaved by viral and host proteases to form 3 structural and 7 non -

structural proteins (Baronti et al., 2014) These proteins have common roles across
flaviviruses.

The structural proteins include the capsid, pre-membrane, and envelope,
designated C, prM, and E (Lazear & Diamond, 2016; Pierson & Diamond, 2020) C binds
and stabilizes the viral genome as anucleocapsid and helps incorporate the viral genome
into the virion. Whereas prM is cleaved during virion maturation to prevent premature
attachment to the cell membrane during assembly, and subsequently sits under the E
protein, connecting this to the viral membrane via a transmembrane region. E is the
primary immunogenic and external -facing protein on a mature virion and mediates
cellular attachment, entry, and fusion. Structurally, two anti -parallel E protein monomers
form a dimer, and a fully mature vi rion is expected to display 90 E protein dimers in a
herringbone pattern. Whereas the immature virion contains a heterotrimer of E and prM,
forming 60 spikes. prM gets cleaved to M during virion exit from the cell in the golgi
network (Lazear & Diamond, 2016; Pierson & Diamond, 2020; Sirohi & Kuhn, 2017)

The E protein consists of three domainsEDI, EDII, and EDIII (Figure 7).

16



Carbohydrate

o

linker
stem

TM anchor

Figure 7: Ribbon diagram of the ZIKV envelope protein antiparallel homodimer
and its domains. Domain | in red, Domain Il in yellow, and Domain Il in blue. Upper
image is side view, and lower image is top view. TM is transmembrane. Asn -linked glycan
highlighted as bubbles. Viral fusion loop indicated in orange . Reprinted with permission
from American Society for Microbiology Journal (Heinz & Stiasny, 2017).

EDI is the glycosylated host cell attachment protein (Carbaugh & Lazear, 2020;
Smit, Moesker, Rodenhuis-Zybert, & Wilschut, 2011). EDI contains a glycan on asparagine
154, which is different from the E glycosylation of DENV and WNV and may mediate
important roles in cell attachment and pathogenesis (Carbaugh & Lazear, 2020) Whereas
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EDII represents a part that mediates E dimerization on the mature Zika virion. EDIII
contains the hypothesized receptor binding domain of flaviviruses and the domain that
mediates cellular tropism (Modis, 2014).

In addition to these structural proteins there are seven non-structural proteins NS
1, 2A, 2B, 3, 4A, 4B, and Baronti et al., 2019. These are involved in viral replication,
assembly, and antagonizing the host intracellular innate immune response. NS5
constitutes the RNA-dependent RNA polymerase and methyltransferase. NS2A and 2B
enable viral protease function in the cytoplasm, and NS3 is an RNA helicase. NS4A and
4B are involved in membrane remodeling for viral replication (reviewed in Sirohi & Kuhn,
2017) Flavivirus NS proteins have roles in evading cytosolic sensing and interrupting
type | interferon (IFN) signaling (Diamond & Pierson, 2015; Mcfadden, Gokhale, &
Horner, 2017). In particular, NS1 can be secreted and acts to break endothelial barries
that reflect flavivirus tissue -specific disease tropism. This plays key roles in disease
pathology, such as vascular leak, placental damage, and destruction of lung and hepatic
tissue based on thetype of flavivirus (Puerta-Guardo et al., 2019. Also, NS1 is involved
in triggering release of vasoactive cytokines and evasion of complement (Glasner, Puerta-
Guardo, Beatty, & Harris, 2018). These roles allow the virus to replicate, evade host

immunity, and disseminate systemically to other tissues .
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1.5 Cell entry and viral life cycle

To mediate infection, a EDI and EDIII mediate cellular attachment and enter cells
via clathrin mediated endocytosis (Modis, 2014; Pierson & Diamond, 2020) As shown in
the schematic, cell entry occurs via receptormediated endocytosis and ZIKV fuses its
membrane with the cellular membrane while inside the vesicle in an acidic pH (Figure 8).
Upon viral entry into cellular endosomes, E proteins rearrange in the low pH
environment, and form fu sogenic trimers, exposing the highly conserved EDII fusion loop
whereby the viral membrane can fuse with the host cell membrane (Smit et al., 2011) This
releases the encapsidated genomiamaterial into the cytoplasm to cause infection. Once
the capsid is shed, the positive stranded RNA genome is translated in the endoplasmic
reticulum (ER) into a polyprotein. Viral proteins rearrange the ER membrane to form
secluded pockets of viral RNA tr anslation and package viral RNA into newly assembled
viral progeny. The polyprotein is cleaved to form the 10 viral proteins and immature
virions are assembled. In this process, viral proteins reshape the ER membrane. Immature
virions are transported throu gh the Golgi apparatus where the heterotrimeric spikes with
the pre-membrane are cleaved by a cellular protein to generate the mature or partly
mature viral particle. At an acidic pH pr is typically associated with the membrane protein

but is then releasedat a neutral pH. The virions then exit the cell as the Golgi membrane
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fuses with the cellular membrane. As the golgi membrane fuses with the cell surface, new

virions are released (Pierson & Diamond, 2020) (Figure 8).
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Figure 8: Flavivirus cell entry and replication cycle. Reprinted with permission
from American Society for Microbiology J ournal (Heinz & Stiasny, 2017).

Over the course of its cell cycle flaviviruses exists in three arrangements of
structural protein that impact the effectiveness of antibodies in abrogating infection. These

three forms are 1) spiky with prM -E spikes in their immature and non -infectious for m; 2)
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an intermediate fusogenic form at the lower pH of 5.5 -6.7 within an endosome; and 3) the
infectious form of the mature, smooth, virions with E protein dimers exposed on the
surface (Sirohi & Kuhn, 2017) (Figure 9).
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Figure 9: Schematic representation of the immature virus particle that forms
heterotrimeric spikes as compared to the smooth E protein dimer found on the mat ure
virion. Maturity of virus particles impacts ability of antibodies to recognize surface
structures. Reprinted with permission from American Society for Microbiology Journal
(Heinz & Stiasny, 2017).

proteins on the virion. Slight shifts among the interlaced E proteins are known as virion
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1.5.1 Cell tropism

ZIKV causes mild rashes in the skin, autoimmune disorder, congenitally
transmitted disease, and brain damage. Correspondingly the cell types permissive to
ZIKV infection are epidermal keratinocytes, monocytes, endothelial cells, fibroblasts,
dendritic cells, decidual placental macrophages and trophoblasts, fibroblasts, neural
progenitor cells, and cells of the male and female reproductive tract (Agrelli, de Moura,
Crovella, & Brandéo, 2019; Khaiboullina et al., 2019) In vitro assays for ZIKV commonly
use epithelial cells (Vero and A549), monocytes (THP-1), Raji cells (B cell), and insect
midgut cells (C6/36). ZIKV uses cell entry and adhesion factors such as cell surface DG
SIGN, AXL, Tyro3, and TIM-1, which are in the family of lipid receptors,
phosphatidylserine receptors, C-type lectins, and tyrosine kinases (Hamel et al., 2015;

Pierson & Diamond, 2020).

1.6 Genomic diversity

Genetic diversity in the E protein if of interest because divergence in this region
can mediate evasion from steilizing antibody immunity, or potentially cross -protection.
Overall, 43% of amino acids in ZIKV polyprotein and 56% of the E protein specifically
overlap with DENV (Lazear & Diamond, 2016; Stettler et al., 2016) The ZIKV E protein
demonstrates 50% amino acid sequence divergence from WNV and JEV E proteins, and

60% dvergence from TBEV. While these areas of overlap may generate crosgeactive
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antibodies, these immune responses do not mediate crossprotection with other
flaviviruses.

Among strains of ZIKV isolates, variation is minimal. The ZIKV strains that
resulted in the Pacific (H/PF/2013) and American (SPH2015) outbreaks are similar in their
genome, with only a 6 amino acid differences (Lazear & Diamond, 2016). Given that sera
obtained after the Asian lineage ZIKV epidemic can neutralize the African lineage virus,
ZIKV is still considered one serotype (Dowd, Demaso, Pelc, Diamond, et al., 2016)
Genomic diversity within ZIKV strains is not considered to impact immune protection.
All current ZIKV strains thus far are considered one serotype, thus there is minimal role
for genetic diversity in disrupting immune protection (Dowd, Demaso, Pelc, Sgeer, et al.,

2016)

1.5 Adaptive immune responses

Knowledge on ZIKV immunity required to protect against infection comes
primarily from interferon knockout mouse models, non -human primate (NHP) models,
and observational cohorts of mothers and infants sampled during the 201516 outbreak in
the Americas (Dudley et al., 2016; Julander & Siddharthan, 2017; Katzelnick & Harris,
2018) Evaluation of vaccine candidates in animal models have also provided key insights

on the immune requirements for protection.
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1.5.1 Humoral immune responses

Antibodies (Abs) are secreted by B cells and have a variable region that recognizes
the pathogen and a constant region specific to its isotype. Abs confer a pathogenspecific
adaptive immune response that are elicited within 5 -14 days of exposure(Tonnerre et al.,
2020) They bind and opsonize pathogens in order to neutralize and prevent pathogens
from interacting with host proteins needed for infection. Achieving neutralizing
antibodies (nAbs) is one of the primary goals of all vaccines to prevent subsequent
infection. In addition, Abs that are bound to pathogens mediate complement deposition,
which lys e pathogens. Also, the constant region of Abs can interact with immune cells, to

phagocytose and destroy Ab-bound pathogens, or mediate killing of infected cells.

Correlate of protection

A correlate of protection is an immune response or surrogate that is associated
with protection from disease. Association does not imply causation but indicates fruitful
avenues of investigation to delineate underlying mechanisms of protection.
Understanding what constitutes protection focuses vaccine design and development. A
correlate is generally viewed as the minimal sufficient immune requirement for a vaccine
to elicit protection. Typically, vaccines are designed to protect from severe disease and
not infection, so the vaccinated person may still be infected, serve as aarrier, and transmit

the pathogen, but they are most likely spared from severe disease outcomes.
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NAbs are considered the primary correlate of protection for flaviviruses including
Zika, West Nile, Dengue, Japanese encephalitis, tickborne encephalitis, and the highly
effective licensed flavivirus vaccine for yellow fever virus (Abbink et al., 2016; Hombach,
Solomon, Kurane, Jacobson, & Wood, 2005; Kaiser & Barrett, 2019; Katzelnick, Harris, et
al., 2017; Kreil, Burger, Bachmann, Fraiss, & Eibl, 1997; Larocca, Abbink, Peron, Zanotto,
et al.,, 2016; Mason, Tauraso, Spertzel, & Ginn, 1973; Pardi et al., 2017Passively
transferred 1gG from convalescent animals protect naive animals from ZIKV and
flavivirus challenge, indicating that antibodies alone can mediate protection (Abbink et
al., 2016; Beasley et al., 2004; Espinosa et al., 2018; Lai et al., 2007; Larocca, Abbink, Peron,
Zanotto, et al., 2016)

In the aftermath of 2015-16 outbreak, several vaccine candidates were developed
and tested in mice and NHPs, including an envelope (E) and pre-membrane (prM) viral
protein encoded as a DNA vaccine or mRNA vaccine, purified inactivated virus, live
attenuated vaccine, and adenovirus vectored E and prM. All candidate vaccines elicited
high nAb titers and protected non-pregnant non-human primates (NHP) and interferon
knockout mice from challenge (Abbink et al., 2016; Dowd, Ko, et al., 2016; Kwek et al.,
2018; Larocca, Abbink, Peron, Zanotto, et al., 2016; Pardi et al., 2017Based on these

promising findings, the DNA vaccine encoding E and prM viral proteins was tested in
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Phase I clinical trials and shown to be safe and immunogenic in humans (Gaudinski et al.,

2017)

Protection in pregnanc y

When tested in pregnant NHPs, the leading DNA vaccine candidate and
neutralizing monoclonal IgG therapeutics have failed to provide sterilizing immunity  or
prevent vertical transmission (Magnani et al.,, 2018a; Van Rompay et al., 2019) These
finding s concur with observations of prolonged maternal viremia in pregnancy (& wl huE E a U
in the presence of nAbs (Driggers R.W., 2016; Meaney-Delman et al., 2016; Suy, Sulleiro,
Rodo, et al.,, 2016) These data suggest that nAbs are necessary but not sufficient for
protection from ZIKV in pregnancy. Potentially multiple immune factors are required to
confer complete protection. Multifacto rial responses such as contributions from cellular
immunity and non -neutralizing antibody functions may be required for protection during
pregnancy.

Moreover, timing of immune responses and its relation to viral control has come
into greater focus with th e severe acute respiratory coronavirus-2 (SARSCoV-2) and may
be key for ZIKV as well. Timing of seroconversion is shown to be important for protection
against SARSCoV-2, where generation of neutralizing antibodies within 14 days of
disease onset is assdated with protection and not the peak anti -spike titer (Lucas et al.,

2020) Clearanceof Zika viremia within 10 -14 days in most adults suggests that the early

26



immunity is critical to viral control (Lessler et al., 2016; PaBailey et al., 2017) In natural
ZIKV infection, Anti -ZIKV IgM peak within 10 days post symptoms , whereas Anti-ZIKV
IgG peak at 1014 days(Singh et al., 2019; Tonnerre et al., 2020).essons from the adative
immune responses to natural infection suggest a role for early immune responses, such as
induced IgM in protection.

As several ZIKV vaccine candidates do not confer sterilizing immunity in
pregnancy, there is a need toimprove immunogen design and test in pregnant animal
models prior to further trials. Optimal immunity in pregnancy may be linked to timing of

response as well as a combination of immune factors rather than a single factor.

Cross-reactive IgG and antibody -dependent enhancement

E protein is the primary target of flavivirus immune responses (Pierson &
Diamond, 2020). Due to the conserved structures of the ZIKV E protein with the DENV 1 -
4 serotypes E protein (Sirohi et al., 2016) there are antibodies that may react to multiple
flaviviruses. These antibodies are known as crossreactive Abs. These crossreactive Abs
are known to interact with multiple viruses of the DENV 1 -4 serotypes but not confer
cross-neutralization or cross-protection. In fact, the presence of crossreactive antibodies
has been known to make secondary DENV disease worse, leading to hemorrhagic fever,
vascular leak, and shock. Antibody-dependent enhancement occurs when Abs from a

primary DENV infection interact weakly with a heterotypic DENV serotype, and the
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constant region of IgG (Fc) interacts with Fcgreceptors (F@R) on monocytes. The virus-
antibody complex is then internalized by the monocyte, allowing the virus to overcome
the barrier of cell entry due to the presence of reactive Abs. The heteroypic virus would
not be completely neutralized and then replicate efficiently withing monocytes to increase
viral load and mediate more severe disease than the primary infection (Katzelnick, Harris,
et al.,, 2017; Whitehead, Blaney, Durbin, & Murphy, 2007). Importantly, due to the
proposed model with interactions with Fc gr, crossreactive IgG are implicated in

pathology, and no other isotypes (Figure 10).
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Figure 10: Mechanistic model for antibody -dependent enhancement (ADE) of
flaviviruses via the presence of existing cross -reactive 1gG interacting with Fc gR on cell
surface. This allows the virus to overcome the barrier of cell entry without complete
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neutralization. Reprinted with permission from American Society for Microbiology
Journal (Heinz & Stiasny, 2017).

DENV enhancement was first identifie d in newborns who had severe DENV
disease in early life due to maternal Abs that were passively transferred during pregnancy
(Castanha, Braga, Cordeiro, Souza, Silva, Martelli, Van Panhuis, et al., 2016; S. B. Halstead,
Scanlon, Umpaivit, & Udomsakdi, 1969; Kliks, Nimmanitya, Nisalak, & Burke, 1988) .
More recently, it has been identified that intermediate level of Ig G from primary infection
and during secondary disease, drive the DENV-DENV enhancement in people
(Katzelnick, Gresh, et al., 2017) Due to the highly co-endemic transmission of ZIKV and
DENYV 1-4 with the same mosquito vector, the crossreactivity of these viruses and the role
of crossreactive antibodies in pregnancy is of particular concern. It has been identified
that IgG from a ZIKV infection are related to the enhancement of heterologous secondary
DENYV disease (Katzelnick, Narvaez, et al., 2020)

There is mixed evidence of whether DENV IgG could have enhanced ZIKV in
pregnancy and led to severe congenital outcomes in the 20152016 outbreak (Petzold et
al., 2021) While ZIKV enhancement has not been noted epidemiologically, it has been
observed in pregnant mice and placental explants, suggesting a possibility for viral
enhancement upon exposurein the presence of sub neutralizing levels of mAb (Rathore,
Saron, Lim, Jahan, & St. John, 2019; Zimmerman etlg 2018) Moreover, ZIKV bound to

weakly neutralizing antibody may interact with Fc greceptors and gain access to the fetal
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compartment (Zimmerman et al., 2018). Alternatively, in NHP, prior DENV has no effect
on the virologic outcome of subsequent ZIKV infection, but does mod ulate secondary
immune response (McCracken et al., 2017; Pantoja et al., 2017A final outcome may be
that DENV exposure may crossprotect from symptomatic ZIKV (Gordon et al., 2019)
Indeed, the relationships between IgG and viral burden are complex as these differential
outcomes of may vary over time since prior infection due to waning levels of | gG
immunity.
1.5.2 Contribution of ¢ ellular immunity to protection

Mice lacking CD8+ T cells had higher ZIKV viral burden and persistent WNV
infection (Elong Ngono et al., 2017; Lam et al., 2017; Shrestha & Diamond, 2004%imilarly,
resolution of persistent DENV infection in an immunosuppressed patient coincided with
CD8+ T cell increase, emphasizing the role of T cells in viral clearancgNg et al., 2019) Fc¢
regions of IgG may also facilitate antibody-dependent cell-mediated cytotoxicity,
involved in early control of secondary DENV infection (Laoprasopwattana et al., 2007)
Furthermore, analyses of human T cell peptide epitopes shows that ZIKV specific CD8+ T
cells react more to structural proteins whereas CD4+ T cells have a greater response to
non-structural viral proteins (El Sahly et al., 2019; Pardy & Richer, 2019; Ricciardi et al.,

2017)
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Delayed establishment or low memory B and T cell responses may also deter viral
control. Long-term shedding of ZIKV points to a need for sustained immunity to quell
viral recrudescence (El Sahly et al., 2019; PaBailey et al., 2018) Longevity matters for
protection as individuals with persisting DENV -specific memory B cells had lower rates
of secondary DENV infection, than those without detectable memory cell responses
(SanchezVargas et al., 2019) Studies of human responses after ZIKV infection indicate
rapid elicitation of plasmablasts and establishment of a ZIKV -specific memory B cell
population, supporting the protective role for B cell immunity and ZIKV -specific
antibodies (S. M. Nguyen et al., 2017; Tonnerre et al., 2020)Timely Ab production by is
critical to viral control (Elong Ngono et al., 2019)

As an alternative to the vaccine candidates based on structural viral proteins, such
as E, vaccine designs with nonstructural protein 1 (NS1) have also been tested in the
mouse model. The NS1 based candidates demonstrate reduced viral load and improved
survival in mice but cannot offer sterilizing immunity as NS1 is not externally displayed
on the virion for neutralization (Bailey et al., 2019, 2018)In improving vaccine design to
protect in pregnancy, an E and NS1 combined vaccine design may be considered in the

future.
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1.6 Innate Immunity in pregnancy

Innate immune responses are launched in tissues and inside cells within minutes to
hours of viral exposure. They sense the virus via intracellular and surface receptors and
launch signaling cascades to express cytokines that trigger antiviral proteins and the
adaptive immune response (Mcfadden et al., 2017) Interferon (IFN) is critical to host
resistance against flaviviruses. Several ZIKV proteins are dedicated to antagonizing the
human IFN response in order to productively infect cells and replicate (Bowen et al., 2017,
Grant et al., 2016) IFNa/b in mice induces a potent antiviral response such that mice with
intact IFN cannot be productively infected with ZIKV, and an IFN receptor (IFN aR1/")
knock-out mouse model is required to achieve ZIKV infection in mice (Lazear et al., 2016)

Through the mouse models and in vitro studies of placental explants and primary
human trophoblasts it has been found that type | IFN responses may also mediate
placental damage and, subsequently,pathogenesis at the maternalfetal interface (Yockey
et al., 2018) Whereas type Il IFN produced by placental trophoblasts as well as IFN-y
produced by epithelial cells in the female reproductive tract restricts ZIKV and confer
protection (Bayer et al., 2016; Caine et al., 2019)

Other immune cells like monocytes, granulocytes, and NK cells detect and destroy
extracellular virus and infected cells (Petitdemange et al., 2014) Acute ZIKV infection is

characterized by a predominance of CD14+ monocytes, and expression of chemokines and
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adhesins that facilitate monocyte and immune cell recruitmen t to the tissue and their

activation (Michlmayr et al., 2020). While monocytes phagocytose virus, they may also

mediate encephalitis and tissue destruction as with the related flavivirus, West Nile Virus

(Bardina et al., 2015) In ZIKV infections, CD14+ CD16+ monocytes are a primary taget of

infection in blood and may facilitate viral persistence (Michimayr, Andrade, Gonzalez,
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secretion is suppressed whereas numbers of monocytes, granulocytes, and dendritic cells

are increased(Kraus et al., 2012)

Also, complement proteins in serum recognize pathogen motifs, deposit on
pathogens, and create a structure to target pathogens for recognition by immune cells or
directly lyse pathogens. Complement inhibit s ZIKV in an antibody -dependent and
independent manner (Regal, Gilbert, & Burwick, 2015; Richani et al., 2005; Schiela et al.,
2018) However, as with other aspects of innate immunity, complement has been
implicated in facilitating the pathogenic effects of flavivirus inf ections as well (Conde,
Silva, Barbosa, & MohanaBorges, 2017) Interestingly, in pregnancy, the concentration of
complement proteins increases (Richani et al., 2005) but the effect of this on ZIKV
pathogenesis or protection has not been quantified.

In all, pregnancy modulates several aspects of innate immunity that may yield a

distinct ZIKV disease severity and immune requirements for protection non -pregnant
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individuals. Importantly, it was found that prior DENV infection did not significantly
modulate the innate response to acute ZIKV infection (Michimayr et al., 2020), which is

unlike the DENV -induced immune modulation observed for adaptive immune responses.

1.7 Public health strategies for preventing infection

In the absence of viable treatment options, prevention of infection during
pregnancy is a key strategy to protecting the health of neonates. Pregnant women are
advised to avoid travel to ZIKV -endemic areas and minimize mosquito exposures.
Mosquit oes may be avoided through use of Environmental Protection Agency registered
insect repellants, useof air-conditioning, sleep in mosquito bed nets, and stay in locations
with window and door screens (CDC, 2020) Also, pregnant women are advised to protect
against sexual transmission of ZIKV (Oduyebo et al., 2017). Condom use or abstinence
from sexual contact after travel to endemic regions is recommended for up to 3 months
with a male partner, due to prolonged persistence of ZIKV RNA in semen (Oduyebo et
al., 2017) Median time to loss of ZIKV RNA detection in serum is 11 days in serum, 34
days in urine, and 42 days in semen. In particular, 95% of menclear viral RNA from semen
in 4 months, suggesting that in some partnersz duration of risk of sexual ZIKV

transmission is extended (Paz-Bailey et al., 2017)
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1.8 Gaps remaining and key questions for research

Despite five years since the major ZIKV outbreak in the A mericas, there is no
licensed vaccing antiviral, or immune prophylaxis for ZIKV. The leading vaccine
candidate is a DNA vaccine candidate which completed Phase 2b clinical trials
demonstrating safety and elicitation of ZIKV -neutralizing responses. However, efficacy
could not be estimated due to lack of ongoing viral circulation globally (VRC 705:
NCTO0311077Q. Live attenuated virus vaccine platforms have shown to be immunogenic
for related Yellow Fever and Japanese Encephalitis virusesbut are typically c ontradicted
for use in preghancy (Gotuzzo, Yactayo, & Cdordova, 2013; Hennessy et al., 1996) time
period of greatest risk for congenital ZIKV transmission. While passive immunoglobulin
prophylaxis can confer rapid protection in an outbreak and be a safe option for pregnant
women, there are no such products available So, we continue to face the prospect of a
future epidemic unprepared to mitigate morbidity caused by ZIKV.

Hurdles in the development of these life -saving innovations represent key gaps in
knowledge that must be addressed through research. | define my top 10 questions must
be resolved in order to design effective immune interventions to prevent ZIKV

infection/disease in pregnancy and protect children.
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1)

2)

3)

4)

5)

6)

What are the protective immune responses in pregnancy if nAbs are insufficient?
What is the minimally sufficient threshold for multifactorial immunity that must be

achieved to prevent congenital transmission?

How can we improve upon the current leading DNA vaccine candidate? Will this be
through inclusion of E dimer and qu aternary epitopes? Is the inclusion of non-

structural proteins desirable?

Can non-FcR interacting immune prophylactics (such as monoclonal antibody, mAb
cocktails, or hyperimmuneglobulin therapy) reduce the risk of congenital

transmission and congenital ZIKV syndrome in infants?

Do maternal immune responses during pregnancy pose a risk to the fetus and

newborn with enhanced flavivirus disease in early life?

What are the consequences of waning ZIKV immunity from the 2015-2016 outbreak

on subsequent ZIKV or DENYV infection in pregnancy?

How does prior flavivirus immunity skew the immune response to leading vaccine
candidates? Can ZIKV vaccines protect in flavivirus seropositive individuals as well

as seronegative individuals?
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7) Which B cell compartment is generating potent nAbs and type -specific responses,
versus crossreactive responses? What are the pathways to B cell maturation amongst

type-specific versus crossreactive responses?

8) Does timing of response matter to protection? How can we elicit a faster recall

response to ZIKV infection while mitigating reactogenicity in pregnancy?

9) How does disease pathogenesis differ in the setting of pregnancy as compared to non

pregnant individuals? What are the relevant host factors in pregnancy at baseline?

10) Which tools can help to reliably diagnose in uteroZIKV infection at the time of birth?

1.9 Summary

Due to these pressing gaps, | focused my doctoral researclover the past five years
on maternal antibody and B cell immunity to ZIKV to guide vaccine design and antibody -
based interventions for prevention of congenital transmission . To do this, | undertook two
main routes of investigation. The first is through prospective mother infant cohort from
Brazil, sampled during the prior outbreak in the Americas. The seco nd, a monkey model
for ZIKV infection. | am leading studies in three primary areas:

1) Maternal immune protection and neonatal health (Chapters 2 and 4)
2) Vaccines and antibody interventions (Chapter 3)
3) B cell pathways to develop potent antibody responses (Chapter 3)
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In addition, | have collaborated on studies that will not be discussed in this
dissertation but offer meaningful scientific contributions. The goals of these diverse
collaborative studies include assessing E protein antigens as diagnostics, infectious ZIKV
in breast milk, neurodevelopmental delays in children exposed to ZIKV in utero, ocular
defects due to congenital ZIKV in neonatal macaques, hyperimmunoglobulin as a
therapeutic and prophylactic int ervention, protection against ZIKV from the leading DNA
vaccine in pregnant monkeys, and a costing model for development of complex and
simple vaccine interventions. More recently, | pivoted my experience on conducting
cohort research on emerging viruses b review SARS-CoV-2 infections in pediatrics and
contribute to research oncoronavirus immunity through alocal prospective cohort based
in North Carolina. Cumulatively, these contributions integrate multidisciplinary training
in virology, immunology, and epidemiology, and will allow me to lead studies on natural
immunity and vaccine design against emerging viral pathogens.

My lead studies discussed in the following chapters offer insights on how maternal
flavivirus immunity impacts newborn health, an impro ved vaccine design for ZIKV, a
novel antibody -based intervention that would be suitable in pregnancy, and the B cell
compartments that likely yield potent versus cross-reactive immune responses. Such

findings will guide future investigation and development of products designed to
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ultimately protect during pregnancy and prevent the lifelong disability of congenital

ZIKV syndrome.
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2. Antibody transfer in maternal ZIKV infection 2

ZIKV is the first example of a teratogenic vector-borne disease in humans. Initial
estimates during the epidemic detected a 42% rate of fetal or neonatal abnormalities in
symptomatic ZIKV -infected pregnant women (Brasil et al., 2016) whereas subsequent
epidemiologic studies with larger populations estimated a 7 -14% rate of neurological
defects in infants of pregnant women infected with ZIKV (Hoen et al., 2018; Rice et al.,
2018) While the recent global epidemic has largely waned, the lack of preventative
options for protection against ZIKV, suggests ZIKV is likely to be a re-emerging and

ongoing cause of congenital infections.

Importance of transplacental transfer of IgG in protecting neonates

Transplacental transfer of IgG during preghancy provides passive immunity to
the fetus and is critical to protecting newborns against infections (Fouda, Martinez,
Swamy, & Permar, 2018a) Maternal immunization during pregnancy can boost levels of
protective 1gG transferred to the fetus, providing a valuable tool for reducing neonatal

morbidity. For example, tetanus immunization of pregnant women, or women of child -

2Much of the content in this Chapter 1 is sourced from the original work of the author, that has been
previously published: Singh T*, Lopez CA*, Giuberti C, Dennis M, Itell H, Heimsath H, Webster HS, Roark
HK, Merc¢on de Vargas P, Hall A, Corey R, Swamy G, Dietze R, Lazear H, Permar SEfficient Transplacental
IgG Transfer in Women Infected with Zika Virus During Pregnancy . PLOS Neglected Tropical Diseases.
2019; 13(8); PMID: 31449521. *Shared first authorship
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bearing age, resulted in a 94% reduction in neonatal tetanus mortality rates (Khan,
Zahidie, & Rabbani, 2013) Moreover, maternal influenza vaccination and the magnitude

of maternally derived antibodies are associated with protection of infants from influenza
illness (Benowitz, Esposito, Gracey, Shapiro, & Vazquez, 2010; Nunes et al., 2016; Tapia et
al., 2016) These benefits have led b the recommendation of providing diphtheria, tetanus,
pertussis combined vaccines and influenza vaccines routinely during pregnancy (Centers
for Disease Control and Prevention, 2019; Recomendac¢fes da Sociedade Brasileira de
Imunizagdes, 2019) Therefore, transplacental transfer of 1gG is an important feature of
maternal vaccination and natural immunity that may be leveraged for protection against

neonatal pathogens.

Value of antibody responses in the setting of ZIKV infections

Humoral immunity is thought to play an important role in protection against
flavivirus infections (Mansfield et al., 2011; B. R. Murphy & Whitehead, 2011; Vratskikh
et al., 2013) ZIKV neutralizing antibodies likely provide durable protection against re -
infection, therefore eliciting robust antibody responses is a key goal of ZIKV vaccine
development (Abbink, Stephenson, & Barouch, 2018) Given the severe consequences of
ZIKV disease in neonates, an ideal ZIKV vaccine would not only prevent infection in
vaccine recipients but also protect fetuses from ZIKV congenital transmission. One way

to protect fetuses could be transplacental transfer of ZIKV vaccine-elicited 19G. However,
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transplacental transfer of flavivirus -specific IgG also can lead to enhanced DENV disease
during infancy, and may mediate transcytosis of ZIKV immune complexes (Castanha,
Braga, Cordeiro, Souza, Silva, Martelli, van Panhuis, et al., 2016; Scott B. Halstead et al.,
2002; Zimmerman et al., 2018) Due to the key role of antibody transfer for newborn health,

it is important to delineate the quantity and function of IgG transferred from mother to
infant during pregnancy and to determine how transfer is altered by congenital

pathogens.

Concerns about transfer of cross -reactive antibodies

The crossreactive antibody responses between the antigenically similar DENV
and ZIKV may lead to risks in early life for DENV disease enhancement in infants through
transplacental transfer of flavivirus antibodies (Castanha, Braga, Corciro, Souza, Silva,
Martelli, van Panhuis, et al., 2016; CostaCarvalho et al., 1996; Lakshmanane et al., 2018;
Priyamvada et al.,, 2016; Stettler et al., 2016) This risk is known to be mediated by
antibodies generated from a prior DENV infection that ¢ an enhance DENV viremia and
disease and ZIKV antibodies may have the potential to similarly enhance DENV infection.
(George et al., 2017a; Scott B Halstead, 2017; Katzelnick, Gresh, et al., 20Tfning of past
flavivirus infection also influences this risk as cross -neutralization of DENV and ZIKV is
restricted to early convalescence, and antibody populations become more virus-specific

over time (Collins et al., 2017; Montoya et al., 2018) While DENV -specific IgG are
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efficiently transferred in healthy pregnancies, waning maternal flavivirus -specific 1gG
levels throughout the first year of life leads to age-associated increased risk for severe
DENV infection (Castanha, Braga, Codeiro, Souza, Silva, Martelli, van Panhuis, et al.,
2016; Hammond et al., 2005; Simmons et al., 2007)

A second concern regarding placental IgG transfer is the potential of viral
transcytosis from maternal to fetal compartment with immune complexes an d subsequent
enhanced fetal infection. Viruses such as human cytomegalovirus (HCMV) may co-opt
this 1gG transfer mechanism and traverse the placenta through the the neonatal Fc
receptor (FcRn) (Maidji, Mcdonagh, Genbacev, Tabata, & Pereira, 2006; Roopenian &
Akilesh, 2007). Recent work suggests that ZIKV infection of human placental explants can
be enhanced by DENV antibodies (Hermanns et al., 2018; Zimmerman et al., 2018)
However, available epidemiological data suggest that recent DENV infection provides
modest protection against ZIKV (Gordon et al., 2019; RodriguezBarraquer et al., 2019)
highlighting the need to better understand the impact of cross -reactive antibodies in
flavivirus disease. Antibo dy-dependent transfer of ZIKV across the placenta, antibody-
mediated enhancement of DENV disease in infants, and antibody-mediated protection of

fetuses and newborns are all dependent on intact transplacental 1gG transfer.
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Placental pathology is linked wit h transfer of IgG

Maternal -fetal IgG transfer occurs at placental villus trees in contact with maternal
blood (Roopenian & Akilesh, 2007). In healthy pregnancies, 1gG is transferred efficiently
such that IgG concentrations in infant cord blood are often equivalent to or higher than
OT T wdOOUT 1 Uz UwO(Faudattal RalsaFKotdeb & Faby,4966)Many factors
contribute to the efficient transplacental IgG transfer via FCRn, such as IgG subclass,
antibody avidity, gestationa | stage, and hypergammaglobulinemia (Avanzini et al., 1998;
Garty, Ludomirsky, Danon, Peter, & Douglas, 1994; Roopenian & Akilesh, 2007), and
transfer can be impeded by maternal conditions or placental pathology.

Therefore, the premise for studying transplacental 1gG transfer in the context of
ZIKV infection in pregnancy is twofold. Firstly, maternal HIV -1 infection and placental
damage due to malaria infection are two clinical settings associated with impaired IgG
transfer (Chaikitgosiyakul et al., 2014; de MoraesPinto et al., 1998; Dechavanne, Cottrell,
Garcia, & Migot -Nabias, 2015; Moro et al., 2015; Okoko et al., 2001 Maternal ZIKV
infection also results in placental damage, possibly due to viral infection of multiple
placental cell types and inflammatory immunopathology (Bhatnagar et al., 2017;
Rosenberg, Yu, Hill, Reyes, & Schwartz, 2017; Szaba et al., 281 Yockey et al., 2018)

Interestingly, maternal infection with DENV, a closely related flavivirus, leads to

increased risk of maternal mortality, pregnancy complications, premature birth, and low
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infant birth weight, as well as placental damage (Chitra & Panicker, 2011; Friedman et al.,
2014; Paixao, Harron, et al., 2018; Ribeiro et al., 2017; Tan et al., 2012¢t, DENV infection
in pregnancy does not impair transplacental IgG transfer in normal birth weight infants
(Perret et al., 2005) ZIKV infection in pregnancy can result in prolonged viremia,
suggesting a viral reservoir in an immune privileged site (Driggers et al., 2016 Meaney-
Delman et al., 2016; PazBailey, Rosenberg, & Sharp, 2019; Suy, Sulleiro, Rodd, et al., 2016)
Secondly, maternal malaria and HIV -1 infection have been established to differentially
impact transfer of IgG subpopulations specific to routine pedi atric vaccines (Abu-Raya,
Smolen, Willems, Kollmann, & Marchant, 2016; de Moraes-Pinto et al., 1998) which may
be dependent on distinct Fc characteristics of each IgG population (Martinez et al., 2019)
This phenomenon impacts antibody half -life in infant circulation and protection in early
life. While prior studies show efficient transfer of recently boosted flavivirus antibodies
after the ZIKV epidemic (Castanha et al., 2019)we further examined whether pre -existing
IgG subpopulations relevant to newborn health are efficiently transferred following

maternal ZIKV infection.

Purpose of this study

To investigate whether ZIKV infection during pregnancy impairs transplacental
transfer of IgG specific to flaviviruses and common vaccine antigens, we enrolled a

prospective cohort of 26 pregnant women from Vitéria, Brazil, who presented with fever
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and rash symptoms consistent with ZIKV infection during the recent Brazilian ZIKV
epidemic. Of these women, 20 paired maternal plasma and infant cord blood samples
were available from delivery and used to define the efficiency of transplacental 1gG
transfer. Evaluating the magnitude and sub populations of IgG transferred to newborns
who are exposed to ZIKV in utero is critical to understanding the extent of vaccine
protection or risk of severe flavivirus infections in early life, and the development of

antibody -based therapeutics.

2.1 Methods
Study population and design

This study enrolled 26 mothers living in Southeast Brazil, from which only 20
delivery samples were collected. All enrollees presented with fever and/or rash during
the ZIKV epidemic to investigate maternal and infant immunity to ZIKV infection during
pregnancy. Two groups of mother -infant pairs are included in this observational study:
one group with maternal ZIKV infection during pregnancy, and the other group without
ZIKV infection during pregnancy. Therefore, mothers with fe ver or rash during
pregnancy but without ZIKV infection served as a comparator group for those with ZIKV
infection and symptomology.

Participants in this study were enrolled from July 2016 to October 2017 in the city

of Vitoria, which is the capital of th e State ofEspirito Santo. There are 4 million inhabitants

46



and 50,000 births per year in Espirito Santowith the majority living in the metropolitan

region of Vitéria ? ! UEADPOPEOw, POPUUUA wdi 2K 4 EOWd austEDEEEQ
EPEEE]I Uwil wi UUEEOUWE Ow! UEiLBydO has Nad éndemio DENZ EOU 007 |
circulation for the past two decades (Secretaria de estado da salde, 201630 it was

expected that many participants would have been exposed to DENV previously and be

seropositive for DENV. The first clinically suspected cases of ZIKV infection in Brazil were

described in May 2015, and six months later (November 2015) the first autochthonous

ZIKV case was confirmed in Espirito Santo ? 21 EUl UEUPEWE]l w$UUEEOWEE
OKOIl UOWET WEEUOUWET wo9POEO? wl Yk Qw2 00Ow" EOxOUOW,
et al., 2015) In the months preceding our enrollment, there was a ZIKV incidence of 3,100

cases per 100,000 inhabitants, and a DENV incidence of 901 cases per 100,000 inhabitants

in Espirito Santo (Secretaria de estadoda saude, 2016) In this timeframe, 77 CZS cases

were reported to the State Health Department, including cases of microcephaly, defects

of the central nervous system suggestive of congenital infection, or stillbirths (Secretaria

de estado da saude, 2016)Since this region reflected key features of flavivirus co-endemic

settings and had ongoing ZIKV transmission, it was considered representative of r egions

with a burden of ZIKV disease and appropriate for study of maternal and infant ZIKV

immunity.
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Recruitment

The enrollment field site is based in the city of Vitdria at the the Nucleo de Doencas
Infecciosas (NDI), at the Universidade Federal do Espirito Santo. During our study,
suspected ZIKV infection was considered a reportable condition to the State Health
Department for all patients seen at public or private clinics within the state. Within a week
of a case reported by a physician to the State Hedh Department, a staff member reported
notifications of pregnant suspected ZIKV cases within the State to NDI. Thus the
recruitment strategy relied on passive surveillance systems, and no active recruitment
was conducted in the community. Upon referral, s taff at the NDI contacted pregnant
suspected ZIKV cases within the Vitoria metropolitan area by phone regarding interest in
participating in this study. If interested, pregnant suspected ZIKV cases were invited to
the NDI for written informed consent and f irst recorded visit in our study at the time of

enrollment.

Enroliment and follow -up

At the initial visit for study enrollment, three inclusion criteria were confirmed: 1)
pregnant women with rash or fever; 2) patient was a minimum of 18 years of age; 3)
willingness to participate in study through provision of written informed consent. No
exclusion criteria were defined. During the enroliment visit, a clinical history and physical

evaluation were performed by a licensed physician, and blood and urine were collected.
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The following demographic information was collected at enrollement: age, municipality,
date of birth, last menstrual date, recall of prior DENV disease, family members or
neighbors with symptoms of ZIKV infection, use of insect repellant, prior vaccination for
yellow fever virus, sexual activity in the 10 days before symptoms of ZIKV infection,
UadoxU0UO0O0UwWOl wo(*5whbOi T EUPOOwWPOWUTI RUEOQwxEUUOI UUC
of drugs, tobacco, or alcohol during pregnancy. Any clinical rec ords and ultrasounds
during the pregnancy before symptoms of ZIKV infection also were collected. All
participants were referred for additional prenatal clinical care consultations and
ultrasounds. Transportation to the NDI research site for every visit, as well as all
recommended consultations with obstetrician -gynecologists and ultrasounds were
funded by the study. For each participant, gestational age at the time of symptoms and
delivery was calculated based on the last menstrual period date and confirmed by
ultrasound (performed at 9 -22 weeks) .

After the enrollment visit, all participants were followed up weekly for up to four
weeks, and monthly visits thereafter until delivery. Though followup of the mothers and
infants in this study is ongoing, the pr esent report only includes samples through
delivery. At every visit, a standardized questionnaire was administered in the form of a

semi-structured interview by a trained research staff member at NDI. Through this
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guestionnaire we collected information on the presence and duration of symptoms related
to ZIKV infection.

At the time of delivery, maternal blood and urine, infant cord blood, and placenta
were collected. Newborn head circumference was measured by a nurse prior to hospital
discharge, and reported to study staff. Head circumferences were converted to z score for
the corresponding gestational age using the Newborn Cross-Sectional Study of the
INTERGROWTH -21st Project standards. Microcephaly was defined per WHO and
INTERGROWTH -21st guidelines as a zscore lower than -1.88, which is the 3rd percentile
of newborns at each gestational age(J. Villar et al., 2014; World Health Organization,

2017)

Sample collection .

Blood samples were collected into heparin or EDTA tubes, stored at room
temperature up to six hours, and centrifuged at 1300 x G for 10 minutes to obtain plasma.
Infant umbilical cord blood was collected by ¢ lamping the cord, cutting it, and draining
blood into sterile collection tubes. Urine samples were collected mid -stream in a sterile
screw-top container and stored at -80°C. Plasma samples were stored at-80°C, then

shipped to Duke University on dry ice.
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Ethics statement.

This prospective cohort study was approved by the Institutional Review Board of
Hospital Cassiano Antonio Moraes, Brazilian National ResearchEthics
Committee (CEP/CONEP Registration number: 52841716.0.0000.5071), and Duke
University Medic al Center Institutional Review Board (Pro00100218). Women meeting

enrollment criteria who provided written informed consent were included.

RT-PCR assay for detection of ZIKV

Viral RNA was extracted from 140uL of plasma and urine using QIAmp Viral

RNA Mini Kit (Qiagen). Previously described RT-PCR primers and probes specific for
ZIKV were used: ZIKV1086, ZIKV 1162c, and ZIKV1107-FAM (Lanciotti et al., 2008). For
this one-step RT-PCR reaction, 5uL of RNA was combined with 500nM primers, 250nM
probe and nucleotides in a total volume of 20uL, including SuperScriptlll RT and

Platinum Tag DNA polymerase Mix (Invitrogen). The negative controls were serum from

a 30year old asymptomatic subject in Vitoria collected in 2016, and PCR grade water (no
template control). The positive control was supernatant from ZIKV -infected Vero cells.
Samples and controls were tested in duplicate, and ZIKV positivity was indicated by
detection of amplification at <38 cycles in both duplicate wells on the Applied Biosystem s

7500 Fast platform.
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ZIKV IgM antibody capture enzyme -linked immunosorbent assay

The CDC MAC-ELISA was adapted and used to detect IgM specific for ZIKV in
maternal and cord blood plasma (Martin et al., 2000). Briefly, 96-well high -binding ELISA
plates were coated with 20 pg/ml of mouse anti-human IgM (Sigma #10759) overnight at
4°C. Plates were blocked for 30 minutes at room temperature with 5% milk in 0.5% TBST,
and then samples were added at a 1:40 dilution in quadruplicate for 1 hour at 37°C.
Antigen (ZIKV H/PF/2013 grown in C6/36 cells), or C6/36 conditioned media as a negative
control, was added at a 1:40 dilution overnight at 4°C. Then, an HRP-conjugated pan-
flavivirus antibody (6B6C -1) was added for 1 hour at 37°C, followed by TMB substrate.
Plates were incubated for 20 minutes, upon which 1N H2:SQ: was added to stop the
reaction. A positive result required that the absorbance for a particular plasma was greater
than 3-fold higher than the absorbance for that same plasma on C6/36 conditioned media.
Samples run on each plate also include a confirmed ZKV IgM positive and negative
sample.

Cell culture and virus stocks

Vero-WhwET OOUwPkPI Ul wi UOPOwPOwW#UOETI EEOzUw, OEDPI E
supplemented with 5% heat-inactivated fetal bovine serum (Cellgro, Cat#35-016-CV) and
L-alanyl-L-glutamine (Thermofisher, GlutaMAX Cat#35050079). Viruses used for the

focus reduction neutralization test were DENV1 (WestPac74), DENV2 (S16803), DENV3
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(CH54389), DENV4 (TVP-360), obtained from Dr. Aravinda de Silva, University of North
Carolina at Chapel Hill, and ZIK V (H/PF/2013), obtained from the United States Centers
for Disease Control and Prevention (Division of Vector -borne Diseases, Fort Collins, CO).
For the detection of virion binding antibodies, the following viruses from BEI were used:
ZIKV (PRVABC59), DENV 1 (Hawaii), DENV2 (New Guinea C), DENV3 (Philippines),
and DENV4 (H241). Virus stocks were grown in Vero-81 cells supplemented with 2%

heat-inactivated fetal bovine serum and 10mM HEPES (Corning, Cat#25060-Cl).

Placental sampling and examination

Placenta samples were available from 11 ZIKV-infected and 8 ZIKV -uninfected
subjects out of 26 mothers total in the cohort. Fragments were collected from the whole
placenta up to 24 hours after delivery. Three sets of full thickness samples of placental
parenchyma were obtained in every case and histology performed as previously
described (Mayhew, 2008). For the histological analysis, sections were fixed in 4%
formaldehyde phosphate buffered solution, paraffin embedded and 5um sections were
stained with hematoxylin and eosin. Histological sections were examined specifically for
villous lesions by a pathologist. Villitis was diagno sed if inflammatory exudate was
present in the trophoblast or in the villous stroma and was categorized by Knox & Fox

and Redline criteria (Knox & Fox, n.d.; Redline, 2007) Placentas were assessed as low
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grade villitis if less than 10 villi were involved per focus, and high -grade if more than 10

villi were involved per focus (Redline, 2007)

Focus reduction neutralization test

We used previously described methods for FRNT-50 in a 96 well plate (Collins et
al., 2017) Briefly, serial 5-fold dilutions of heat -inactivated plasma were added to 50-80
focus forming units of either DENV or ZIKV and incubated for 1 hour at 37°C, then
transferred to a confluent plate of Vero-81 cells and incubated for 1 hour at 37°C.Then an
overlay of 1% methylcellulose was added. Cells were fixed with 2% paraformaldehyde
and stained with 1 pg/mL of E60 mouse monoclonal antibody targeting the conserved
flavivirus fusion loop (Oliphant et al., 2006) then detected with an anti-mouse IgG
horseradish peroxidase conjugate and True Blue substrate (KPL). FRNF50 values were
calculated with the sigmoidal dose -response (variable slope) curve in Prism 7 (GraphPad),
constraining values between 0 and 100% relative infection. A valid FRNT -50 curve
required an R2 >0.75, hill slope absolute value >0.5, and had to reach at least 50% relative
infection within the range of the plasma dilutions in the assay.
Detection of virion binding 1gG

To measure IgG binding responses against whole flavivirus virions, high -binding
96-well ELISA plates (Greiner) were coated with 30 ng/well of 4G2 antibody (clone D1 -

4G2-4-15) in carbonate buffer, pH 9.6 overnight at 4°C. Plates were blocked in Tris
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buffered saline containin g 0.05% Tween20 and 5% normal goat serum for 1 hour at 37°C,
followed by an incubation with either ZIKV, DENV1, DENV2, DENV3 or DENV4 for 1
hour at 37°C. Plasma was tested at a 1:25 starting dilution in 8 serial 3fold, 5-fold, or 10-
fold dilutions, incub ating for 1 hour at 37°C. Horseradish peroxidase-conjugated goat
anti-human IgG antibody (Jackson ImmunoResearch Laboratories, Inc; 109035008) was
used at a 1: 5,000 dilution, followed by the addition of SureBlue reserve TMB substrate
followed by stop solution (KPL). Optical densities (OD) were detected at 450 nm (Perkin
Elmer, Victor). EDso values were calculated with the sigmoidal dose -response (variable
slope) curve in Prism 7 (GraphPad), which uses a least squares fit. An EBovalue was
considered valid if the OD at plasma dilution 1:25 was two (2SD) or three (3SD) standard
deviations above the mean OD observed for 11 plasma samples from healthy U.S. subjects
(2SD OD cut-offs: DENV-1 = 0.406, DENV2 = 0.648, DENV3 = 0.906, and DENM = 0.885;
3SD OD cut-off: ZIKV = 0.596). Software generated ERovalues from curves with an OD
at 1:25 plasma dilution below this cut -off were considered non-binding and plotted at the

limit of detection.

Transplacental transfer of IgG against routine pediatric vaccines

IgG binding to antigens from pediatric vaccines that are used routinely in Brazil
was tested using a customized binding antibody multiplex assay on the Luminex

platform, as previously described (ltell et al., 2018) Pediatric vaccine antigens used for
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screening included: hepatitis B virus surface antigen (antigenic combination: adw),
rubella virus capsid (AbCam), Bordetella pertussitoxin and Corynebacterium diphtheriae
toxin (Sigma-Aldrich), Haemophilus influenzagype B oligosaccharide-conjugated to
human serum albumin (HbO -HA) and tetanus toxoid (Reagent Proteins). Antibody
binding was detected with mouse anti -human IgG-PE (Southern BioTech) and the
fluorescent output was measured on a Bio-Plex 200 system (BieRad Laboratories).
Antibody concentrations in pg or International Units per mL were interpolated from
corresponding sigmoidal curves of serially diluted WHO international reference sera
(National Institute of Biological Standards and Control, Potters Bar, UK; NIBSC code
numbers: 07/164, 09/222, 06/140, FB, 10/262, RUBI1-94). The efficiency of transplacental
IgG transfer was calculated for each mother-infant pair by dividing the concentration of

infant pediatric vaccine -specific IgG by the concentration of maternal vaccine-elicited IgG.

Screening for neonatal TORCH pathogens

Data on Toxoplasma, rubella, and syphilis serological status was extracted from
Uil wOOUT T UzUwxUI OEUEOQwYDPUDPUWEOPOPEEOwWUI EQUEUS
Department or clinical la boratories using commericially available kits approved by the
| UEADOPEOQuw' 1 EOUT w1l T UOGEUOUaw 11 O0Eawp -5(2 AOuwt

Chemiluminescent microparticle immunoassay kits were utilized for detection of
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Toxoplasma IgM and IgG, as well as rubella virus IgG. Syphilis serostatus was assessed
using a Venereal Disease Research Laboratory test, which is a nontreponemal test.
Congenital HCMV infection was evaluated in our research laboratory using
guantitative PCR of infant cord blood. To pe llet HCMV from plasma, 200 pL of infant cord
blood was transferred to a high g-force micro-centrifuge tube and spun in an S45A fixed
angle rotor at 30,000 rpm, 4°C, for 3 hours in a Sorvall Discovery M120 Ultracentrifuge.
Then the supernatant was removed and the pellet re-suspended in 200 yL of 1x PBS. DNA
was extracted using the Roche High Pure Viral Nucleic Acid Kit according to the
OEOUI EEUUUI UZUwxUOUOBEOOG w3 Ow@UEOUDPI awEOEWET Ul E
sample was amplified in six replicates. For this reaction, 5 pL of DNA was added to 15 pL
SYBR Select Master Mix with (ThermoFisher Scientific), 5 pL of water, and 300 nM primers
designed to amplify the immediate -early 1 (IE1) gene of HCMV (Integrated DNA
Technologies). IE1 Forward Primer (20 bp): CAA GCG GCC TCT GAT AAC CA. IE1
Reverse Primer (24 bp): ACT AGG AGA GCA GAC TCT CAG AGG. For the negative
control, PCR grade water was used as a substitute for extracted DNA in the reaction with
in four replicate wells. A 10 -fold, 7 series dilution of pla smid with the amplification region
was serially diluted starting at 1x108 copies/mL to generate a standard curve for

guantitation of HCMV DNA in each sample. The lowest dilution on the standard that
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could be reliably amplified across replicates was considered as the threshold for positivity

(250 viral DNA copies/mL).

Definition of ZIKV infection

As ZIKV viremia is transient, RT -PCR does not reliably detect ZIKV infection
beyond 10-14 days from exposure (Oduyebo et al., 2017) Therefore, we combined a RF
PCR diagnostic with serological approaches based on delivery maternal plasma FRNT-50
titer (FRNT-50) against ZIKV and DENV (types 1-K A6 w?/ UDOEUVUa w9 ( * 5> wbOi I E
DENV or ZIKV infection) was defined as either i) a high ZIKV FRNT -50(>300) and a low
DENV1-4 FRNT-50 (<300), orii) a low ZIKV FRNT-50 titer that is still >25 and at least one
DENV FRNT-50 >25, suggesting only a weak transient crossneutralizing response
E1 UPT 1 Qw9 (*5wWEQOEwW#$-58w wlDUOOUawWwOl wEOUT w9 (*-
defined as high ZIKV FRNT-50 (>300), and at least one DENV FRN750>300. DENV
immunity only (no ZIKV immunity) was classified as low ZIKV FRNT-50 (<300), but
DENV FRNT-50>25 Figure 1146 w31 UUOwPl wEI I POl Ew9o(*5wblilE
Ul EOOEEUa?2 w9 ( *5SwWEEUI EwOOwWUI UOOOT PEEOwWI YDEI OEI
ZIKV -uninfected group may include subjects naive to both ZI KV and DENV or those

exposed to only DENV.
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ZIKV FRNT,
n=26

>300 <300
A
Any DENV FRNT, Any DENV FRNT,
n=11 n=15
<25 >25
Y
ZIKV FRNT,, All DENV FRNT,,
n=4 n=11
>300 <300 >25 <25 >4-fold second highest | <4-fold second highest

A A

Both Primary Naive to Primary econdary
DENV/ZIKV+ ZIKV DENV/ZIKV DENV DENV
n=9 n=2 n=4 n=4 n=7

Figure 11: Algorithm used to categorize flavivirus exposure history according to
ZIKV and DENV focus -reduction neutralization -50 titers (FRNT-50). Algorithm
generated by Cesar Lopez andde Silva and Lazear Laboratories.

Since infection with one DENV serotype results in neutralizing activity against
that same serotype(Wahala & de Silva, 2011) and a subsequent infection with a different
serotype results in broad DENV cross-neutralizing activity, we designed cr iteria to
differentiate primary and secondary DENV infections based on whether the second -
highest DENV FRNT -50 was within four -fold of the highest DENV FRNT -50. To further
account for serological crossreactivity from recently infected subjects in assessing ZIKV
infection status, we confirmed DENV -negative status by RT-PCR where acute samples
were available. Sera with FRNT-50values below the limit of detection for all five viruses
were classified as ZIKV and DENV naive. This definition was based on the assumption
that a dominant ZIKV neutralization response at delivery was attributable to the recent

symptomatic illness during pregnancy and not a prior ZIKV infection, given the recency
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of ZIKV introduction to the region during the period of enroliment. RT -PCR results from
a plasma sample collected <7 days after symptom onset that were discordant with the

serological assessment were repeated.

Statistical Analysis and Power

Statistical analysis was performed using SAS (version 9.4) and Prism software
(GraphPad; version 7). Serological responses are presented as a magnitude of flavivirus
binding 1gG (ED50), neutralizing (FRNT -50), and vaccine antigen binding IgG (ug/mL or
IU/mL). These measures were assessed for each of the 26 maternal and 20 infant delivery
samples, for each antigen tested Figure 12). The percent IgG transferred from mother to
infant describes the transplacental transfer efficiency, and is calculated as the ratio of the
magnitude of infant cord blood IgG binding level (measured as ED50 or pg/ml) to the
maternal 1gG binding level mult iplied by 100. Note that this percent transfer ratio is
specific to each antigen tested.Data are presented as dot plots of percent transfer for each
mother infant pair in the ZIKV -infected group as compared to the ZIKV -uninfected group.
Scatter plots areused to display the relationship and distribution of the maternal IgG level

as compared to the infant IgG level, by antigen.
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Pregnant women from Vitoria with fever
and rash enrolled into prospective cohort
between July 2016 and October 2017

6 Excluded because infant cord biood

not available

Mother-infant pairs analyzed

evidence of maternal ZIKWV
infection

8 Mother-infant pairs with

Tests conducted:
¥"  Flavivirus IgG binding ELISA

!

1 2 IMaother-infant pairs without

evidence of maternal ZIKV
infection

¥v"  Flavivirus focus reduction neutralization test
¥ Vaccine antigen binding multiplex ELISA

Figure 12 Study design flow chart

on all available mother and infant samples without further stratification.

With a sample size of 26 mothers

reject the null hypothesis (no correlation between maternal and infant antibody

responses), at an alpha of 0.05 with a power of 0.89 for neutralizing titer correlations, and
0.99 for correlations of IgG binding to flaviviruses or vaccine antigens. Therefore, this
study is adequately powered to detect associations between maternal and infant antibody

measures. For Wilcoxon Rank tests comparing IgG transfer efficiency between ZIKV -

and 20infant samples, our study is powered to
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women were eligible and enrol led into prospective cohort, and only 20 mother -infant

pairs were analyzed due to paired sample availability. Laboratory tests were conducted



infected and uninfected mothers, this study is powered to assess significant differences
between ZIKV -infected and uninfected groups in flavivirus 1gG binding at an alpha of
0.05 (power = 0.93), but not for vaccine antigen IgG (power = 0.15) and neutralizing 19G
(power = 0.48). This is due todifferences in the extent of variability in measures by assay
type.

Due to the small size of this cohort, a Gaussian distribution could not be inferred
and therefore non-parametric statistical tests were applied. To compare IgG binding
between ZIKV -infected and -uninfected groups, the Wilcoxon Signed and Exact Wilcoxon
Rank Sum tests were applied. For correction of multiple comparisons, the Bonferroni
correction was applied. Data were not stratified beyond the ZIKV infection status
exposure group. The Kendall Tau test was used to evaluate correlations between maternal

and infant responses with the alpha level of significance set to 0.05.

2.2 Results
Cohort Characteristics

Pregnant women aged 18 to 39 years were enrolled based on symptomsuggestive
of ZIKV infection, such as rash, arthralgia, and fever (Table 2). Nearly all enrolled
participants (24/26) were from the Vitoria metropolitan area. One subject (B1_0037)

exhibited prolonged viremia, which was detected in serum by RT -PCR up to 42 days post
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samples were available (Table 1). These data from maternal serum samples from
pregnancy indicate no recent Toxoplasma infections and high seropositivity to rubella
virus as tested by chemiluminescent microparticle immunoassays, Also, there was no
evidence for syphilis, which was assessed by the VDRL test. Infant cord blood gPCR
testing for CMV indicates one potential case of congenital CMV transmission in the ZIKV -
uninfected group.
Table 1: Clinical results of prenatal screening for TORCH infections . Proportion

of mothers or infants with positive test results are reported as the numerator, whereas the
denominator is the number of the total samples tested.

ZIKV-infected ZIKV-uninfected | Unavailable

Toxoplasma IgM | 0/8 0/9 3/20
Toxoplasma IgG | 3/8 7/10 2/20
Rubella IgG 6/7 9/9 4/20
Cord blood

o 0/7 1/11 2/20
CMV viremia
Syphilis VDRL 0/8 0/10 2/26

These data indicate no recent Toxoplasma infections (no maternal IgM positive
sera), high IgG seropositivity to rubella virus, and no evidence for maternal syphilis
infection. Testing of infant cord blood for HCMV DNA found one case of congenital
HCMV tran smission in the ZIKV -uninfected group. Most women presented with

symptoms in their first (9/26) or second (13/26) trimester (Table 2).
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Table 2: Symptomatology of patient cohort at the time of enroliment based on ZIKV detection by RT -PCR

ZIKV PCR+ (n=9) ZIKV PCR- (n=13) ZIKV PCRND (n=4) Total (n = 26)

9/26 13/26 4/26 26/26
Proportion of mothers symptomatic in each gestational trimester
First 3/9 3/13 2/4 8/26
Second 4/9 7113 2/4 13/26
Third 2/9 3/13 0/4 5/26
Proportion with symptoms
Rash 8/9 13/13 3/4 24/26
Arthralgia 5/9 4/13 3/4 12/26
Fever 3/9 5/13 3/4 11/26
Conjunctivitis 4/9 4/13 3/4 11/26
Myalgia 5/9 4/13 1/4 10/26
Headache 4/9 7113 3/4 14/26
Retro-orbital pain 2/9 4/13 2/4 8/26
Lymphadenopathy 1/9 1/13 0/4 2/26

ZIKV = Zika virus, RT-PCR = reverse-transcription polymerase chain reaction, ND = not done.

https://doi.org/10.1371/journal .pntd.0007648.1001



Serologic profile of flavivirus neutralization

ZIKV testing by RT-PCR was performed in serum and urine, collected between 2
and 15 days post symptom onset in 22 out of 26 women (Table 3). As expected, most
women were DENV seropositive, regardless of ZIKV infection status. The remaining four
women were referred for enrollment only after the resolution of symptoms, at 36 to 217
days since symptoms, and thus their negative ZIKV RT-PCR result was inconclusive. All
women with acute samples available were negative for DENV by RT -PCR at enroliment,

and one (B1_0035) was positive for CHIKV by RT-PCR (Table 4).

65



99

Table 3: ZIKV and DENYV serotype specific humoral immune profile. Serologic classification of maternal flavivirus
infection history was determined by focus reduction neutralization titer 50% (FRNT  -50) against ZIKV and DENV in plasma
taken at delivery.

Sample ID Classification Days since symptoms FRNT 5o ZIKV RT-PCR
ZIKV DENV1 DENV2 DENV3 DENV4

B1_0015 Naive NA <25 <25 <25 <25 <25 -
B1_0019 Naive 75 <25 <25 <25 <25 <25

B1_0021 Naive 213 <25 <25 <25 <25 <25 -
B1_0039 Naive 35 <25 <25 <25 <25 <25 ND
B1_0008 Primary ZIKV 184 3918 126 209 251 106 +
B1_0030 Primary ZIKV 77 1399 <25 <25 <25 <25 +
B1_0001 DENV+ZIKV 193 10858 898 597 1270 491 +
B1_0002 DENV+ZIKV 173 14959 1524 666 5571 502 +
B1_0004 DENV+ZIKV 164 2533 1348 1818 3047 537 +
B1_0005 DENV+ZIKV 217 5213 1379 4218 2270 359 +
B1_0007 DENV+ZIKV 208 5503 1371 2511 822 353 ND
B1_0014 DENV+ZIKV 210 3095 354 1625 930 388 -
B1_0031° DENV+ZIKV 94 1610 2723 2492 10521 1510 +
B1_0027 DENV+ZIKV 91 654 1079 1711 3730 513 -
B1_0037 DENV+ZIKV 117 11764 2141 8019 22873 4029 +
B1_0009° Primary DENV2 240 <25 205 1887 238 240 +
B1_0035 Primary DENV2 114 107 68 1201 106 68 -
B1_0011 Primary DENV3 39 <25 374 640 3172 362 -
B1_0006 Primary DENV3 211 <25 89 308 4735 82 ND
B1_0003 Secondary DENV 217 <25 797 122 304 72 -
B1_0016 Secondary DENV 172 <25 232 3222 2051 74 ND
B1_0023 Secondary DENV 92 <25 4417 1693 380 <25 -
B1_0024 Secondary DENV 146 <25 1395 1362 505 299 ND
B1_0026 Secondary DENV 46 <25 2848 1876 635 292 ND
B1_0033 Secondary DENV 91 220 3123 1996 843 197 -
B1_0034 Secondary DENV 111 <25 193 568 939 76 -

ZIKV RT-PCR performed on plasma collected at enrollment (median 146 days since symptoms).
ND = Not Done

# FRNT-50 based on maternal plasma 3 months after delivery

® Likely false positive ZIKV RT-PCR result

https://doi.org/10.1371/journal.pntd.0007648.1002



Table 4: Timeline of infection for each enrolled mother in this study.

Days between

Gestational . . ZIKV DENV
Trimester  first sample
D g Age (days) of collection and  S€rYm  serum RT
at symptom Infection symptom RTPCR PCR
onset Results Results
onset

B1 0001 38 73 1 4 + N/A
B1_0002 29 97 2 4 + N/A
B1 0003 28 66 1 7 - N/A
B1_0004 21 94 2 4 + N/A
B1_ 0005 26 31 1 3 “F N/A
B1_0006 22 68 1 N/A N/A N/A
B1 0007 29 78 1 N/A N/A N/A
B1_0008 22 95 2 2 + N/A
B1 0009 31 40 1 4 + N/A
B1 0011 26 232 3 N/A - -
B1 0014 19 27 1 4 - -
B1_0015 34 117 2 8 - N/A
B1 0016 35 99 2 N/A N/A N/A
B1 0019 28 157 2 15 - N/A
B1 0021 30 75 1 3 - N/A
B1 0023 18 167 2 7 - N/A
B1 0024 30 136 2 N/A N/A N/A
B1_ 0026 31 224 3 N/A N/A N/A
B1 0027 23 179 2 14 - -
B1_ 0030 20 203 3 2 + N/A
B1 0031 39 257 3 4 F N/A
B1 0033 19 174 2 9 - -
B1 0034 28 173 2 2 - N/A
B1_ 0035 32 176 2 3 - -
B1 0037 19 159 2 4 F N/A
B1 0039 29 225 3 N/A N/A N/A
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days after exposure), and the possibility of a false positive RT-PCR ZIKV test, we used
serology to classify maternal ZIKV exposure as well as prior DENV infection history .
Since detection of ZIKV-binding antibodies by ELISA does not distinguish ZIKV exposure
from other flaviviruses, and this region has high DENV seroprevalence, we determined
the FRNT-50 of all maternal plasma samples collected at delivery, which ranged from 39
to 217 days following onset of ZIKV symptoms. Although DENV and ZIKV antibodies
crossreact in binding assays (e.g. ELISA), we and others have shown that there is minimal
cross-neutralizing activity in convalescent sera (Collins et al., 2017; Priyamvada et al.,
2016) By these definitions, 11 out of 26 women had serological evidence of ZIKV infection,
only 2 of which were DENV naive, indicating a primary ZIKV infection (Table 2). Two out
of 26 women were naive for both ZIKV and DENV, and the rest had serological evidence
of DENV infection with no ZIKV infection. Though one mother classified as ZIKV naive
(Primary DENV) by serology (B1 0009) had a positive RT-PCR result at initial
presentation, subsequent RT-PCR tesing of stored plasma was negative, suggesting that
the initial result was a false positive. Of note, two patients (B1_0002 and B1_0037) were

ZIKV IgM positive at delivery.

Infant Outcomes

At birth, all infants born to ZIKV negative mothers were assessed to be healthy. Of

the 11 infants born to mothers with serological evidence of ZIKV infection, one infant
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(born to B1_0001) presented with microcephaly at birth, with a head circumference below
3 percentile based on WHO International Standards, and neurologic abnormalities such
as cortical-subcortical calcifications, dysgenesis of the corpus callosum, pachygyria, and
colpocephaly upon transfontanellar ultrasound and CT scan (World Health Organization,
2018) Delivery cord blood sample was not available for this infant. Neurodevelopmental

assessments of the infants from this cohort are ongoing.

Placental Histology

Lymphohistiocytic chronic villitis (inflammatory lesions in the placenta with an
infiltrate of lymphocytes and macrophages) (Tamblyn, Lissauer, Powell, Coxb, & Kilby,
2013) was observed in the placentas of 5 of 11 (45%) ZIKVinfected mothers (Table 5,
Figure 13). The villitis w as focal, involving less than 10 villi per focus, consistent with
mild, low grade chronic villitis (Knox & Fox, n.d.; Redline, 2007) One placenta (B1_0004)
demonstrated mild necrosis in the villitis focus and two placentas (B1_0004 and B1_0014)
demonstrated small focal avascular villi with stromal fibrosis, consistent with fetal artery
thrombosis in the absence of anyother abnormality. We tested frozen placental samples
by qRT-PCR but did not detect ZIKV RNA. In contrast, no vilitis was observed in any of

the 8 ZIKV -uninfected subjects.
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Table 5: Placental pathology. In 5 of 11 ZIKV-infected cases, focal villitis was
observed as defined by less than 10 villi per focus.Data generated by Dr. Paulo R. Mercon
de Vargas.

Subject Placental Histology Findings

ZIKV infected

B1 0001 Villitis was not observed

B1 0002 Villitis was not observed

B1 0004 Villitis was observed in two foci,

consistent with mild, low grade, chronic villitis of
unknown etiology, occurrence of stromal fibrosis
and occurrence of necrosis

B1 0005 Villitis was not observed
B1 0007 Villitis was not observed
B1_ 0008 Villitis was not observed
B1 0031 Villitis was not observed
B1_0027 Villitis was observed in two foci,

consistent with mild, low grade, chronic villitis of
unknown etiology

B1 0030 Villitis was observed in one focus,
consistent with mild, low gr ade, chronic villitis of
unknown etiology

B1 0014 Villitis was observed in two foci,
consistent with mild, low grade, chronic villitis of

unknown etiology and occurrence of stromal
fibrosis

B1 0037 Villitis was observed in one focus,
consistent with mild, low grade, chronic villitis of
unknown etiology

ZIKV uninfected

B1_0003 Villitis was not observed
B1 0009 Villitis was not observed
B1 0033 Villitis was not observed
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B1_0026 Villitis was not observed
B1_0023 Villitis was not observed
B1 0016 Villitis was not observed
B1 0034 Villitis was not observed
B1 0015 Villitis was not observed

-: AT /5

Figure 13: Histology of the placenta from a ZIKV -infected pregnant mother.
Placental tissue from subject B1_0004 wasstained with hematoxylin and eosin.
Lymphocytes and macrophages are present in the chorionic villi (A -100X, B400X). The
arrow indicates inflammatory cells within a villus. Data generated by Dr. Allison Hall.

Kinetics of IgG responses to ZIKV and DENV over gestation

ZIKV infection during pregnancy has been associated with prolonged viremia in
humans and non-human primates (Driggers et al., 2016; Magnani et al., 2018b; S. M.
Nguyen et al., 2017; Oliveira et al., 2016)and one patient in our study (B1_0037) exhibited
prolonged viremia, with plasma testing positive for ZIKV RNA up to 42 days post onset
of symptoms (Figure 14). We compared ZIKV antibody binding dynamics between
patient B1_0037 and two other ZIKV-infected women from the cohort for whom multiple
sequential serum and urine samples were available for analysis (B1_0014 and B1_0030).

B1_ 0030 only tested positive for ZIKV in urine by RT-PCR at the first 2 visits (within 18
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days of symptoms), and B1_0014 tested ZIK\(negative by RT-PCR but was classified as
ZIKV -infected by serology. Of note, these cases have different flavivirus exposure
histories as B1_0014 had prior exposure to DENV, and B1_0030 had a primary ZIKV
infection. The magnitude of maternal plasma IgG binding to ZIKV, DENV1, DENV2, and
DENV4 was measured by virion captur e ELISA and neutralization was measured by
FRNT-50 in plasma collected at every visit during gestation and delivery ( Figure 14). We
found that all three subjects sustained high levels of flavivirus-binding IgG and
neutralizing antibodies throughout pregnancy, with the peak antibody response

detectable one to three weeks post onset of symptoms.

A ZIKV DENV1 DENV2 DENV4 B ZIKV
o §
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Figure 14: ZIKV binding and neutral izing IgG responses persist throughout
pregnancy. A. Maternal plasma collected serially from three women diagnosed with
ZIKV during pregnancy was assessed for IgG binding responses to ZIKV via virion
capture ELISA. The estimated dilution at 50% of maximal binding (ED50) was calculated
from serial dilutions of maternal plasma. Black filled points indicate time points when
ZIKV viremia was detected by RT -PCR. B. Kinetics of ZIKV focus reduction neutralization
titer throughout pregnancy. Neutralization data ge nerated by Cesar Lopez in Lazear
Laboratory.

Transplacental transfer of flavivirus -specific and cross-reactive IgG

To determine if ZIKV infection during pregnancy disrupts transplacental transfer

of flavivirus -specific IgG from mother to infant, we compared the magnitude of flavivirus -
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specific antibody binding responses in maternal plasma at delivery and infant cord bl ood
plasma by virion capture ELISA in 20 mother -infant pairs with delivery samples available.
For those with ZIKV infection, 1gG binding to ZIKV, DENV1, DENV2, DENV3, and
DENV4 virions was not significantly different between maternal plasma and paired infa nt
cord blood from delivery (Wilcoxon Signed Rank Test; Bonferroni adjusted P >0.05 for all
viruses tested).

We calculated the efficiency of mother-to-fetus transfer of flavivirus -specific 19G
as the ratio of the magnitude of infant cord blood antibody bi nding response to the
maternal response, expressed as a transfer efficiencypercentage Figure 15and Table 6).
For those with paired maternal and infant samples available, we compared t he flavivirus -
specific IgG transfer efficiencies in ZIKV -infected (n=8) and uninfected (n= 12) women,
and found no significant difference in the transplacental transfer efficiency of flavivirus -
specific IgG between the groups (Exact Wilcoxon Rank Sum Test;Bonferroni adjusted P >
0.05 for all viruses tested), indicating that ZIKV infection during pregnancy did not

disrupt transplacental transfer of flavivirus -specific IgG.
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Figure 15: Efficient transplace ntal transfer of flavivirus -specific IgG. Plasma
antibody binding to ZIKV, DENV1, DENV2, DENV3, and DENV4 was measured by
virion capture ELISA using serial dilutions of maternal plasma and infant cord blood
collected at delivery. The dilution at 50% of maximal binding (ED50) was calculated and
the infant ED50 was assessed as a percentage of the maternal ED50 to yield percent
transfer. Dotted line indicates 100% transfer and the solid line indicates the median. No
significant differences in percent transfer were found in comparing ZIKV -infected and
uninfected women for the all viruses tested by Exact Wilcoxon Rank Sum Test; Bonferroni
adjusted P > 0.05 for all viruses tested.
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Table 6: Transplacental transfer efficiency. Median and range shown for mothers and infants by each flavivirus binding,
vaccine antigen binding or flavivirus neutralizing response measured. Subjects are grouped by maternal ZIKV infection status to
facilitate comparison of the magnitudes of antibody responses and calculated 1gG percent transfer. Infant antibody response as a
portion of maternal response are indicated in the percent transfer column, where median, range and number of mother -infant pairs
per group are shown. Bonferroni adjusted p-values shown from Wilcoxon Signed Rank Tests to assess significant differences in the
mother to infant percent transfer of antibodies in the ZIKV -infected versus uninfected groups. No significant differences in the percent
transfer of flavivirus bindin g antibody responses between mother and infant were observed regardless of ZIKV serostatus. NP
indicates that a p-value is not shown since this study is not powered to detect significant differences between mothers and infants for
those antigens.Neutraliz ation data generated by Cesar Lopez in Lazear Laboratory.
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As expected, in the virion capture ELISA we observed cross-reactive binding to
ZIKV with plasma from 8 women who were DENV seropositive but ZIKV -uninfected.
These ZIKV-uninfected subjects also demonstrated transfer of ZIKV-binding (cross-
reactive, non-neutralizing) IgG from mother to infant ( Table 6 and Figure 15). As expected,
we did not detect ZIKV -specific IgG in 2 ZIKV/DENV naive subjects or in 2 DENV
seropositive patients and therefore percent IgG transfer could not be calculated for these
subjects. Of the 8 DENV seropositive subjects with ZIKV -reactive IgG transferred to cord
blood, 5 were seropositive for multiple DENV serotypes (B1_0016, B1 0024, B1 0026,
B1_0033, and B1_0034), and 2 were seropositive for only a single DENV serotype (B1_0009
and B1 0011), indicating that ZIKV crossreactive IgG can be transferred to the fetus in
the case of primary or secondary DENV exposure history. Moreover, percent IgG transfer
was not significantly associated with magnitude of the type -specific IgG in maternal

plasma (Figure 16).
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Figure 16 Lack of associations between magnitude of maternal flavivirus -
specific IgG and percent I1gG t ransfer. A post-hoc Spearman correlation analysis was
conducted to assess whether higher magnitude of maternal flavivirus 1gG due to recency
of infection during pregnancy could be driving efficient transplacental IgG transfer. No
strong positive associations were noted, suggesting that magnitude of maternal IgG alone
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does not predict percent transfer for each antigen shown (Unadjusted p-values > 0.05 for
ZIKV, DENV1, DENV2, DENV4 and <0.038 for DENV3).

Additionally, we assessed whether there was efficient transplacental transfer of
flavivirus neutralizing 1gG in ZIKV -infected pregnant women. The DENV FRNT -50 of
paired maternal and cord blood plasma also were positively correlated, suggesting that

functional maternal IgG were transferred efficiently to the fe tus (Figure 17).
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Figure 17: Maternal ZIKV infection does not disrupt transplacental transfer of
DENYV neutralizing IgG. Kendall Tau correlation of focus neutralization reduction titer -
50 (FRNT-50) for maternal plasma and infant cord blood, separated by maternal ZIKV
serostatus. All correlations are P<0.05, rcept DENV1 and ZIKV in ZIKV -infected mothers
where P<0.09 and P<0.45 respectivelyNeutralization data generated by Cesar Lopez in
Lazear Laboratory.

Transplacental transfer of vaccine -elicited 1gG

To assess whether ZIKV infection during pregnancy impacts placental transfer of
IgG against vaccine antigens, we measured the magnitude of IgG binding against a panel
of standard vaccine antigens from hepatitis B virus, rubella virus, Haemophilus influenza
type B, Corynebacterium diphtheriaBordetella pertussignd Clostridium tetani We found no
significant differences in the magnitude of vaccine -specific 1gG in maternal plasma and
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infant cord blood from delivery, in both ZIKV -infected and uninfected p regnant women
(Wilcoxon Signed Rank Test,P > 0.05 for all vaccine antigens). Moreover, in ZIKV-infected
and uninfected cases, we observed strong positive correlations in the concentration of
vaccine-specific IgG between maternal plasma and infant cord blood for all vaccine
antigens tested, indicating efficient placental transfer of vaccine-specific 1gG levels
regardless of ZIKV infection status (Figure 18 and Table 6). Based on the protective
vaccine-specific 1gG levels established by the WHO, infants born to mothers who had
protective levels of vaccine-specific IgG and ZIKV infection during pregnancy, received

similarly protective 1gG levels as infants born to ZIKV -naive mothers (World Health

Organization, 2019).

Altogether our study demonstrates that efficient transfer of IgG from mother to
fetus is maintained in this cohort irrespective of maternal ZIKV infection or placental
pathology. Furthermore, this efficient transplacental IgG transfer includes both vaccine -
specific antibodies and flavivirus antibodies relevant to maternal vaccination strategies

and flavivirus disease in newborns.
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Figure 18 Strong correlation of maternal and infant vaccine -elicited IgG levels
in ZIKV -infected mo thers indicates efficient transplacental transfer during maternal
ZIKV infection. IgG response to vaccine antigens in infant cord blood plasma and
maternal plasma collected at delivery were measured by a binding antibody multiplex
assay. Concentrations ofvaccine-elicited IgG responses were calculated from reference
sera standards as International Units (IU)YmL or pg/mL. ZIKV -infected (n=8) and
uninfected (n=12) subjects are indicated in red and black respectively, and dotted lines
denote WHO established protective IgG levels. Kendall Tau correlations were performed
for each ZIKV infection group, with p<0.05 for all.

2.3 Discussion

Transplacental transfer of IgG provides passive immunity to fetuses, which is
critical to protecting newborns in their first mon ths of life (Fouda et al., 2018a) However,

maternal conditions and infections during pregnancy may disrupt IgG transfer via
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mechanisms including placental impairment and inflammatory responses (Wilcox,
Holder, & Jones, 2017) Moreover, viral antigenic complexity and natural history of

infection shapes the 1gG populations elicited, which have different propensities to be

transferred across the placenta by the FcRn(Palmeira, Quinello, Silveira-Lessa, Zago, &
Carneiro-Sampaio, 2012; Wilcox et al., 2017)Thus, we investigated the impact of maternal
infection with ZIKV on maternal -fetal IgG transfer in 20 mother-infant pairs from a
prospective cohort in Vitoria, Brazil. We assessed transfer of key IgG populations,
including ZIKV and DENV binding and neutralizing IgG, as wella s IgG specific to routine

vaccine antigens.

Efficient transfer of flavivirus binding and neutralizing IgG

For all flavivirus antigens tested, we found that maternal and infant binding 1gG
levels were highly correlated in both ZIKV -infected and -uninfected groups. Also, there
were no significant differences in the magnitude of flavivirus -binding 1gG levels between
mothers and infants among mothers with ZIKV infection during pregnancy. Moreover,
DENV neutralization and binding IgG levels were highly correlate d between mothers and
infants regardless of maternal ZIKV infection in pregnancy. In the case of DENV1
neutralizing 1gG levels, although the positive correlation with ZIKV neutralizing 1gG
levels between mothers and infants was weak (r = 0.23 and 0.52 resgctively), the outliers
of the linear trend were shifted such that the magnitude of infant IgG neutralization is

greater than that of the maternal neutralizing titer, indicating efficient 1gG transfer. This
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positive association of maternal and infant IgG | evels represents active transfer that is not
solely dependent on the magnitude of the type -specific IgG in maternal plasma. Also, the
substantially overlapping ranges in antibody levels between mothers and infants suggests
no biologically relevant differen ces in transplacental transfer of flavivirus binding and
neutralizing 1gG, or of vaccine specific IgG after ZIKV infection in pregnancy.
Cumulatively, these data indicate no evidence of impairment in the transplacental 1gG
transfer at the time of birth aft er maternal ZIKV infection during pregnancy, as compared
to mothers with fever and rash during pregnancy without ZIKV infection.

Our study corroborates recent findings demonstrating efficient transfer of ZIKV,
DENV3 and DENV4 neutralizing antibodies in mo ther infant pairs from the Northeast of
Brazil in 2016 (Castanha et al., 2019)Specifically, Castanha et al found that newborns with
the outcome of microcephaly, some of whom were exposed to ZIKV in utero, had no
evidence of impaired transfer of neutralizing antibodies at birth as compared to controls
without microcephaly (Castanha etal., 2019) Our work complements the finding from
that casecontrol study through a prospective cohort design, in which we identified
women with ZIKV infection during pregnancy and followed up until birth to quantify
impact on transplacental IgG transfer. This prospective design adds a temporality to the
association between ZIKV infection and neutralizing IgG transfer observed earlier
(Castanha et al., 2019)Moreover, our study represents a geographically distinct site in

Southeast Brazil, with lower ZIKV prevalence of ZIKV. Altogether, this work strengthens
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the body of evidence indicating no impairment in transplacental 1gG transfer with ZIKV
infection in pregnancy, with implications for maternal vaccination strategies and

flavivirus disease in newborns.

Efficient transfer of pediatric vaccine -elicited IgG

As differ ent viral antigen-specific 1gG subpopulations may be differentially
impaired in placental transfer due to maternal infections and conditions during
pregnancy (Pou et al., 2019) we tested IgG transfer of non-flavivirus antibodies that are
specific to diverse vaccine antigens. IgG elicited by routine pediatric and boosted maternal
vaccines were also transferred efficiently despite maternal ZIKV infection. In cases where
the mother had a protective level of IgG against vaccine-preventable infections, the infant

received a similarly protective level.

Role of placental pathology

Our study further aimed to complement existing evidence o f placental pathology
caused by ZIKV infection and determine whether this could have a role in the
transplacental transfer of humoral immunity. Previous observations of impaired
transplacental IgG transfer in the setting of maternal HIV and malaria infecti on generally
have been noted in conjunction with identifiable placental pathology (de Moraes-Pinto et
al., 1998; Wilcox et al., 2017)Although we were unable to detect ZIKV RNA in placentas
from our study, ano ther study identified ZIKV RNA in 54% of placentas from 44 ZIKV -

infected women (Bhatnagar et al., 2017) We found that 5 of 11 ZIKV -infected women in
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our cohort had chronic placental villitis, higher than the 5 -15% expected for term placentas
(Russell, n.d.). Notably, this pathology is similar to that described in placental infection
with HCMV, rubella virus, or Toxoplasma gondiTamblyn et al., 2013) In contrast, no
villitis was observed in the 8 placentas assessed from ZIKVuninfected mothers,
suggesting that villit is in the ZIKV -infected subjects may have been specific to maternal
ZIKV infection in pregnancy. Furthermore, to assess the impact of ZIKV infection
associated placental pathology on IgG transfer, subgroups of ZIKV -infected subjects with
noted placental pathology would have to be compared to a ZIKV -infected subgroup
without placental pathology. However, our limited sample size of 8 ZIKV -infected
individuals with paired infant samples precludes formal comparison

We found that despite disruption of placental architecture in nearly half of our
ZIKV -infected pregnancies, transplacental transfer of flavivirus -binding and -neutralizing
IgG was sustained following maternal ZIKV infection. This finding is relevant to future
studies of vaccine-elicited fetal protection against ZIKV, as animal studies demonstrate
envelope binding and neutralizing antibodies as correlates of protection against ZIKV
infection (Dowd, Ko, et al., 2016; Larocca, Abbink, Peron, de A. Zanotto, et al., 2016)
Transfer of flavivirus -neutralizing antibody is relevant because neutralization titers are
known to correlate with vaccine protection against other flaviviruses, including Japanese
encephalitis virus, yellow fever virus, West Nile virus, and tick -borne encephalitis virus

(Hombach et al., 2005; Kreilet al., 1997; Mason et al., 1973; Plotkin, 2010Moreover, in
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ZIKV -infected women with serial plasma collection during pregnancy, ZIKV -specific IgG
levels were sustained throughout gestation after peak response within 3 weeks of
symptoms. These kinetics suggest that transfer of flavivirus-specific IgG to the fetus
should readily occur throughout the 2 " and 3 trimester of pregnancy following maternal
ZIKV infection. While it is possible that ZIKV infection during pregnancy could result in

a transient disruption of transplacental IgG transfer that is restored by the time of birth,

our goal was to evaluate levels of maternal 1gG present at delivery as these transferred
IgG have the potential to modulate protection or disease risk in infants (Benowitz et al.,
2010; Fouda et al., 2018a; Hermanns et al., 2018; Khan et al., 2013; Rathore et al., 2019;

Tapia et al., 2016; Zimmerman et al., 2018)

Implications for protection and risk

There are several implications of the findings in this study. Efficient transfer of
ZIKV -neutralizing 1gG in ZIKV -infected mothers could be a mode of transferring
protective humoral immunity from mother to infant, despite infection during pregnancy.
Notably, transfer of protective levels of vaccine-specific IgG to boost passive immunity in
the newborn is a key objective of maternal immunization (Saad B. Omer, 2017and our
findings suggest that ZIKV infection during pregnancy does not impair this protective
mechanism. With candidate maternal ZIKV vaccines or therapeutics, this may be one
mode of conferring passive immunity to the fetus and, potentially, reducing the burden

of congenital and neonatal ZIKV infection.
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Alternatively, transfer of cross-reactive non-neutralizing DENV -elicited
antibodies may pose a risk as antibodies from primary DENV infection can enhance
secondary DENV infection, leading to more severe disease in infantsas maternal antibody
titers wane (Scott B. Halstead et al., 2002; Katzelnick, Gresh, et al., 20L\We detected
transplacental transfer of ZIKV -binding IgG in DENV -immune mothers without ZIKV
infection. Cross-reactive ZIKV -elicited antibodies may be able to mediate antibody-
dependent enhancement of subsequent DENV infection in early infancy (Chau et al., 2008;
Fowler et al., 2018; George et al., 2017a; Scott B. Halstead et al., 2002; Valiant et al., 2018)
Additionally, efficient IgG transfer may facilitate transcytosis of ZIKV  -1gG complexes into
the fetal compartment, a suggested mechanism of fetal infection for HCMV (Maidji et al.,
2006; Zimmerman et al., 2018) Thus, transplacental transfer of ZIKV cross-reactive IgG
should be considered in the evaluation of candidate ZIKV vaccines, as sub-neutralizing
levels of vaccine-elicited IgG may increase the risk of severe flavivir us infections in fetuses

or infants.

Limitations in the approach

Limitations of this study include the small sample size of 26 mothers, including 20
mother-infant pairs with delivery samples available. In assessing statistically significant
associations (dpha = 0.05) via Kendall-Tau correlations in between mothers and infant
pairs, we had 89% to 99% power across assays to detect a true direct correlation of

maternal and infant IgG levels. Therefore, our conclusions of intact placental IgG transfer
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are predominantly based on the high levels of association of maternal and cord blood
antibody responses.

Another limitation of our study is the challenge of determining whether subjects
were truly exposed to ZIKV during pregnancy, as symptoms could have resulted f rom
other infections and/or ZIKV infection could have occurred prior to pregnancy. Since
viremia may have subsided by the time of study enroliment, we developed an algorithm
to define ZIKV infection serologically, even in the context of cross -reactive antibodies
from prior DENV infection. This algorithm and ZIKV case definition were based on the
rational assumption that ZIKV seropositivity resulted from a recent infection (i.e. during
pregnancy) due to the timing of our study relative to the introduction of ZIKV into Brazil.
This assumption will not apply in future studies, since the high force of infection during
the 20152017 outbreak and the potential for subsequent endemic transmission mean
many women will already be ZIKV seropositive before pregnancy. M oreover, this study
reflects the findings in a symptomatic pregnancy cohort, whereas the majority of ZIKV
infections are asymptomatic(Mark R. Duffy et al., n.d.; Mitchell et al., 2019; Paixao, Leong,
Rodrigues, & Wilder -Smith, 2018)

Interpreting significant findings

As for significant differences in the magnitude of IgG responses between ZIKV -

infected and uninfected mother -infants pairs via the Wilcoxon Signed-Rank Test, this

study has a 93% power to detect differences in flavivirus binding responses between
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ZIKV -infected and uninfected groups (alpha = 0.05). However, the study is underpowered
(power < 50%) to detect significant differences in magnitude of neutralizing or vacci ne-
specific responses between ZIK\tinfected and -uninfected subjects due to higher levels of
variability in these measures. Consequently, significant differences are only reported and
analyzed for the flavivirus -binding IgG levels, but not for neutralizati on and vaccine-
elicited 1gG levels. Though, noting the substantially overlapping range of immune
responses in the ZIKV-infected group as compared to the ZIKV -uninfected group is
biologically relevant to our understanding of transplacental IgG transfer in t he setting of
maternal ZIKV infection and could inform future studies on neonatal flavivirus
immunity.
Summary

This study demonstrates efficient transplacental transfer of IgG specific to diverse
flavivirus and routine vaccine antigens following ZIKV infection during pregnancy in a
unique prospective mother -infant cohort from the Latin American ZIKV outbreak.
Transplacental transfer of ZIKV -specific IgG in pregnancy may contribute to protection
of the fetus from congenital Zika syndrome and the infant from ZIKV infection. However,
efficiently transferred IgG might mediate adverse effects in infants including increased
risk of severe DENV in infancy, as well as potentially mediating FCRn -dependent transfer
of ZIKV immune complexes into the fetal compartm ent. The relationship between

efficient maternal 1gG transfer and reduced or enhanced congenital infection or disease
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remains to be further elucidated Delineating ZIKV -specific IgG levels and function that
favor fetal and neonatal protection will be key fo r guiding a strategic timeline for pediatric
vaccine boosts, timing of vaccine administration during pregnancy, and dosing of
antibody therapies targeted for pregnancy. Longitudinal investigations of neonatal

immunity, in the context of transplacental tran sfer of flavivirus antibodies will be a
valuable area of investigation to define serological mediators of risk or protection for
infants. Given the uncertain benefits or risks of efficient transfer of flavivirus 1gG, ZIKV

and DENV vaccine strategies will need to carefully consider the timing and type of
vaccination and boosting in order to maintain protective levels of antibodies in women of

reproductive age and infants.
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3. IgM responses to ZIKV and prophylactics for
pregnancy 3

In the 20152016 epidemic, ZIKV re-emergence in a susceptible population led to
11,000 cases of microcephaly in Brazil aloneand more neurodevelopmental defects are
being identified in children who were apparently healthy at birth (Campos et al., 2018;
Nielsen-Saines et al.,, 2019) Approximately 10% infants born to ZIKV -infected
pregnancies present with brain defects (Reynolds et al., 2017) While ZIKV mainly results
in mild febrile disea se in healthy adults, its primary disease burden arises through
infections in pregnancy. There is no licensed vaccine for ZIKV, and the vaccine
development pipeline has come to a halt due to lack of ZIKV circulation (Morabito &
Graham, 2017) To prevent lifelong congenital ZIKV -related lifelong disabilities, a detailed
understanding of protective immunity in pregnancy is necessary. Neutralizing antibodies
(nAbs) are thought to be a correlate of protection against ZIKV and other flavivirus
infections (Abbink et al., 2016; Hombach et al., 2005; Katzelnick, Harris, et al., 2017; Kreil
et al., 1997; Kwek et al., 2018; Larocca, AbbinkPeron, Zanotto, et al., 2016; Mason et al.,

1973; Richner et al., 2017)yet studies on nAbs have largely focused on IgG antibodies.

3 Content in this chapter is sourced from an original and unpublished manuscript written by the lead author
(Tulika Singh), with experimental contributions and written revisions from all co -authors: Kwan Ki -Hwang,
Cesar A. Lopez, Camila Giuberti, Rebecca L. Jones, Itzayana Miller, Helen S. Whbster, Joshua A. Eudailey,
Premkumar Lakshmanane, Kan Luo, Robert J. Edwards, Sarah Valencia, Summer Zhang, Morgan A.
Gladden, Jesse Mangold, Joshua J. Tu, Maria Dennis, Brian Watts, Munir Alam, Andrew Miller, Richard
Kuhn, Aravinda de Silva, Helen M. Laz ear, Eng Eong Ooi, Reynaldo Dietze, Sallie R. Permar, Mattia
Bonsignori
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However, flavivirus infections are also characterized by virus -specific and prolonged IgM

responses.

IgM responses and protective immunity to enveloped viruses

Early neutralizing IgM responses have been identified for other flaviviruses like
West Nile Virus (WNV) and Yellow Fever virus (YFV), as well as enveloped viruses like
Chikungunya virus, SARS -CoV-2, and vaccinia virus (Chua, Sam, Chiam, & Chan, 2017;
Diamond et al., 2003; Gasser et al., 2020; Klingler et al., 2020; Monath, 1971; Moyren
Quiroz, McCausland, Kageyama, Sette, & Crotty, 2009; Wec et al., 2020Moreover, low
titers of Japanese encephalitis virus (JEV) IgM responses in early infection are
independently associated with severe disease and neurologic deficits, indicating that anti -
JEV IgM responses have a protective effect(Libraty et al., 2002). Similarly, infusion of
polyclonal WNV -IgM improved survival of mice lacking secreted IgM, whereas non -
neutralizing WNV -binding IgM did not protect, indicating a role for IgM in direct
neutralization (Diamond et al., 2003) Therefore, while neutralizing activity is primarily
attributed to IgG isotype antibodies, IgM m ay have an underappreciated role in ZIKV
immunity.
ZIKV -specific IgM responses persist over time

Interestingly, long -lasting ZIKV -reactive IgM responses have been independently
identified in two cohorts, and thus a consistent finding across different popul ations

(Griffin, Martin, Fischer, Chambers, Kosoy, Falise, et al., 2019; Griffin, Martin, Fischer,
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Chambers, Kosoy, Goldberg, et al., 2019; Stone et al., 2020 cohort study of symptomatic
ZIKV -infected individuals identified ZIKV IgM responses in 73% (45/62) participants at
12-19 months post symptoms, of whom 87% (26/30) still had detectable antiZIKV IgM at
25 months post iliness (Griffin, Martin, Fischer, Chambers, Kosoy, Falise, et al., 2019;
Griffin, Martin, Fischer, Chambers, Kosoy, Goldberg, et al., 2019) Another cohort study
of asymptom atic blood donors showed anti-ZIKV IgM persisted on average till 237 days
in 79% (34/43) participants(Stone et al., 202Q)Similarly, Anti -YFV vaccine IgM responses
were identified in 73% (29/40) of vaccinees(Gibney et al., 2012) The presence of ZIKV-
specific IgM lasting up to multiple years, when the typical half -life of IgM is 5 days,
suggests that ZIKV-reactive IgM expressing B cells may have been specifically activated

and expanded upon ZIKV infection (Lobo, Hansen, & Balthasar, 2004)

Role of | gM antibodies and B cells in pregnancy

In particular, little is known about IgM antibodies and B cells in preghancy, a
period of differential immunomodulation where ZIKV infections lead to their greatest
disease burden in society. Pregnancy is known to downregulate inflammatory cytokines
and macrophages, and upregulate regulatory T and B cells, which serve important roles
in placentation and tolerance of an allogenic fetus (Kraus et al., 2012) The initial spike in
Human chorionic gonadotropin stimulates B cells to produce IL -10, whereas the gadual
increase of estrogen, progesterone, and Human placental lactogen suppresses B cell

lymphopoiesis and promotes survival of mature B cells (CHRISTIANSEN et al., 1976;
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Lima et al., 2016; T. G. Nguyen, Ward, & Morris, 2013) This leads to low levels of B cells
in the third trimester (Kraus et al., 2012) While plasma IgG decreases over gestation,
dynamics of IgM are variable across studies (Benster & Wood, 1970; Khirwadkar & Kher,
1991; Maroulis, Buckley, & Younger, 1971; Ogbimi & Omu, 1989) Since IgM deposits
complement more efficiently than IgG, it is also intriguing that concentration of
complement proteins is greater in pregnancy (Richani et al., 2005) Given the dynamic and
different modulation of immunity in pregnancy, the role of IgM during ZIKV infection in
pregnancy is of special interest. Importantly, IgM antibodies do not cross the placenta like
Ig9G.
Purpose of this study

In this study, we sought to define the kinetics and role of IgM in the control of
ZIKV infection d uring pregnancy. We evaluated the contribution of plasma IgM to ZIKV
neutralization in pregnant women over time, then applied a novel fluorescently tagged
UV -inactivated ZIKV to sort and culture ZIKV -reactive B cells from mothers with primary
and secondary ZIKV infections. We derived a total of 9 ZIKV -reactive B-LCLs of ZIKV -
reactive; one of them produced a somatically mutated, potently neutralizing IgM
monoclonal antibody (DH1017.IgM) that does not cross-react with other flaviviruses and
recognizes a novel quaternary envelope dimer epitope. We determined that DH1017.IgM
mediated complement activation and that neutralizing activity was dramatically superior

to its IgG counterpart. Finally, we demonstrated in a murine model that DH1017.IgM
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protected against lethal ZIKV challenge. Thus, our study supports a protective role of the
IgM response to Zika infection and identifies DH1017.IgM as a suitable candidate for
further testing as an immunoprophylactic intervention tailored to pregnancy for

prevention of congenital transmission.

3.1 Methods

Cell culture and virus stocks

Vero-WhiwET OOUwPkl Ul wi UOPOwWwbOwWw#UOETI EEOzUw, OEDI E
supplemented wit h 10% heatinactivated fetal bovine serum (Sigma, F4135500mL), 1x
penicillin -streptomycin (Gibco 15140122), and 1x MEM nonessential amino acids
solution (Gibco 11140-050). Viruses used for the focus reduction neutralization test were
DENV1 (WestPac74),DENV2 (S-16803), DENV3 (CH54389), DENV4 (TVR360), kindly
provided by the de Silva Laboratory at University of North Carolina at Chapel Hill; ZIKV
(H/PF/2013) kindly provided by Lazear Laboratory at the University of North Carolina at
Chapel Hill; ZIKV (P RVABC59) obtained from BEI. Virion binding antibodies were
detected using the following viruses from BEI: ZIKV (PRVABC59), DENV1 (Hawaii NR -
82), DENV2 (New Guinea C), DENV3 (Philippines), and DENV4 (H241). Zika virus was
grown in Vero -81 cells supplementedwith 10% heat-inactivated fetal bovine serum (FBS)
and 10mM HEPES (Sigma H0887100ML). Dengue viruses were grown on C6/36 cells.
C6/36 cells were cultured in growth media containing RMI 1640 (Gibco 11875093), L-

Glutamine (Gibco 25030081), 25 mM Hepes (Gbco, 22400089), 1x penicillin-
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streptomycin (Gibco, 15140122), and 20% FBS. During DENV infection, RPMI is
supplemented with 25mM HEPES and 2% FBS. 0.5 mL of viruses were added to 800%
confluent cells. Cells were infected with DENV2, 3, 4 for 7-9 daysand DENV1 for 11 days.
Zika virus was stopped when cytopathic effect was observed (~3-6 day infection). Cell
supernatant containing virus was then harvested, spun down to remove cellular debris,
equilibrated to a final concentration of 20% FBS, and filtered through 0.22um filter prior

to storage at-80C for use.

Fluorescent labelling of ZIKV for sorting B cells

A previously developed approach to label DENV with Alexa Fluor 488 (AF488)
dye was adapted to label ZIKV (S. L. X. Zhang, Tan, Hanson, & Ooi, 2010) ZIKV (Strain:
PF13/25101318) was propagated on Vero cells and purified through 3 0% sucrose. Virus
titer was determined using the BHK -21 cell plague forming assay as previously described
(K. R. Chan et al.,, 2011) Briefly, AF488 succinimidyl ester was reconstituted in 0.2M
sodium bicarbonate buffer (SBB; pH 8.3) and added to 3 x 18 PFU of ZIKV at a final dye
concentration of 100 uM. The mixture was incubated at room temperature for 1 hour with
gentle inversions every 15 minutes. Labelled ZIKV was purifi ed by size exclusion
chromatography using Sephadex G-25 columns (Amersham, GE Healthcare, Singapore)
to remove the excess dye and titrated again on BHK-21 cells. Thereafter, ZIKV was UV

inactivated (254nm) for 1 minute on ice. Inactivation of virus was ver ified by serial
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passaging of virus on C6/36 mosquito cell line (ATCC), without detection of infection on

this susceptible cell line.

Staining and sorting ZIKV -reactive B cells

Thawed PBMC were stained with Aqua Vital Dye (Invitrogen), IgD -PE (clone IA6-
2; BD Biosciences), CD10 PECF594 (clone HI10a; BD Biosciences; CD3 REy5 (clone
HIT3a; BD Biosciences), CD14 BV605 (clone M5E2; BD Biolegend), CD16 BV570 (clone
3G8; Biolegend), CD27 PECy7 (clone O323; Thermo Fisher Scientific), CD38 APCAF700
(clone LS1984-3; Beckman Coulter), CD19 APGCy7 (clone SJ25C1; BD Biosciences) and
1 x 10 PFU of freshly thawed UV -inactivated ZIKV labelled with AF488. Additionally,
5uM of Chkll Inhibitor was added to prevent cell death. B cells were gated as CD14-
/CD16-/CD3-/CD19+ and memory B cells were gated with an additional IgD -/CD27all.
ZIKV -reactive cells were defined by those that were AF488+ and bound to the UW-
inactivated ZIKV that was AF488-labelled. The final ZIKV -reactive AF488 gate was
defined according to a fluorescent minus one condition with 100,000 cells. Each
fluorophore was compensated with fluorescently stained Bangs Beads. Cells were sorted
with a pressure of 20 psi and nozzle size of 100um. Flow cytometric data was acquired on

a BD FACS Aria and analyzed using FlowJo.

Culturing B cells in vitro and EBV transformation to generate B cell lines

ZIKV -reactive B cells and memory B cells were cultured as previously described

(Bonsignori et al., 2011, 2016)Briefly, sorted cells were resuspended in complete medium
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containing 2.5ug/ml CpG ODN2006 (tlrl -2006; InvivoGen, San Diego, CA), 5uM CHK2
kinase inhibitor (Calbioch em/EMD Chemicals, Gibbstown, NJ), and EBV (200ul
supernatant of B95-8 cells per 1@ B cells) and incubated in bulk overnight at 37°C in 5%
COo.. Then, B cells were distributed by limiting dilution at a calculated concentration of 1 -
2 cells/well into 96-well round -bottom tissue culture plates in the presence of mouse CD40
ligand -expressing cells (3,000 cells/well). In addition, complete medium for culturing B
cells contained 15% fetal calf serum, ODN2006, CHK2 kinase inhibitor, 50 ng/ml of
recombinant human (rHu) IL -21 (20621; Peprotech, Rocky Hill, NJ) and was refreshed at
day 7. Cell culture supernatants were harvested on day 14 and assessed for secretion of
any immunoglobulin by the total IgG, IgM, and IgA ELISAs. Wells with detectable Ig were
further evaluated for ZIKV -reactivity with a virion binding ELISA; as described below in
this Methods. The median IgG concentration of the cultures at the end of stimulation was
163 ng/ml (total IgG concentration range: 1.1- 1357 ng/ml; n=85), the median IgM
concentration was 299 ng/mL (total IgM concentration range: 5.4 - 1304 ng/mL; n=20), and
the median IgA concentration was 138 ng/mL (total IgA concentration range: 0.6 + 561
ng/mL; n=10).
Isolation of V(D)J immunoglobulin regions

RNA from select positive cultures was extracted by using standard procedures
recommended by the manufacturer (RNeasy Minikit; QIAGEN, Valencia, CA), the V w and

V. genes were amplified as described(H.-X. Liao et al., 2009) For RT PCR, 3 pL random
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hexamer (150 ng/uL, GeneLink, #26400003), 2 uL dNTP (10 mM each, NEB, #N0447L)
and 1 pL of Superscript lll reverse transcriptase (Invitrogen, #18080085) was added to
each RT wells following a 42°C/10-min, 25°C/10-min, 50°C/60-min RT/PCR reaction.
cDNA product from RT/PCR was used for two rounds of PCR amplification of V n, Ve,
and Ve genes. The first round of 40 pL Vu PCR reaction contains 20 uL AmpliTaq (Thermo
Fisher, #4398881), 0.125 uM of forward primer mixture and revers primer respectively,
with PCR cycle 95°C/5min, 49 cycles at 95°C/36s, (54°C for G1, 48°C for G2, 52°C for
G3)/30-s, 72°C/55s, followed by 72°C/7-min and 10°C incubation. Veeand Ve adopted
50 pL reaction volume with same components ratio as above, and 58°C and 50°C
annealing temperature respectively. The first round V 1 PCR products were pooled for
heavy chain second round nest PCR. Seconeround PCR was similar, except that the
annealing step was performed at 58°C (Vn), 60°C (W), or 64°C (Vo). Samples of W, Vo,
and Ve chain PCR products were analyzed on 96 well Egels 2% agarose gels (Invitrogen,
# G720802). Positive wells were purified and sequenced by Genewiz. Sequencing results
were analyzed by Clonalyst software (Kepler, 2013) to obtain needed Ig classification
information. When more than one heavy - or light -chain pair was obtained from a single
culture, the clonal pairs were identified from sorted single B cells of the respective cultures
by using the same procedure described above. All available antibody pairs were
processed to overlapping PCR and transient transfection for furth er analysis as reported

before (H.-X. Liao et al., 2009)
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Production of recombinant antibodies

Recombinant IgG and Fab were synthesized as previously described(H. X. Liao et
al., 2011) Isolated DH1017 Wu and V. Ig genes were cloned into pcDNA3.1(+) plasmid
gene expression cassettes containing the CMV promoter and either the 1IgG heavy and
light -chain constant regions or to generate Fab, a partial heavychain constant region up
to the Vu hinge region (GenScript). Plasmids were transformed into MAX Efficiency DH a
Competent Cells using a Kit (Invitrogen) and amplified by Plasmid Plus kit (Qiagen).
Heavy chain plasmids were co-transfected with appropriate light chain plasmids at an
equal ratio in suspension Expi 293i cells (Invitrogen) using ExpiFectamine 293 transfection
Ul ETT OU0Uwp+DIi 1T w3l ET OOO00T bl UKWEEEOUEDOT wOOwWUT 1 w
were gently shaken overnight for 16-18 hours and incubated at 37°C with 8% CO2. We
then added the enhance provided in the kit and incubated at 37°C with 8% CO2 for 4 -6
days. Supernatant containing antibody was harvested and filtered, and co-incubated with
a Protein A affinity resin (Thermo Fisher Scientific) for IgG antibody or LambdaFabSelect
Agarose Beads(GE Healthcare Life Sciences) at 4°C on a rotating shaker overnight. The
bead and supernatant mixture is then loaded onto a column for purification. Following a
Tris/NaCl Buffer (pH 7.0) wash, mAb is eluted from beads using Trizma HCI (pH 8.0;
VWR) and concentrated in the Vivaspin Turbo 15 Concentrator (Thermo Fisher Scientific)

with a pH neutralizing buffer exchange using Citrate Buffer (pH 6.0). Purified antibody

concentration was determined by Nanodrop and product was evaluated by reducing and
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nonreducing SDSpolyacrylamide gel electrophoresis and Coomassie Blue staining for

appropriate size.

SDS PAGE and Coomassie

DH1017.IgM was run under non -reducing conditions using a NUPAGE 3 -8% Tris-
Acetate Gel (Invitrogen) with 1x Tris -Glycine Native Running Buffer (Novex) at 130V for
2.5 hours. DH1017.1gM (5pg/lane) was prepared with Native Tris -Glycine Sample Buffer
(Novex) and NativeMark Protein Standard (Invitrogen) was used as the ladder. Gel was

subsequently stained with Coomassie and imaged using ChemiDoc (Bio-Rad).

Negative stain electron microscopy

An aliquot of DH1017.1lgM was equilibrated to room temperature, then diluted to
20-40 pg/ml with buffer containing 10 mM HEPES, pH 7.4, 150 mM NacCl, and 0.02%
ruthenium red. A 5-pl drop of diluted sample was appli ed to a glow-discharged carbon-
coated grid for 8-10 seconds, blotted, then rinsed with two drops of buffer containing 1
mM HEPES, pH 7.4 and 7.5 mM NacCl, and finally stained with one drop of 2% uranyl
formate for 60 s, then blotted and air dried. Images were obtained with a Philips EM420
electron microscope at 120 kV, 82,000x magnification, and captured with a 2k x 2k CCD
camera at 4.02 A/pixel. The RELION program (Scheres, 2016)was used for particle

picking and 2D class averaging.
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Detection of Zika and Dengue serotypes 1 -4 virion binding IgG, IgM and IgA

We used previously described virion capture ELISA methods to identify ZIKV -
reactive memory B cell culture supernatants and assess the magnitude of ZIKV and DENV
1-4 binding in plasma and purified mAbs (Singh et al., 2019) Briefly, high -binding 96 -well
plates (Greiner) were coated with 40 ng/well of 4G2 antibody (clone D1-4G2-4-15) in 0.1
M carbonate buffer, pH 9.6 overnight at 4°C. Plates were blocked in Tris-buffered saline
containing 0.05% Tween-20 and 5% normal goat seum for 1 hour at 37°C, followed by an
incubation with either ZIKV (PRVABC59), DENV1 (Hawaii), DENV2 (New Guinea C),
DENV3 (Philippines), and DENV4 (H241) from BEI for 1 hour at 37°C. ZIKV and DENV2
were diluted 1:5, DENV1 and DENV3 diluted 1:3, and DENV4 diluted 1:7. Samples were
added after virus and incubated for 1 hour at 37C (50uL/well). Culture supernatants were
tested undiluted in only one well due to limited volume, whereas plasma and purified
mADbs were tested in duplicate. Eight -point serial diluti ons for plasma started at 1:25 with
3-, or 5-fold dilutions and mAbs started at 100 ug/mL 5-fold serial dilutions. Horseradish
peroxidase (HRP)-conjugated goat anti-human IgG antibody (Jackson ImmunoResearch
Laboratories, 109035008), HRP-conjugated goat anti-human IgM antibody (Jackson
ImmunoResearch Laboratories, 109035129), or HRP-conjugated goat anti-human IgA
antibody (Jackson ImmunoResearch Laboratories, 109035011) were all used at a 1:5,000
dilution followed by the addition of SureBlue Reserve T MB substrate (KPL, Gaithersburg,

MD). Reactions were stopped by Stop Solution (KPL, Gaithersburg, MD) after five
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minutes and optical density (OD) was detected at 450 nm (Perkin Elmer, Victor). For IgG
and IgM, an isotype matched known ZIKV -specific commercial mAb was used as a
positive control (IgG: C10, Absolute Antibody, Cat #: AB0O0677-10.0;IgM: Anti NS1 IgM,
myBiosource, Cat#: MBS6120634). Plasma from ZIKMnfected individuals was used as
positive control for IgA culture supernatants. The negative contro | condition was sample
diluent alone. Synagis® (a respiratory syncytial virus specific IgG) was used as a negative
control for testing ZIKV -binding of purified mAbs, and diluent served as negative for IgM
purified mAb assays. For purified mAbs that were se rially diluted, the magnitude of
virion binding was evaluated as an ED so, which was calculated with a sigmoidal dose-
response (variable slope) curve in Prism 7 (GraphPad) using a least squares fit. The EB
value for serially diluted mAbs was considered va lid if the OD at 100ug/mL was 5 -fold
higher than the no sample condition. For plasma, the EDso value for DENV 1 -4-binding
IgG was considered valid if the OD at 1:25 dilution was 2 standard deviations above the
mean OD observed for 11 plasma samples from halthy U.S. subjects (2SD OD cuioffs:
DENV -1 =0.406, DENV2 = 0.648, DENV3 = 0.906, and DENM = 0.885). For ZIK\tbinding
IgG, the EDso value was considered valid if the OD at 1:25 dilution was 3 standard
deviations above the mean OD observed for 11 plasma samples from healthy U.S. subjects
(3SD OD cutoff: ZIKV = 0.596). Whereas culture supernatants were considered ZIKV-

specific if the OD of the undiluted sample in a single well was greater than two standard
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deviations above the mean of the no sample condition (OD Cut off IgG = 0.436; IgM =
0.096; IgA = 0.068).
Recombinant E protein ELISA

DH1017.lgM and DH1017.19gG MAb was immobilized to a high -binding 96-well
plate (Greiner) at 0.5ug/mL in 1x TBS, then blocked with 3% milk in TBS tween, each for
1 hour at 37C. Serial dilutions of his-tagged recombinant E protein dimer starting at
20ug/mL with 2 -fold dilutions to 12 -spots were added to the plate for an hour at 37C. This
was followed by 0.5ug/mL anti -his HRP (Sigma), and binding was detected after
incubation with substrate at an absorbance of 450nm. EGo was obtained by a sigmoidal
dose-response (variable slope) curve in Prism 7 (GraphPad) using a least squares fit. The
negative control was no antigen and positive control was a previously reported mAbs,
including 1M7, ZV -2, ZV-64 and ZKA190. Recombinant E protein dimer (Premkumar et
al., 2017)and 1M7 mAb (Smith et al., 2013) which was produced from a hybridoma, were
kindly provided by Premkumar Lakshmanane at the University of North Carolina
Chapel Hill (UNC). ZKA190 was generated recombinantly using the sequence for PDB
entry 5YOA (Wang et al., 2017) The mouse mAbs ZV-2 and ZV-64 (Zhao et al., 2016)were
kindly provided by Helen M. Lazear and produced from hybridomas at the UNC protein

expression core facility.
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Focus reduction neutralization test

We used previously described methods for FRNTsoin a 96-well plate (Singh etal.,
2019) Briefly, serial dilutions of heat-inactivated plasma or purified mAbs were added to
30-60focus forming units of either DENV serotypes1-4 or ZIKV (H/PF/2013).Plasmawas
used at a starting dilution of 1:25with subsequent 5-fold or 7-fold dilutions. MAbs were
tested at 5ug/mL or 10ug/mL with 5-fold dilution series. However, DH1017.Fab, was
tested at 1mg/mL with a 5-fold dilution series. Negative control was media alone, and
positive controls were known ZIKV -neutralizin g mAbs and plasma from ZIKV -infected
subjects. Virus and plasma or mAb samples were co-incubated for 1 hour at 37°C, then
transferred to a96-well plate (Greiner Bio One)with confluent Vero-81cellsand incubated
for 1 hour at 37°C. Plateswere overlayed with 1% methylcellulose and incubated at 37C
for the multiday infection: ZIKV and DENV4 infections were incubated for 40-42 hours,
DENV1 infections were incubated for 51-53 hours, and DENV2 & DENV3 infections were
incubated for 48 hours. Cells were fixed with 2% paraformaldehyde for 30 minutes and
stained with 0.5% 1 ¥ @f4G2 mouse monoclonal antibody. Foci were detected with an
anti-mouse 1gG conjugated to horseradish peroxidase at a 1:5000 dilution (Sigma),
followed by True Blue substrate (KPL). Foci were counted using the CTL ImmunoSpot
plate reader (Cellular Technology Limited). FRNTso values were calculated with the
sigmoidal dose-response (variable slope) curve in Prism 8.3.0(GraphPad), constraining

values between 0 and 100% relative infection. Percent relative infection curves were
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considered valid for FRNTsodetermination if R2>0.65,absolute value of hill slope >0.5,and
curve crossed50%r elative infection within the range of the plasma dilutions in the assay.
The following previously reported mAbs were usedin this study: EDE1C8,EDE1
C10(Rouvinski etal., 2015) ZKA190 (Wang et al., 2017) Hull7 (Hasanetal., 2017a) GO9E
(Collins et al., 2019) ZV-2 (Zhao et al., 2016) ZIKV -752,ZIKV -893 (Gilchuk et al., 2020)
and rZIKV -195 (Long et al., 2019; Sapparapu et al., 2016) Hull7 was derived from the
sequence (ZIKV117) included in the PDB entry 5UHY (Hasan et al., 2017a) EDE1 C8,
EDE1C10,ZKA190, Hul17, and G9Ewere recombinantly produced and kindly provided
by Premkumar Lakshmanane. ZV-2 was kindly provided by Helen M. Lazear and
produced from hybridomas at the UNC protein expression ¢ ore facility. ZIKA -752, ZIKA-

893, and rZIKV-195 were kindly produced and provided by James Crowe.

Antibody -dependent complement antiviral activity

Focus reduction neutralization test (FRNT) in the presence of increasing
concentrations [volume/volume] of complement from normal human serum (Sigma),
including 0,5,10,15,20and 25%final concentration were tested. Percentrelative infection
was calculated as a ratio of the foci in the plasma, ZIKV (PRVABC59), and complement
condition, to the foci in the virus and complement condition, multiplied by 100. This
approach allows for determination of the antibody -dependent complement activity and
adjusts for antibody -independent complement activity. Sampleswere run in triplicate and

experiment was independently repeated for each concentration of complement. Positive
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control was DH1017.lgM and DH1017.lgG run in the absence of complement, and
negative control was the virus and complement only conditions. The rest of the analysis

and approach are identical to the FRNT approach.

Determining the contribution of plasma IgM to ZIKV neutralization

Each original plasma sample was split into 2 aliquots, with one portion depleted
of IgM isotype antibodies and another portion mock depleted to mimic non -specific losses
due to approach. First, each sample was heat inactivated for 30 minutes at 56°C, diluted 1
in 2 with sterile PBS, and centrifuged at 10,000G for 10 minutes to remove debris.
Depletion beads were packed into sterile 0.5mL centrifugal filter devices with a 0.22pm
pore PVDF membrane (Millipore) and equilibrated with 3x sterile PBS washes (pH 7.2).
200mg of POROSM CaptureSelect™ IgM affinity beads (ThermoFisher Scientific) were
used for IgM depletion, and 66mg of corresponding beads of the same size(200-400 mesh)
and material (polystyrene divinylbenzene 1% cross linked beads; Alfa Aesar) were used
for mock depletion. Samples were co-incubated with beads for 10 minutes at room
temperature with gentle inversions, and then the depleted fraction was spun out at
10,000G for 10 minutes.

Depletion of IgM was confirmed by total IgM ELISA, and non -specific losses to
ZIKV -binding 1gG were quantified through virion binding ELISA; both assays are
described in other sections of this Method supplement. Limit of de tection (LOD) based on

the last concentration within the linear range of the standard curve across the IgM ELISA
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assessed by viriontbinding ELISA and Neutralization potency wa s assessed using the

Focus Reduction Neutralization Test. Due to slight differences in ZIKV -binding 1gG

across IlgM and mock depleted fractions, each fraction was adjusted to the magnitude of

ZIKV -binding 1gG in the same sample such that differences in neutralization activity

could be attributed to differences in IgM isotype antibodies. Thus, the percent

neutralization attributable to IgM that is reported in this study was calculated as follows:
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Detection of antibody isotype from sera

IgM antibodies were detected in mouse sera using high-binding 384-well plates
(VWR) coated with 0.5 ug/well of goal anti -human Ig polyvalent antibody (ThermoFisher,
#H17000) in 0.1 M carbonate buffer, pH 9.6 overnight at 4°C.Plates were blocked the next
day (2 hours at RT) with 10X PBS containing 4% whey, 15% normal goat serum, and 0.5%
tween. Mouse serum samples were diluted 1:30, serially diluted three-fold, then added to

the plate (10uL/well), and incubated for 1 hour at 37°C. Horseradish peroxidase (HRP)-

109



conjugated goat anti-human IgM antibody (Jackson ImmunoResearch Laboratories, 109
035129) was used at a 1:10,000 dilutior(10uL/well) followed by the addition of SureBlue
Reserve TMB substrate (KPL). Reactions were stopped by Stop Solution (KPL,
Gaithersburg, MD) after five minutes and optical density (OD) was detected at 450 nm
(Perkin Elmer, Victor). An in -house produced monoclonal antibody was used as a positive
control and standard (DH1017.IgM). Blank wells were used as a negative control.
Antibody concentrations were interpolated from the standard curve, which was fit using
to a 5-parameter fit sigmoidal curve (SoftMax Pro 6.3; Molecular Devices). Concentrations
were interpolated from OD ass0 values within the linear range of the sigmoidal curve at
dilution 90, or alternatively 30, for samples at 2-6 DPI, and at dilution 10 for samples at 8+
DPI. A passing quality control criterion of replicate OD ssovalues less than or equal to 25%
variance was applied. + PODP U w Ol wEI Ul EUPOOwIi OWwadbbstatsayg UUE a w kb
based on the linear range of the standard curve.

To measure concentration of IgM from human plasma, the same assay was applied
with the following modifications. All original and IgM/mock depleted samples were
diluted 1:30 relative to origi nal plasma with 3-fold serial dilutions. Human IgM (Jackson
ImmunoResearch Laboratories, 009000-012) was used as positive control and standard.
IgM concentration in sample was inferred based upon the 1:2430, or alternatively the 1:270

and 1:810 serum dilutions, which were all in the linear range of the standard curve.

110



Biolayer interferometry

BLI assays were performed on the ForteBio Octet Red96 instrument at 25°C with a
shake speed of 1,000 RPM. Goat AntHuman Ig polyvalent (20 pg/mL; Thermo Fisher)
was amine coupled to AR2G sensor tips as follows: sensor tips were activated with s-
NHS/EDC (300s), incubated in Anti-Human Ig (600s), and quenched with ethanolamine
(300s). DH1017.lgM, DH1017.1gG, and a negative control IgG of Synagis® (palivizumab)
were dilut ed to 50pg/mL in PBS and captured on the biosensors (300s), followed by a PBS
wash (60s). A baseline signal was recorded for 2 min in PBS (pH 7.4). Biosensors were then
immersed into a two -fold dilution series of ZIKV E protein dimer in PBS (50 -0.78ug/mL)
to measure association (400s), followed by immersion into PBS to measure dissociation
(600s). All binding profiles were corrected by double reference subtraction using the
signal obtained in a PBS control (without E proteins) and the signal obtained from t he
Synagis® control sensor. All affinities were calculated using the fast kinetic components
of the heterogeneous ligand model fit. Kinetics and affinity data are the result of a single

measurement.

Size exclusion chromatography

Zika E dimer was screened for size on Superdex 200 Inc 10/300 GL column: 100uL
of E dimer was loaded onto the column at 0.13mg/mL and was run at a flow rate of 0.5

mL/min in PBS.
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Virus propagation and purification for cryoelectron microscopy (Section by Andrew
Miller and Dr. Richard Kuhn)

Zika virus Polynesian strain H/PF/2013 was propagated in Vero-Furin cells
(Mukherjee et al., 2016). Approximately 1 x 10”9 Vero-Furin cells, grown in 10 % FBS
(Sigma, F0926), Dulbeccos modified Eagle medium (DMEM) media (Thermofisher,
41300039) ands0 ug/mL blasticidin (Invivogen, anti -bl-1) at 37C 5% CO2, were infected
with a MOI of 0.1. Virus particles in 2% FBS/DMEM/ 1mM Pen/Strep (Thermofisher,
15140122) were incubated with cells for 2 hours at room temperature. After 2 hours,
infected cells were incubated at 37C, 5% CO2 for 36 hours. At 36 hours post infection(hpi),
infectious media was collected and replaced with fresh media every 12 hours up to 84 hpi.
Virus particles were purified from media collected at 60 and 72 hpi.

Briefly, cell debris were pelleted by centrifugation at 2,744 x g for 30 minutes.
Infectious media was filtered with through a Steritop -&/ w Y61l w45 Qw i POUI Uw o,
SCGPTO5RE) and virus particles were precipitated overnight at 4C with PEG 4000, 8%
final concentration. PEG precipitated particles were concentrated at 8,891 x g for 50
minutes. Particles were concentrated through a 24% sucrose cushion by ultra
centrifugation at 126,144 x g for 2 hours at 4C. Virus particles were isolated with a
discontinuous potassium -tartrate/ glycerol/NTE buffer (120mM NacCl, 20mM Tris pH 8.0,
1mM EDTA) gradient in 5% increments between 35% and 10% potassiumtartrate and

ultra -centrifugation at 126,144 x g for 2 hours at 4C. The particles were extracted from the
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20% fraction of the discontinuous gradient and buffer exchanged and concentrated in NTE

buffer with a 100 kDa MWCO centrifugal filter.

Single particle cryoelectron microscopy: Sample preparation, freezing, data collection,
processing, and reconstruction (Section by Andrew Miller and Dr.  Richard Kuhn)

Prior to freezing, purified virus and DH1017 Fab fragments were incubated on ice
for 2 hours at a molar ratio of 0.2 mM Fab to 1 mM E protein. Samples were then plunge
frozen in liquid ethane using a Cryoplunge 3 System (GATAN). Briefly, li quid nitrogen
was used to liquefy ethane at -190C. A 2.5uL volume of sample was spotted on lacey
carbon grids (Ultrathin C on Lacey Carbon Support film, 400 mesh, Cu. Ted Pella, Inc.
Product number 01824) and blotted with Whatman grade 1, 200mm circle filt er paper (GE
Healthcare Life Sciences, catalog number 100D20) for 2.5 seconds. Blotting air pressure
setting used was 100 psi.

Data collection was collected on a Titan Krios (Thermofisher) microscope
equipped with a Gatan K3 detector using and Leginon software package (Suloway, C. et
al. 2005). A total of 1929 cryo EM micrographs were collected with a nominal
magnification of 64000x, 0.66 A/pixel size, and an electron dose equivalent, of 35 ¢A2.
Motion correction and CTF calculations estimations were performed using MotionCorr2
(Zheng, S.Q. et. al., 2017) and CTFFIND4 (Rohou A. Grigorieff, N. 2015) respectively.

Automated particle selection picking (Sigworth, 2004) performed with CisTEM

(Grant, T. et. al., 2018) selected 34,474 particles. A maximunti kelihood algorithm based
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2D classification (Sigworth 1998, Scheres, S.H., et. al., 2005) was performed with using
CisSTEM. From a subset of 2D classes, 4104 particles were selected for further processing.
Single particle reconstruction was performed accordiOT wUOwWUT T wsT OOEw UL

method using jspr (Guo and Jiang, 2104). Briefly, the particles were divided equally into
two randomly selected independent particle sets. Twenty ab-inito models were generated
from a random set of 700 particles selected from the set of 4104 particles. Two abinitio
models were selected, and one abinito model was assigned to one independent particle
set and the other abrinitio model was assigned to the other independent data set. Each
dataset was refined iteratively assuming icosahedral symmetry. Refinement resulted in
two independent models that converged on the same structure. Following corrections for
astigmatism, elliptical distortion, defocus, and the masking of the disordered
nucleocapsid core, the final models of each independent data set were combined into a
single final model. The resolution of the map was calculated at 0.143 from the FSC curve

(Rosenthal, P.B. and Henderson, R. 2003).

Model fitting, refinement, and structure analysis (Section by Andrew Miller and Dr.
Richard Kuhn)

Models used in fitting viral structural proteins in the cryo EM density map are the
E glycoprotein ectodomain of the Zika virus asymmetric unit (PDB 6C0O18) (Sevanna M.,
et. al. 2018) and a homology model of DH1017 Fab fragment. The Fab fragmentnodel is
composed of individual domains variable heavy, variable light, C, and lambda domains.

The homology models of each Fab fragment domain were generated with I-TASSER
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(Yang, J. 2015, Roy, A. 2010, Zhang, Y. 2008) and aligned with PYMOL (version 2.0,
Schrodinger LLC) to an IgM cryoglobulin Fab crystal structure (PDB 2AGJ) (Ramsland

P.A., et. al., 2006) to form the complete DH1017 Fab homology model. The € backbones

of all structures were fit in the cryo -EM map using Chimera (Pettersen et. al., 2004)if-to-

map function. The position of the Fab domains was further refined with Coot (Emsley, P

2010). Residues of the E ectodomain € backbone within 6 A of the Fab fragment Cv

backbone were identified with PYMOL. These residues are defined as the Fab footprint

and mapped to the surface of the virus particle with RIVEM (Xioa, C and Rossmann, MG

2007). The binding of a human IgM pentamer to the virus surface at the five-fold

icosahedral axis was modeled. The solution structure of an IgM pentamer (PDB 2CRJ)

(Perkins, S.J. et al., 1991) and the homology model of Fab DH1017 from this paper were

UUIl EwUOWEUPOEWUT 1T wOOET OB ww3 T I wHEWEOOEDPOUW" 4 KOw
UDOwUDPOPOEUwWxOUDPUDPOOUWOI w" 4 Kwep/ #! wK) 56 AOw" 4+ wap/
the 25A tomogram of an IgM pentamer bound to the surface of an artificial liposome

(Sharp, T.H., et. al., 2019, Mueller R., et. al., 2013). One Fab domain from each monomer

of the pentamer structure PDB 2CRJ were fit to the density map after being aligned

manually to the fitted DH1017 Fab structure.

Assessing protection in ZIKV mouse model

Animal husbandry and experiments were performed under the approval of the

University of North Carolina at Chapel Hill Institutional Animal Care and Use
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Committee. Five-week-old IFNAR -/- male mice were inoculated with ZIKV (Strain:

H/PF/2013) at a lethal dose of 1 x 1®FFU of virus subcutaneously in the footpad on day
0. The mouse model of ZIKV pathogenesis was previously developed (Lazear et al., 2016)
On days -1 and +1, 100ug of antibody was delivered intravenously via the retro-orbital
route. Serum was collected every two days for 11 days to monitor viremia by gRT-PCR

and survival was monitored f or 15 days.

Measuring viral burden in mice

ZIKV RNA from the serum samples from ZIKV -infected mice was extracted with
the Qiagen viral RNA minikit. Extracted RNA was quantified by the TagMan one -step
gRT-PCR approach on a CFX96 Touch reatime PCR detection system (Bio-Rad). Genome
copies per milliliter of serum on a log 10 scale was determined by comparison with a
standard curve generated by using serial 10-fold dilutions of the ZIKV A plasmid. The
primer set was previously reported: forward primer CCGCTGC CCAACACAAG, reverse
xUDPOI Dw"" "3 "&33"3333&" &AM (6-3atbaryfiOdtascei)OE 1 wk ¢
AGCCTACCT-ZEN-TGACAAGCAATCAGACACTCAA -+ e ( ! O% 0w o( OUI T UEUI ¢

Technologies) (Carbaugh et al., 2020; Lanciotti et al., 2008)

Measuring in vitro antibody -dependent enhancement on monocytes

DH1017.lgM and DH1017.1gG were serially diluted 2 -fold over 6.25+¢ 0.003 pg/mL
and 10uL of diluted mAb were coincubated in duplicate with 2 x 10 5 PFU of ZIKV (Strain:

PD13/25101318) in a round bottom 96 well-plate for 1 hour at 37°C to form immune
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complexes. Thereafter, 2 x 10cells of THP1.2S or primary monocytes were added to the
ZIKV and mAb immune complexes for a 72 -hour multiday infection at 37°C. THP1.2S cells
are a subclone of the THP1 monocyte cell line (ATCC) that are shown to be more
susceptible to flavivirus infection (Kuan Rong Chan et al., 2014) Collection and processing
of primary monocytes has been previously described and was conducted approval of the
NUS Institutional Review Board under reference code B-15-227(C. Y. Y. Chan et al., 2019)
After the multiday infection on monocytes, supernatant was collected, and infectious
virus was tittered via plaque forming assays on BHK -1 cells (ATCC) in 24 well plates in
guadruplicate, as previously described (K. R. Chan et al., 2011) For the positive control
we used humanized IgG1l 4G2 mAb, and for the negative control we used 3H5 (DENV -

specific mAb) as well as the virus only condition, without any mAb present.

Measuring reactivity to autoantigens via ELISA.

ELISA was performed in 384-well plates (Corning) as previously described
(Bonsignori et al., 20115 w! UPT I OaOwx OEUl Uwbi Ul wEOEUI EwOYI UOD
proteins at optimized concentrations in 0.1M Sodium Bicarbonate: DNA (Worthington,
+2YY!l YK AWEOwk 4T vyO+O0w" 1 ©NY EQEWIwY 'S bk U@ O* IOEHIO BN
"NI kKYAw ECw Y-B I(Imrhunddision,wIPIEB000) at 0.05 unitsiwell, RnP/Sm
(Immunovision, SRC-3000) at 0.2 units/well, Sct70 (Immunovision, SCL-3000) at 0.4
units/well, Sm (Immunovision, SMA -3000) at 0.1 units/well, SSA (Immunovision, SSA

3000) at 0.2 units/well, and SSB (Imnunovision, SSB-3000) at 0.1 units/well. Subsequently,
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plates were blocked (20uL/well) with assay diluent (PBS containing 4% [w/v] whey

protein, 15% normal goat serum, 0.5% Tween 20) for 2 hours at room temperature. The

following modifications were applied for the DNA antigen: plates were first coated with

Poly-L-+ aUD Ol w aEUOEUOOPET wp2bDl OEOw/ + 1 W AwEUwI 41 ¥
assay diluent was PBS containing 2% [w/v] bovine serum albumin and 0.05% Tween-20.

Next, purified DH1017 mAbs were tested using 3-i OOE wUIl UPEOQWEBDOUUPOOU WU U
Yy OwoOl wxUPOEUaAwWEOUDPEOEDI Uwbi Ul wEEET EwUOOwWI EET
temperature. The following positive control antibodies from Immunovision were all

tested at a 1:25 starting dilution with 3-fold serial dilutions, up to 12 dilutions: Anti -

Centromere B (HCT-0100), Anti-single stranded DNA (HSS-0100), Anti-Histone (HIS-

0100), Anti-Jo 1 (HJG0100), Anti-SRC (HRN-0100), Anti-Scl 70 (HSG0100), Anti-Sm

(HSM-0100), Anti-SSA (HSA-0100), and Anti-SSB (HSB0100). The negative control was
EUUEaAawEDPOUI OUWEOOOI 6w/ OEUI Uwpkl Ul wET YT OOx1 EwUU
horseradish peroxidaset conjugated antibodies in assay diluent: 1) goat anti-human IgG

(Jackson ImmunoResearch Laboratories,10935-098) at a 1:10,000 dilution; 2) goat anti

human IgM (Jackson ImmunoResearch Laboratories,109035129) at a 1:10,000 dilution; 3)

goat anti-human H+L (Promega, W403B) at a 1:3000 dilution. After a 1 hour incubation

PPDUI w Ul EOOEEVUaw EOUDBWdBIDd Besewd YMBO substrae@BLO |

Gaithersburg, MD). Reactions were stopped by | Y 4 O~ BtbpOSplution (KPL,
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Gaithersburg, MD) after five minutes and optical density (OD) was detected at 450 nm

(Perkin Elmer, Victor).

HEp-2 Cell Staining

Indirect immun ofluorescence (Zeuss Scientific) binding of DH1017 mAbs to HEp-
2 cells was performed as previously described (Bonsignori et al., 2014) IgG1 mAb, 2F5
was used as the positive control and 17B CL2 was used as negative control. All mAbs were
tested at 50ug/mL. Images were acquired for 8 seconds at the 40x objective. The layout
and scaling of images was performed on Microsoft Powerpoint without image

manipulation.

3.2 Results
Contribution of plasma IgM to ZIKV neutralization

We enrolled a cohort of pregnant women from 2016-2017 during the ZIKV
outbreak in Brazil with ZIKV -like symptoms of fever and rash in pregnancy. Of them, 11
mothers were confirmed to have ZIKV -infection during pregnancy. All ZIKV -infected
mothers had high levels of ZIKV -neutralizing plasma antibodies at delivery with a
median ZIKV -neutralizing titer (FRNT s0) of 3918 (range: 65G 14959;Figure 19A).

To measure the contribution of plasma IgM to ZIKV neutralization, we compared
ZIKV neutralization potency of IgM -depleted vs mock-depleted maternal plasma (Figure
20). First, we assessed the contribution of plasma IgM to ZIKV neutralization over time in

a single subject (P73) with longitudinal samples available from 8 days post symptoms
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(DPS) in pregnancy through delivery at 112 DPS, and beyond pregnancy (406 DPS). P73
presented with a symptomatic ZIKV infection at 22 weeks of gestation and had prolonged
viral replication with VRNA detected in serum/urine up to 42 DPS, whereas the typical
mean time to viral clearance is 10 days(Lessler et al., 2016) She delivered an apparently
healthy baby at 38.5 weeks of gestation with nhormal head circumference. Plasma IgW
mediated ZIKV neutralization was relatively modes t at 8 DPS (7%), rapidly peaked to 78%
at 14 DPS and ranged from 3% to 52% up to112 DPS. No IgM contribution to plasma ZIKV
neutralization was detectable thereafter. (Figure 19B).

We then determined if plasma IgM consistently contributes to ZIKV neutralization
across subjects. Pregnancy and delivery plasma samples collected from 9 ZIKVinfected
mothers between 14251 DPS from other ZIKV-infected mothers were IgM and mock
depleted. Plasma IgM contributed to ZIKV neutralization in 6 of 9 individuals. IgM
range: 17%49%) and with the exception of subject P23 (28% IgMmediated neutralization
at 209 DPS), waned thereafter (range: 8%) (Figure 19C). Taken together, these data
indicate that plasma IgM largely contributes to ZIKV neutralization across ZIKV -infected
individuals within 3 months since symptoms onset.

To assess whether the concentration of total IgM in plasma is proportional to
potency of neutralization, we correlated IgM concentration in mock depleted plasma and

the calculated percent neutralization attributable to IgM across all 19 samples tested.
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While there is a trend of higher IgM attributable neutralization with higher IgM

concentration in plasma, there are also some outliers where low concentration of plasma

IgM was found concurrently with high ZIKV neutralization potency and vice versa

(Figure 19D). While amount of IgM present in plasma may relat e to neutralization, there

may also be subpopulations of plasma IgM that confer variable function.
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Figure 19: Contribution of plasma IgM to ZIKV neutralization from acute
infection through late convalescence. A. Whole plasma ZIKV focus reduction
neutralization titers at 50% maximal viral inhibition (FRNT s0) of ZIKV -infected mothers
(n=11) at the delivery time point. Squares represent mothers with primary ZIKV, whereas
circles are mothers with prior DENV exposure based on neutrali zation of ZIKV and
DENV 1-4. B. ZIKV neutralization attributable to IgM as a percent of total ZIKV
neutralization over time in subject P73, where samples were available from 8 to 406 days
post symptoms (DPS). The difference in ZIKV neutralization of mock d epleted and IgM
depleted plasma yielded contribution of plasma IgM, which was normalized to the
magnitude of Zika virion -binding IgG in each sample. Each sample tested in triplicate. C.
Percent ZIKV neutralization attributable to plasma IgM across 9 ZIKV -infected mothers
at 14251 DPS. Subject ID listed atop each bar. Each sample tested in triplicate. D.
Relationship between concentration of IgM in mock depleted sample with IgM and
normalized ZIKV neutralization attributable to IgM for all 19 samples tested . Each sample
tested in duplicate.
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Figure 20: Plasma IgM depletion and calculation of neutralization attributable
to IgM in plasma after normalization of ZIKV  -specific 1gG loss. A. In order to assess
the contribution of plasma IgM to ZIKV neutralization, IgM was depleted from plasma
viaprotein-E OONUT EUI EwE1 E E U wb-enkin. Non-Bgedificiarhundyiéoblid & wU O w4
losses incurred by beadbased depletion was controlled by generating mock depleted
plasma using blank beads. B. Difference in ZIKV neutralization titers between mock -
depleted and IgM -depleted samples enabled estimation of the contribution of plasma IgM
antibodies to plasma ZIKV neutralization.
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Table 7: In the subject (P73), plasma IgM contributes to ZIKV neutralization from 8

days post symptoms in pregnancy, but not thereafter.
was used for IgM depletion and mock depletion. Total IgM concentration was asse ssed in
each plasma fraction, where the limit of detection (LOD) was an IgM concentration of
012y 8 Yt w4l v O+ 6 w0 U-EHIOPIGR i €achusdmple &re calculated as the
plasma dilution demonstrating 50% maximal ZIKV binding (ED s0). ZIKV neutralizati on
was defined as 50% of maximal viral inhibition in a focus reduction neutralization test
(FRNTSso)., The normalized ZIKV neutralization attributable to IgM in plasma percentage
is calculated based on the ZIKV neutralization titers (FRNT s0) of mock- and IgM -depleted

plasma, and ZIKV -binding IgG ED so0 (see methods).

Aliquots of each plasma sample

Normalized
Days post Sample IgM . Zika binding Z”.<V . Z”.(V .
Symptoms voe concentration IgG (ED50) Neutralization neutralization
ymp yp (ug/mL) 9 (FRNT50) attributable to
IgM (%)
3 IgM dep <LOD 14199 182.8 7
Mock dep 38.542 17027 234.7
IgM dep <LOD 14544 290.3
14 Mock dep 26.091 14569 1320 78
IgM dep <LOD 13457 626.2
28 Mock dep 26.441 19377 1297 30
IgM dep <LOD 13153 232.7
42 Mock dep 223.959 17824 538.3 41
IgM dep NA 7334 1340
71 Mock dep NA 9564 3623 52
IgM dep <LOD 5983 1315
100 Mock dep 32.827 5658 1277 3
IgM dep <LOD 10132 1283
112 Mock dep 18.014 12293 1804 14
IgM dep <LOD 9754 842
197 Mock dep 20.676 9432 706.4 0
IgM dep <LOD 6020 392.5
289 Mock dep 24.4 18170 708.3 0
IgM dep <LOD 6852 1939
406 Mock dep 531.596 10584 1903 0
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Table 8: Plasma IgM contributes to ZIKV neutralization across subjects with ZIKV infection
during pregnancy . Across subjects in the prospective cohort with confirmed ZIKV
infection, sample collections ranged from 14 to 251 days post symptoms (DPS). Asterisk
(*) indicates a primary ZIKV infection as defined by ZIKV -neutralizing plasma that do not
cross-neutralize DENV 1-4 serotypes, sugyesting no prior DENV exposure. Whereas all
OUT 1 UwUUENIT EOUZ ux OEUOEUWET OOOUUUEUI weOUT w9 ( * 5w
measures described in Table S1. IgM concentration and ZIKV binding were assessed in
duplicate, whereas ZIKV neutralization was a ssessed in triplicate.

ZIKV+ IgM . o ZIKV Normallz_ed _ZIKV
. Days post Sample . Zika binding o neutralization
Subject SYMDioms tvDe concentration G (ED50) Neutralization attributable o
ID ymp yp (ug/mL) 9 (FRNT50)
IgM (%)
IgM dep <LOD 9433 3120
56 14 Mock dep 62.206 11564 4594 17
IgM dep <LOD 168.2 132.1
54 36 Mock dep 112.546 198.1 303 49
IgM dep <LOD 4304 412.4
50 36 Mock dep NA 2596 307.6 19
IgM dep <LOD 3048 341.3
50 /1 Mock dep 100.421 2261 357.4 29
IgM dep <LOD 359.9 859.4
54 77 Mock dep 64.635 414.6 1582 37
IgM dep <LOD 1365 400.5
17 166 Mock dep 34.296 2923 690.9
IgM dep <LOD 3977 3172
15 178 Mock dep 25.68 4000 3335
IgM dep <LOD 817 1479
24 186 Mock dep 96.984 690.9 1257
IgM dep <LOD 3402 1322
14 188 Mock dep 43.099 3855 1561
IgM dep <LOD 991.5 1327
23 209 Mock dep 80.322 1869 3492 28
IgM dep <LOD 1872 577.5
19 251 Mock dep 30.749 2224 629.6 0
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B cell responses to ZIKV in preghancy

Previously, we demonstrated serologic evidence of prior exposure to DENV in
most ZIKV -infected mothers in our cohort due to co-endemicity of both viruses and
shared route of mosquito transmission (Singh et al., 2019) Due to antigenic similarity of
ZIKV and DENV, B cells may be cross-reactive such that immunity from primary infection
with one virus modulates the immune response to subsequent infection with the other
virus. Indeed, those with prior DENV exposure mounted higher DENV -binding IgG than
ZIKV -binding 1gG in response to ZIKV infection pregnancy ( Figure 21), whereas the
primary ZIKV -infected subject demonstrated higher ZIKV -binding | gG than DENV cross-
reactive IgG (Figure 21). Given that ZIKV neutralization in primary ZIKV (FRNT so Range:
13993918; n=2) was lower than that of seconday ZIKV infections (FRNT so Range: 1610
11,764; n=9), we sought to evaluate the magnitude of B cell responses in a selected subset
of individuals including the following: P54 (29 and 77 DPS) with primary ZIKV infection;
P34 (162 DPS) and P56 (19 DPS) withegondary ZIKV infection, and P73 (28 and 71 DPS)
also with secondary ZIKV infection and prolonged viremia.

The frequency of ZIKV -reactive B cellswas measured using fluorescently -tagged
UV -inactivated whole Zika virion as bait (Figure 22). Virion reactive B cells (CD3-/CD16-
/CD14-/CD19+) constituted 0.6-1.7% of the circulating B cell pool (Figure 24A and Figure
23). Among memory B cells (MBCs; CD3-/CD16-/CD14-/CD19+IgD-), the frequency of

ZIKV -reactive B cells was uniformly higher (0.8-3.2%) for each mother at each time point.
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On average, ZIKV-reactive MBCs comprised 52% of total ZIKV-reactive B cells with
higher frequencies (46-69%) obseaved in secondary infections (P73, P56, P34) being higher
than primary (P54) (46-69% vs 34% and 34%f-igure 24B). The size of the ZIKV-reactive B
cell population in the two individuals (P54 and P73) for which longitudinal samples were
available, shrank to 4568% the size of the initial pool collected in the 4" week post-
symptoms by week 10 (71 and 77 DPS, respectively)igure 24A and Figure 23). The trend
for ZIKV -reactive MBCs instead differed in these two subjects: they remain stable in P54
but dropped by 68% (from 1.89% to 0.75% of total memory B cells) in P73, despite of the
prolonged viremia in this subject ( Figure 24B and Figure 23). Taken together, data from
these four subjects support the notion that DENV pre -exposure boosts early immune
responses to ZIKV infection in pregnancy via a larger virus reactive B cell and memory B

cell compartments upon subsequent exposure.
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Figure 21. Characteristics of DENV cross -reactivity in prima ry and secondary
ZIKV infections in pregnancy. Magnitude of ZIKV and DENV 1 -4 binding IgG in
maternal plasma were measured by virion binding ELISA. Plasma samples were collected
at the indicated days post symptoms (DPS) timepoints, which correspond to ZIKV -
specific B cell characterization. Maternal flavivirus serostatus upon ZIKV -infection in
pregnancy is reported as primary ZIKV infection (1°), without detection of DENV -
neutralizing antibodies in plasma, or secondary ZIKV infection in the presence of DENV
neutralization in serum antibodies (2°). One mother with secondary ZIKV infection
presented with a unique virologic trajectory of prolonged viremia with virus detected in
serum and/or urine through 42 days post symptoms in pregnancy (2° PV).
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Figure 22 Representative gating strategy to isolate ZIKV -specific B cells and
enumerate ZIKV -specific Memory B cells with fluorescently tagged, UV -inactivated
ZIKV whole virion. The representative sample is from subject P73 at 71 days pst
symptoms. Frequencies of the parent gate are noted on each plot as percentage values.
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Figure 23: Frequency of ZIKV virion -binding B cells and memory B cells at early
and late timepoints since symptom onset categorized by maternal flavivirus serostatus.
Frequencies of ZIKV-specific B cells (CD19positive) and ZIKV -specific memory B cells
(CD19-positive, lgD-negative) are expressed as percentage of total B cells and total
memory B cells, respectively. Maternal flavivirus serostatus is defined by ZIKV and
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Figure 24: Magnitude of ZIKV -reactive B cell and memory B cell responses.
ZIKV -specific B cell responses were assessed at early and late convalescence timepoints
after symptom onset in mothers representing distinct flavivirus serologies and virologic
outcomes: primary ZIKV (1°), secondary ZIKV with past DENV exposure (2°), and
secondary ZIKV past DENV exposure and prolonged viremia (2° PV). A. Frequency of
Zika virion -binding B cells per 1000 B cells as defined by flow cytometry, inclusive of all
immunoglobulin isotypes. B. Percent of ZIK V virion -binding memory B cells (CD19-
positive, IgD -negative) as a portion of ZIKV -reactive B cells.

Isolation of a ZIKV -specific and neutralizing IgM mAb, DH1017.IgM

To further assess the immunogenetics and function of individual ZIKV -reactive
mADbs , we cultured either unfractionated B cells or MBC at limiting dilution ( Table 9) and
derived human B lymphoblastoid cell lines (B -LCL) through EBV transformation as
previously described (Bonsignori et al., 2011, 2016)

We analyzed 64 and 37 Igsecreting culture supernatants from MBC and
unfractionated B cells, respectively. Of them, 34 culture supernatants from MBC
confirmed ZIKV reactivity in ELISA ( Figure 25). Of these, 32 contained secreted antibodies
of the IgG isotype and 2 contained antibodies of the IgA isotype (Figure 25). From
unfractionated B cells, we obtained 16 ZIKV-specific cultures: 11 were IgG; 1 was an IgM;
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1 expressed all three IgG, IgM, and IgA; and 3 contained both IgG and IgM, which is
compatible with in vitro class switching of naive B cells upon stimulation ( Figure 25).
Overall, we established 9 B-LCLs from ZIKV reactive cell cultures. We derived four B -
LCL from unfractionated B cells: three IgG+ BLCLs from P34 (162 DPS), named (119!-
D6.IgG, 1191-D7.1gG, and 1195-C5.1gG) and one IgM+ B-LCL from P73 (71 DPS), named
DH1017.IgM. From single ZIKV reactive MBC cultures, we derived five IgG+ B -LCL: 123
3-G2.IgG from P73 (28 DPS), 124-C8.1gG, 1241-C2.lgG and 1242-G3.IgG from P56 (19
DPS), and 1261-D11.IgG from P54 (77 DPS).

None of the monoclonal antibodies secreted by these BLCLs were clonally related.
They used various VH segments paired with either kappa or lambda chains, without
obvious VH/VL pairing preference (Table 10). CDRH3 lengths ranged between 12 and 22
amino acids (median: 15 amino acids). Overall, VH and VL somatic hypermutation (SHM)
frequency ranged from 3.1% to 10.8% and from 1.5% to 8.0%, respectively. The VH SHM
frequency of sequences obtained from unfractionated B cells and MBC was statistically
similar (p>0.05, Kolmogorov-Smirnov test). While we could not determine with certainty
the origin of the only B -LCL that expressed IgM (DH1017.IgM) as naive or memory B cell,
the V(D)J rearrangements of DH1017.lgM were somatically mutated: 7 nucleotide
mutations accumulated in both the VH and VL segments and, of them, all but two were

replacement mutations, with half occurring in AID hotspot motifs.
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Monoclonal antibodies were produced and purified as described in metho ds for
functional characterization. For the DH1017.lgM mAb, native gel showed two bands at
~970 kDa and ~1048 KDakKigure 26), which is compatible with pentameric and hexameric
IgM isoforms (Keyt, Baliga, Sinclair, Carroll, & Peterson, 2020; Wiersma, Collins, Fazel, &
Shulman, 1998) Negative stain electron microscopy class average analysis confirmed the
presence of both pentameric and hexameric isoforms, with the latter representing ~18% of
the observed class averagesKigure 26).

All the purified mAbs confirmed binding to ZIKV ( Figure 27A). DH1017.IgM
binding to ZIKV was comparable to the other IgG mAbs from unfractionated B cells
(DH1017.1gM ECso=22ng/mL; IgG ECsorange =1245ng/mL) and better than ZIKV -specific
IgG from MBCs (range: EGo=74197ng/mL) (Figure 27A). Three mAbs also mediated ZIKV
neutralization: 119-4-D6.1gG, 1191-D7.lgG, and 1195-C5, with FRNTs= 1.4,0.89, and
1.3ug/mL, respectively. Remarkably, DH1017.IgM neutralized ZIKV with ~2.5 orders of
magnitude higher potency (FRNT se=11ng/mL) (Figure 27B).

Since comparable neutralization potencies in the ng/ml range have been described
for the most potent neutralizing antibodies that are advancing in clinical studies ( Figure
28) and neutralization assays for flaviviruses are not yet fully standardized (Katzelnick,
Harris, et al., 2017; Lanciotti et al., 2008) we also tested previously reported ZIKV -
neutralizing to benchmark DH1017.IgM activity and confirmed that DH1017.IgM

neutralization was either comparable or more potent ( Figure 28). Hence, we conclude that
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DH1017.1lgM is a potently neutralizing ZIKV mAb with potential as a therapeutic or
prophylactic agent.

We sought to define if DH1017.lgM cross-reacted with other flaviviruses or
demonstrated an autoreactive phenotype. To define the degree of crossreactivity with
other flaviviruses , we measured binding to DENV 1 through 4 serotypes of all the 11
mADbs and evaluated trends via heatmap and hierarchical cluster analysis Figure 29). The
mADbs segregated into three clusters (clusters I, Il and Il in Figure 29). Cluster | comprised
mAbs 123-3-G2.1gG, 1244-C8.IgG, 1241-C2.1gG and 124-2-G3.1gG that bound to one or
more DENV 1-3 serotypes better than to ZIKV. These mAbs were isolated from MBC of
mothers with secondary ZIKV -infection (P73 and P56), which is compatible with re-
engagement of pre-existing DENV -reactive MBC. Cluster Il included 126-1-D11.1gG
alone, which was the only mAb in this dataset derived from MBC from a primary infection
and binding to ZIKV and DENV1 -3 was similarly weak. Cluster Il comprised mAbs 119 -
5-C5.1gG, 1194-D6.1gG, 1191-D7.1gG and DH1017.IgM that bound strongly to ZIKV with
either minimal or no cross-reactivity with DENV. Notably, DH1017.IgM did not display
any crossreactivity with DENV1 -4.

Finally, we evaluated DH1017.IgM autoreactivity by ELISA to a panel of common
self-antigens and by Hep-2 cell intracellular fluorescent staining and binding ( Figure 31).
DH1017.lgM did not display an autoreactive profile. Taken together, these analyses

demonstrated that DH1017.1gM bound to ZIKV with high specificity.
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Table 9: Maternal pregnancy samples selected for sorting and B cell culturing.
DPS is days post symptoms.

PTID DPS Sorted B cell| Maternal Flavivirus Serostatus
population
P54 29 MBC Primary ZIKV
77 MBC Primary ZIKV
P56 19 MBC Secondary ZIKV
P73 28 MBC Secondary ZIKV with

prolonged viremia

71 unfractionated Secondary ZIKV with
prolonged viremia

P34 162 unfractionated Secondary ZIKV
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Figure 25: Primary screen of B cell culture supernatants for ZIKV reactivity.
ZIKV -reactive culture supernatants of Ig -secreting B cells and memory B cells.
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Reactivity in ELISA is expressed as optical density at 450nm (ODsso) in a single well due
to limited culture supernatant. Isotypes indicated by color and shape: IgG (black circle),
IgM (red square), and IgA (blue triangle). The isotype -specific threshold for ZIKV
reactivity (dashed lines) were set as two standard deviations (SD) above the mean of no
supernatant wells across all screening assays and colorcoded accordingly. Data
generated by Kwan Ki-Hwang.
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Table 10: Immunogenetic characteristics for ZIKV -binding EBV -transformed B cells . Immunoglobuli n variable
gene segments retrieved from the respective expanded cells of heavy chain (VHDJH) and light chain (VLJ-L) are
annotated. Percent somatic hypermutation in the VH or VL gene segments and amino acid length of heavy and light
complementarity determi ning regions 3 are noted. Data generated by Kan Luo.

Vu mutation CDR H3 V. mutation CDRL3
Antibody ID JH frequency (%) length (aa) Isotype K/A JL frequency (%) length (aa)
B cell derived cultures
DH1017.IgM 4-31"03 7-27*01 1-51*01
119-4-D6.1gG 3-64*01 2-2*01 3-21*02
119-1-D7.1gG 3-21"03 2-15*01 3-20*01
119-5-C5 IgG 3-21*01 6-13*01 3-11*01
Memory B cell Derived Cultures
123-3-G2.1gG 3-30-3"03  3-3*01 4*02 kappa 2-30"01
124-4-C8.1gG 3-30*18  3-16*02F  6*02 8.3 22 G1 kappa 2-28*01 4*01 294 10
124-1-C2 IgG 4-3901 1-26*01 4*02 722 15 G1 lambda 2-14*01 3*02 519 10
124-2-G3.1gG 3-23"04 3-10702 4*02 10.80 12 G1 kappa V2-30%01 1*01 5.38 8

126-1-D11.1gG 3-48"03 1701 6*02 4.51 16 G1 kappa 1-39*01 2*01 3.79 9
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Figure 26: Gel confirmation of DH1017.lgM mAb molecular mass and visualization of culture -purified IgM molecule via
negative stain electron microscopy. A. Non-reduced DH1017.lgM on native PAGE gel indicates a major molecular mass of
~970 kilodaltons (KDa) and a subset of molecules at ~1048 KDa, compatible with pentameric and hexameric IgM forms,
respectively. B. Negative stain electron microscopy of purified DH1017.lgM and 2D classification of ~16,000 particle images
showed primarily pentameric IgM molecules, but wi th three apparent hexamer classes representing ~18% of the sampled
particles. Hexamer-like class averages are boxed in red. Scale bar is 40nm. Numbers represent percentage of particle images
out of total particle image that were consolidated to generate each class average. Panel B data generated by RJ Edwards.
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Figure 27 Isolation of af a ZIKV -specific and neutralizing IgM mADb,
DH1017.IlgM. A. ZIKV binding titers of MBC -derived mAbs (dotted lines) and B cell
derived mAbs (solid li ne). All are IgG isotype (black shapes), with the exception of
DH1017.1gM (red circle). Error bars indicate standard deviation of mAbs run in replicate.
Experiments were independently repeated twice. B. ZIKV neutralization of serially
diluted mAbs describe d in panel B. Infection in the presence of mAb is expressed as
percentage of the number of foci in the virus alone condition. The dotted line represents
relative infection at 50% of maximal inhibition. Error bars indicate standard deviation of
mAbs run in triplicate. Experiments were independently repeated twice. ZIKV Strain
PRVABC59 was used for these assays.
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A. o B. mAb ID FRNTso
Neutralization of ZIKV Reported Epitope (ng/mL) Reference

Strain: PRVABCS59 === DH1017.1gM (isoty pe) Retested for this study
125+ -+ EDE1C8 DH1017 (IgM) | Ervelope Dimer Epitope 139 This study
E - EDE1C10 (EDE)in DIl '
= 1001 = ZIKV-893 EDE1 C8 (IgG) | Largely Dl md 4 resides on 148.9 {Rouvinski et al.,
E DIl and 2 residues on DI 2015)
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Figure 28: Comparison of DH1017.IgM ZIKV neutralization with previously reported ZIKV -neutralizing IgG mAbs.
A. ZIKV neutralization of serially diluted mAbs described. Infection in the presence of mAb is expressed as percentage of
the number of foci in the virus alone condition. T he dotted line represents relative infection at 50% of maximal inhibition.
Error bars indicate standard deviation of mAbs run in triplicate. Experiments were independently repeated twice. ZIKV
Strain PRVABC59 was used for these assays. B. Original isolatin of each mAb cited and its classification based on the
reported epitope.
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Figure 29: Flavivirus cross -reactivity of purified EBV transformed mAbs. A. ZIKV and DENV 1 -4 binding was
measured via virion binding ELISA for each mAb and magnitude of binding is shown as area under the curve (AUC).
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Figure 30: Assessing DH1017.IgM autoreactivity by ELISA. No detected reactivity of the
DH1017.1gM to a panel of self-antigens was over a serial dilution of mAb, with reactivity
signal in ELISA measured as ODuso. Experiments were independently repeated. All
positive controls displayed in Panel J. Dotted line in each A-l indicates the mean of
Palivizumab at 100ug/mL (negative control) for each antigen.

DH1017.IlgM  (+) Control (-) Control

Figure 31: Assessing DH1017.IgM autoreactivity by immunofluorescence. Hep2
cells were stained with mAb at 50ug/mL revealing no reactivity of DH1017 clone to
nuclear antigens, as measured by lack of immunofluorescence. Experiments conducted in
replicate. Data generated by Moody Laboratory.

Comparison of antiviral characteristics of DH1017.IgM and a recombinant IgG mAb
with the same variable regions, DH1017.1gG.

To evaluate the impact of multimerization on the DH1017 mAb function, we
recombinantly generated an IgG version (DH1017.IgG) and compared ZIKV binding and
neutralizing activity, and antibody -dependent complement antiviral function.
DH1017.IgM bound ZIKV 5 -fold better than DH1017.IgG (ECsc=22pM and 102pM,
respectively and both did not bind with DENV 1 -4 in ELISA; Figure 32A and C).

Remarkably, DH1017.lgM neutralization was 39-fold more potent than DH1017.1gG
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(FRNTs0=25 pM vs 996 pM, respectively;Figure 32B). DH1017.IgM neutralized both ZIKV
H/PF/2013 strain (FRNTso=24.7ng/mL; Figure 27) and ZIKV PRVABC59 strain
(FRNTs0=26.7ng/mL; Figure 28) with equal potency, but not any of the DENV 1-4
serotypes. For both DH1017 mAb isotypes, ZIKV neutralization potency was enhanced
in the presence of exogenous human complement from serum, such that lower amounts
of mAb are required to attain 50% maximal ZIKV inhibition in a dose dependen t manner
(Figure 32D). At every dose of complement tested, less DH1017.IgM is required to
neutralize virus than DH1017.IgG (Figure 32D). Thus, in the presence of complement,
DH1017.1gM continued to demonstrate superior antiviral function than its corresponding
19G.

Since protective antibody responses toZIKV require recognition of conformational
epitopes on dimeric ZIKV envelope (E) proteins (Maciejewski et al., 2020; Metz et al.,
2019) we asked whether mAb valency of antigen-binding sites impacts affinity for E
dimer. To test this, we additionally produced a recombinant DH1017 Fab with only 1
antigen binding site, as compared to 2 for DH1017.IgG, and 10 for DH1017.lgM. There
was a slight decrease in preference for E Dimer when mAb valency reduced from
DH1017.lgM to DH1017.1gG, and preference for E dimer was lost in DH1017.Fab (Figure
32 E, G, F). This suggests that mAb valency does impact binding to epitopes present on

the E dimer (Figure 32E, G, F).
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Accordingly, ZIKV neutralization potency for DH1017.Fab (FRNTs=90,000pM)
reduced more than 3000fold compared to DH1017.1gM, and nearly 100-fold compared to
the DH1017.1gG (Figure 33). While mAb valency impacts functional superiority of the
DH1017.lgM as compared the IgG and Fab, this may not be mediated entirely by affinity
to quaternary epitopes on E dimer.

Finally, while sub -neutralizing levels of IgG may enhance flaviviru s replication
via an FogR dependent mechanism in monocytes, it has not been tested whether IgM may
mediate this too. FcyR and Fa/u are known to be expressed on monocytes and interact
with immune complexes (Tay, Wiehe, & Pollara, 2019) We evaluated the potential for
DH1017.IgM and IgG to mediate ZIKV enhancement on THP1 monocyte cells in vitro. We
found that the co-incubation of DH1017.IgG with ZIKV resulted in higher viral titer
between 3-0.2 pg/mL as conpared to virus alone condition on both THP1.2S cells and
primary monocytes (Figure 32H, and Figure 34). Whereas viral titers with DH1017.IgM
co-incubation resulted in nearly 3-times lower viral replication than viral titers with
DH1017.1gG (Figure 32H). Altogether DH1017.1gM reduced in vitro ZIKV enhancement

as compared to DH1017.1gG.
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B. ZIKV neutralization of serially diluted mAbs. Dotted line denotes 50% relative infection of mAb condition as compared

to virus alone (FRNTso), which noted in ng/mL and pM. Error bars indicate standard deviation of mAbs run in triplicate.
Experiments were independently repeated twice. C. DH1017.1lgM and DH1017.1gG binding to ZIKV and DENV 1 -4 serotypes
was assessed at 100ug/mL where virion binding expressed as average optical density ad50nm (ODaso) across replicates.
Negative control is diluent alone. Positive controls are a flavivirus -specific IgM and purified IgG from ZIKV and DENV pre -
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complement concentrations are shown for DH1017.IlgM and DH1017.1gG. Percent infection of the antibody, complement,
and virus condition is relative to foci in the virus and complement condition. MAbs were tested in triplicate. E, F, G: ZIKV
envelope (E) monomer (filled symbol) and dimer (hollow symbols) binding expressed as optical density at 450nm (OD 4s0)
over serially diluted mAbs. Error bars indicate standard deviation of replicates. Experiments were independently repeated
twice. H. ZIKV plaque titer assessed over serial dilutions mAb, which were co-incubated on THP1.2S monocyte cells. Dotted
line shows mean of six virus only control replicates and the grey zone indicates one standard deviation above and below
this mean. Experiments were independently repeated twice. Panel H data generated by Summer Zhang from Ooi
Laboratory.
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Figure 33: Decreasing ZIKV neutralization potency with fewer antigen  -binding
sites of DH1017 clone expressed as IgM, IgG, and Fab. Purified DH1017.lgM was
generated from A B-LCL, whereas DH1017.lgG and DH1017.Fab were recombinantly
generated using the heavy and light chain variable regions of the DH1017 B-LCL. ZIKV
neutralization was assessed by focus reduction neutralization test and defined as 50% of
maximal relative infection (FRNT50), relative to the virus only control. The dotted line
marks 50% of maximal inhibition. Error bars indicate standard deviation of mAbs run in
triplicate. Experiments were independently repeated twice.
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Figure 34: DH1017.1lgM does not enhance ZIKV replication in vitro on primary

monocytes. ZIKV plaque titer assessed over serial dilutions of DH1017.IgM (red squares)
or DH1017.1gG (blue circles), that was ccincubated on primary monocytes. Dotted line
shows mean of gx virus only control replicates and the grey zone indicates one standard
deviation above and below this mean. Experiments were independently repeated twice.
Data generated by Summer Zhang in the Ooi Laboratory.

Structural characterization of the epitope o fthe DH1017 clone on the Zika virion. Data
generated by Andy Miller at Kuhn Laboratory and they led first draft of section.

To better understand the mode of action for this DH1017 clone, we sought to
structurally determine its epitope on the ZIKV particle by cyro electron microscopy using
the DH1017.Fab. Using cryo-electron microscopy and single particle reconstruction, we
have identified a set of 4104 Zika virus Polynesian strain H/PF/2013 particles bound with
an IgM DH1017 Fab fragment and generated a density map with an approximate

resolution of 5.3 A (Figure 35).
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The Cv backbone of the E glycoprotein ectodomains from the ZIKV asymmetric
unit (PDB 6CO8) (Sevvana et al., 2018) The position of the Cv backbone Fab structure
relative to the Cv backbone ectodomain of the asymmetric unit show the variable domain
backbone structures interact primarily with the DIl domain of E ectodomain backbone
structure of all three E monomers in the asymmetric unit and at the interface of DIl and
DI on chains A and C (Figure 35A and Figure 36). The variable domain binds E monomer
chain A of the asymmetric unit at the icosahedral two -fold axis (i2f) and E monomers
chain C and E of the asymmetric unit at the quasi two-fold axis (g2f) (Figure 35C and
Figure 36).

The Fab footprint shows the location of residues on the virus surface that are
approximately 6 A away from the Cv backbone of the variable domain structure (Figure
35B). The footprint residues of the asymmetric unit are all located on DIl and DI of chai ns
A, C and DIl of E (Figure 35B and C, andTable 11).

Within the asymmetric unit there are two complete footprints ( Figure 35B). At the

i2f WERPDUWOOT wi EOT woOi wUT 1 wi O60UxUPOUWDPUWOOEEUI Ewod

located on chain A footprints ( Figure 35B). At the g2f axis, all the residues of the epitope
are located on a single chain, chain C footprints (Figure 35B). Since only one Fab can
physically bind one footprint, o0 ne Fab binding at the i2f axis will exclude the other
footprint from being bound. The result is a single Fab bound at the i2f axis occupying one

of the half footprints within the asymmetric unit. At the g2f axis the position is fully
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occupied in the asymmetric unit with one Fab per footprint. The total fab occupancy is
1.5 fab per asymmetric unit.
The Fab density on the surface of the virus is compatible with multiple angles of
approach as this occupies different positions at the icosahedral two-fold axis (i2f)
compared to the quasi two-fold axis (g2f) (Figure 35A, and Figure 36A). At the i2f axis
there are two positions for constant domain density and one apparent position for variable
domain density ( Figure 36A)..This observation suggests a Fab can contact one of the two
i2f axis footprints from one angle ( Figure 36A). This means the observed single variable
domain density at the i2f axis is most likely an average of two distinct variable domains
bound to the virus surface at different angles (Figure 36A). At the g2f position both the
constant and variable domains each occupy one position relative to the virus surface
(Figure 35A and Figure 36A). This means at the i2f axis the epitope can be approached
from two angles but at the g2f it is only approached at one angle.
An X-ray crystallographic and NMR reconstructions of the Fc portion of an IgM
pentamer have been determined (Muller et al., 2013). The Fc portion of the pentamer is
EOOxOUI EwlOl wi YT wEPOI UU WO w" 4 KO wFigute 87A)EEcE w" 4 | wE
monomer of the pentamer has two Fab domains (Figure 37A). The pentamer is formed by
EPDUUOI PEIl WEOOEUWEVwW" 4+ wEaUUI BEG5 BwwH | UWEPE U T Quik' heKKuwEH £
at cysteine 575(Hiramoto et al., 2018; Mdller et al., 2013) On a monomer there are two
xEPDUUWOI wOPOOI UwUI T DPOOUWET UPT 1T Qw" s KWEOEW" 4+ Ow!
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Fab (Figure 37A and B) (Perkins, Nealis, Sutton, & Feinstein, 1991) suggesting some
flexibility between these domains.

Cryo-EM tomography studies have shown both the pentamer and hexamer can
EPOEwWUOwWUT 1 wUUUT EETl wOil wEUUDPI PEPEOWSHp QBILOOT Uwb C
2019) Our work shows the g2f axis position is fully occupied on the virus surface forming
a ring of bound Fab around the icosahedral five -fold axis (Figure 37C and D). Modeling
the pentamer (PDB 2CRJ) above the surface of the virus particle shows the pentamer
aligns with the fivefold axis of the virus particle ( Figure37C andD). 6 1 1 OQwU i-Fau" 4 |
EOOEDPOUWEUT wxOUPUPOOT Ewxl Uxl OEPEUOGEUWUGWUUUI EE
"t WHEwWx OUUDOOWOT wUT 1T wxl OQUEOT UOwWOOT WHEE WO wWE wx
at the g2f axis and the other Fab domain points toward the epitope at the i2f axis (Figure
37C and D). Therefore, computational modelling suggests that the DH1017.IgM may be
able to theoretically bind a virion simultan eously with all IgM pentameric monomers of
the molecule.

Subsequently, we compared kinetics of DH1017.IgM and DH1017.1gG interactions
with E protein dimer using more sensitive biolayer interferometry ( Figure 38).

DH1017.lgM demonstrates higher affinity to E dimer than DH1017.1gG, as measured by
the equilibrium dissociation constant (K «). While the off-rates of the two mAbs are similar,

on-rate for DH1017.IgM is slightly higher than that for DH1017.1gG ( Figure 38), indicating

that higher mAb valency speeds up binding interaction moderately.
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Figure 35 DH1017 clone interacts with envelope dimer epitope. A. Electron
density map of the Zika virus particle bound with IgM DH1017 Fab fragment at a
resolution of 5.3  acquired via cryo electron microscopy. The black triangle represents
the asymmetric unit, the icosahedral axes are labeled, fivefold axis is a pentagon, three-
fold axis is a triangle, and two -fold axis is an oval. B. A radially colored roadmap (scale
bar in A) indicating the footprint of DH1017.Fab on the E dim er ribbon structure with
interacting residues on E Domain Il. The icosahedral axes of the asymmetric unit are
labeled, five-fold, pentagon, three-fold, triangle, and two -fold, i2f. The quasi two -fold axis
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is labeled g2f. The chains of two E dimersare l€1 Ol Ew z wWEOEw wEUwWUI T whl
and E at the g2f. Residues on the surface of the virus within 6 A of the variable domain

structure fit to the density map are colored yellow and magenta. Yellow residues are on

chain C at the g2f axis and magentat UPEUI UwWEU]l wEUwUT T wbl | wERPUwW
Ectodomain of Zika virus asymmetric unit (PDB 6CO8) shown in top view unbound and

bound with the variable domain of DH1017 Fab fragment and a side view of the

asymmetric ectodomain bound the DH1017 Fab fragment. The E ectodomains are colored

as follows: DI is red, DIl is yellow, and DIl is blue. The residues of the footprint are

colored, magenta. The DH1017 Fab fragment variable domain (VH-VL) is colored green,

and the constant domain (c-domain) is colored cyan. The i2f and g2f axes are labeled. Data

generated by Andy Miller at Kuhn Laboratory.
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Table 11: Residue numbers, single amino acid letter code and domain position
on the ectodomain of an E monomer. Residues unique to each chai n are highlighted in
bold. Data generated by Andy Miller at Kuhn Laboratory.

Chain A
Residue number(s) Single letter aa code domain
59, 63-66 ¥, ASIS Dill
118,120 K, A (]l
122-126 SKEMT Dil
205-205 TMMNMNE Dill
227-228 AG Dil
230-234 DTGTP Dl
276-281 EMDGAK Dl
Chain C
Residue number(s) single letter aa code domain
53, 55, 65-66 M, E, I5 Dil
115-124, 126 FACSKE, T Dill
205, 207-209 T, NNK Dil
228,230 G, D Dl
232-234 GTP Dil
277-280 MDGA Di
Chain E
Residue number(s) Single letter aa code domain
122-123 SK Dill
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Figure 36: DH1017.Fab interaction with ZIKV suggests the potential to interact
at multiple angles from the virion surface . Section of electrondensity map fit with the
asymmetric ectodomain, and a model of the DH1017 variable domain structure at the i2f
axis and the Fab model at the g2f axis. DI, DIl, and DIl are colored red, yellow, and blue,
respectively, the DH1017 Fab fragment variable domain (VH-VL) is colored green, and
the constant domain (c-domain) is colored cyan. The two different positions of constant
domain density at the i2f axis are labeled ¢-a and ¢-b. The variable domain density at both
axes is labeled is fit with VH -VL. The constant domain density at the g2f axis is fit with ¢ -
domain. The i2f and g2f axes are shown. Data generated by Andy Miller at Kuhn
Laboratory.
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Figure 37: Model of bent IgM pentamer bound to Zika virus particle.  A. Solution
UOUUEUUUT woOi wEwi UCEQwW( T, wxl OQUEOI Uw/ #! wl " 1) K8 u
green, yellow, and magenta, respectively. Linkers and the J chain are colored red. One
Fab is colored tan (contacting g2f axis) and the other gold (contacting i2f axis). B. An IgM
monomer from PDB 2CRJ and colored as in (A) fit to the density map relative to the
DH1017 Fab fragment, blue, and DH1017 VH-VL domains, cyan. C. Side view of modeled
pentamer binding the virus particle. D. Top -down view of IgM pentamer model binding
the virus particle. Data generated by Andy Miller at Kuhn Laboratory.
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Figure 38 DH1017 mAbs kinetics of interaction with recombinant ZIKV
envelope protei n dimer. A. On-rate (ka), off-rate (kd), and the corresponding equilibrium
dissociation constant (Kd) of mAb and ZIKV E protein dimer. B. Size exclusion
chromatography demonstrating molecular composition of E protein dimer by size. C and
D. These measureswere assessed by biolayer interferometry, with DH1017.IgM (red) or
DH1017.lgG (blue) immobilized and serial dilutions of E protein. Kinetic interaction
curves for each are shown over time in seconds, and fit using a heterogenous ligand model
and affinities were calculated use the fast kinetic components. Data generated by Brian
Watts at Alam Laboratory.

Protection against lethal ZIKV challenge in mouse model.

Finally, we sought to evaluate whether DH1017.IgM alone could mediate a
protective function in vivod w6 1 wi OUOEwUT E0wUPOwhYY4T wEOUT Uwd(
after lethal ZIKV challenge controlled viremia and protected mice against lethal challenge
(Figure 39A and B). DH1017.lgM controlled viral load in mice through day 11 post
challenge in comparison to the group receiving the non-specific IgM (Figure 39A).

DH1017.lgM was maintained at detectable levels up to 4 days post challenge in both
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groups, or 3 days after the last infusion (Figure 39C). Thus, DH1017.lgM mediates viral

control in vivo, limiting viremia, and protects mice from lethal challenge.
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Figure 39: DH1017.IgM protects mice against lethal ZIKV challenge. Five-week-
old Interferon receptor knock -out mice (IFNAR-/-) were challenged with 1000 focus
i OUOPOT WUOPUUWpP%%4 AwOi w9 ( *5wp2 UUEDPOO w' ¥/ %yl Yht
of human IgM monoclonal antibody, either DH1017.IgM (red square) or ZIKV non -
neutralizing IgM (blue circle) were delivered intravenously at 1 day prior, and 1 day post
challenge. Sera was samples serially up to 14 days post challenge. A. Viral load in serum
was assessed by RTIPCR and limit of detection was 1000 copiesimL. B. Survival curves
for each IgM intervention group. C. Total human IgM concentrations were measured in
mouse sera by ELISA over days post challenge. Limit of detection for this assay was 0.08

Laboratory.

3.2 Discussion
IgM directly neutralizes ZIKV in early infection

Our studies demonstrate that plasma IgM contributes to direct neutralization of
ZIKV following infection during pregnancy. This finding is key because nAbs are likely a

correlate of protection against ZIKV and passive transfer of anti -ZIKV plasma alone can
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mediate protection in a non-human primate model (Larocca, Abbink, Peron, Zanotto, et
al., 2016; Maciejewski et al., 2020; Richner et al., 2017Persisting and neutralizing IgM
have been identified across several flaviviruses in natural and vaccine-elicited immunit vy,
and even are associated with protection from severe disease in JEV infection(Griffin,
Martin, Fischer, Chambers, Kosoy, Goldberg, et al., 2019; Libraty et al., 2002; Malafa et al.,
2020; Wec et al., 2020\While circulating Anti -ZIKV IgM can persist up to 25 months, we
found that IgM contributes to ZIKV -neutralization out to 209 DPS (Griffin, Ma rtin,
Fischer, Chambers, Kosoy, Goldberg, et al., 2019)This aligns with the 237 day mean
duration of ZIKV -IgM detection reported by Stone et al (Stone et al., 2020)However, our
work suggests that IgM contributes to ZIKV neutralization largely within the first 3
months, as 90% (9/10) of plasma collected within 3 months demonstrated >10% IgM
attributable ZIKV neutralization, but only 18% (2/11) of samples from beyond 3 months
demonstrated this effect. In fact, the potently -neutralizing DH1017.IgM was isolated from
B cells of a ZIKV-infected pregnant woman with prolonged viremia at 71 DPS, ~30 days
post containment of viremia, and when plasma IgM contributed to 52% of total
neutralization potency. Altogether, flavivirus -induced IgM may have a substantial role in

mediating ZIKV -neutralizing activity in early convalescence.

Timing of IgM responses and implications for protection

Importantly, the earlier timing of IgM responses in comparison t o IgG responses

may be a key facet of protection from ZIKV infection pregnancy. In natural ZIKV
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infection, ZIKV -IgM peak within 10 days of symptoms, whereas ZIKV -IgG peak 10-14
days (Tonnerre et al., 2020§JRavichandran et al., 2019) Clearance of Zika viremia within
10-14 days in most adults suggests that early immune responses are critical to resolution
of ZIKV infection (Lessler et al., 2016; PaBailey et al., 2017) In our study, plasma
collected within 14 DPS from 2 subjects revealed plasma IgM contributed 7-78% of total
ZIKV neutralization. In support of the role for antibody response kinetics in immune
protection, recent studies of SARSCoV-2 show that generation of nAbs within 14 days of
disease onset is associated with protection from disease, and not the peak antiSpike
antibody titer (Lucas et al., 2020) High rates of prolonged viremia have been noted in
pregnancy and this is linked with greater risk of congenitally transmitted disease (Lozier
et al., 2018; MeaneyDelman et al., 2016; Pomar et al., 2021)As prolonged viremia in
pregnancy occurs in the setting of high magnitude ZIKV nAbs, it will be worthwhile to
assess whether delayed IgM responses is risk factor for prolonged viremia and even
congenital transmission (Driggers R.W., 2016; S. M. Nguyen et al., 2017; Suy, Sulleiro,

Rodo, et al., 2016)

B cells compartments generating ZIKV -reactive IgM

Virus -neutralizing IgM may originate from unswitched de novatimulated B cells,
or in secondary infection specifically, from long -lived plasma cells (LLPC) and the
memory B cell pool. IgM+ LLPC and MBC may have distinct roles in secondary infection

from IgG -expressing B cells given phenotypic differences in this cell types (Kurosaki,
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Kometani, & Ise, 2015) For example, LLPCs can express a functional IgM B cell receptor
(BCR) on the cell surfae, unlike IgG-expressing plasma cells, which may lead to a faster
response time (Pinto et al., 2013) In contrast, the shorter cytoplasmic tail of the IgM BCR

as compared to the IgG BCR, may be less respasive to stimulation than the IgG BCR

bearing cells (Kurosaki et al., 2015) Whereas, unswitched IgM-expressing MBCs are
known to proliferate more and preferential ly enter the germinal center reaction as

compared to IgG-expressing MBCs, suggesting that IgM-expressing MBCs may have a
unique role in affinity maturation and serve as a source for virus -reactive IgG in secondary

flavivirus infection (Dogan et al., 2009; Pape, Taylor, Maul, Gearhart, & Jenkins, 2011)
These phenotypic differences suggest that IgM-expressing B cells may have a distinct rde

in the rapid control of ZIKV infection upon secondary infection as compared to IgG

expressing B cells.

Characteristics of the newly isolated ZIKV -neutralizing IgM mAb: DH1017

The DH1017.lgM clone was isolated from the PBMCs of a secondary ZIKV-
infected pregnant woman with prolonged viremia and may have originated from the de
novo stimulated and germinal center experienced B cell and not a pre-existing
compartment. Firstly, DH10 17 demonstrated lack of DENV 1-4 serotype crossreactivity,
suggestive of a distinct response than the one elicited to prior DENV. Alternatively, if the
mAb was from a pre -existing compartment, it would have to lose DENV -reactivity upon

affinity maturation upon ZIKV infection. Secondly, the mutation rate of the DH1017
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variable regions (Vu=3.7%; (=8%) is greater than nongerminal center clones suggesting
the DH1017.lgM underwent a germinal center reaction in its development. This is
compatible with a longer duration of B cell stimulation that would have taken place in the
setting of prolonged viremia and may explain the high affinity to ZIKV E protein and
neutralization potency of DH1017.IgM. Of the three 1gG which were most comparable to
the potency of DH1017.1gM, one (C10) was derived from activated B cells and the other
two (G9E, ZKA190) from the MBC compartment (Collins et al., 2019; Dejnirattisai et al.,
2015; Stettler et al., 2016)indeed a substantial portion of a secondary immune response is
derived from de novactivated B cells which yield type -specific mAbs (Rogers et al., 2017)
Thus, the DH1017 clone could have derived from a de novoMBC too. Interestingly,
flavivirus -reactive IgM-expressing MBCs demonstrate exceptional stability, and MBCs
are linked to protected from secondary DENV infection (SanchezVargas et al., 2019; Wec
et al., 2020) Therefore, the IgM-expressing MBC compartment could be an additional

pathway to target potent ZIKV -specific neutralization responses in vaccine design.

Mechanism of action of DH1017.IgM based on structure of epitope

Neutralization potency of the DH1017.lgM may be driven by recognition of a
guaternary epitope on ZIKV, which is the defining feature of a class of potently
neutralizing mAbs (Collins et al., 2019; Hasan et al., 2017a; Long et al., 2019; Rogers et al.,
2017; Sapparapu et al., 2016; Stettler et al., 20163tudies show that antibody responses

targeting multimeric E protein epitopes or mature virion that display the quaternary
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structures are associated with protection from ZIKV infection in mice, whereas antibodies
to monomeric antigens alone do not demonstrate a protective effect (Maciejewski et al.,
2020; Metz et al., 2019)As a leading ZIKV vaccine candidate is expressed as a monomer
and does not confer sterilizing immunity in pregnant Rhesus macaques (Dowd, Ko, et al.,
2016; Gaudinski et al., 2017; Van Rompay et al.,, 2019)there is a need to design
immunogens tailored to elicit potent respo nses. Our identification of a potent ZIKV -
neutralizing IgM that recognizes quaternary epitopes supports the growing evidence
supporting the need to pivot vaccine design towards multivalent immunogens.

The binding site of DH1017 on E Domain Il represents a part that mediates E
dimerization on the mature Zika virion. Upon viral entry into cellular endosomes, E
proteins rearrange in the low pH environment to form fusogenic trimers whereby the viral
membrane can fuse with the host cell membrane, releasing genonic material into the
cytoplasm to cause infection (Smit et al., 2011) The DH1017.lgM may mediate
neutralizing activity by cross -linking E proteins and restricting E conformational change
to the fusogenic trimer (X. Zhang et al., 2015) This mechanism of action is similar to that
proposed for previously isolated human ZIKV -neutralizing 1gGs, ZIKV -117 and ZIKV-
195 (Hasan et al., 2017a; Long et al., 2019)rhus, DH1017 may act to neutralize ZIKV by
preventing viral and cell lipid membrane fusion within an endosome, after cell entry.

Another non -mutually exclusive alternative could be that DH1017.IgM sterically

hinders interaction of Domain |, the glycosylated host cell attachment protein, with its
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cognate receptor in on the cell surface (Carbaugh & Lazear, 2020; Smit et al., 2011)
Computational predictions reveal that the full DH1017.IgM pentamer may be able to
interact with multiple epitopes on the same virion simultaneously, suggesting a potential
for blocking access to EDIlI at the five-fold axis. This would prevent infection
extracellularly. There is potential for multiple arms of the DH1017.IgM to be engaged at
once because the DH1017.Fab can interact with the virion at multiple angles to the surfae.
IgM pentamers can be similarly angled as flat or downward bent (mushroom -shaped)

conformations are equally thermodynamically favored (Czajkowsky & Shao, 2009)

Potent functions of an IgM  isotype mAb in comparison to IgG

Isolation of a ZIKV -neutralizing IgM mAb, DH1017.IgM, allowed for further
interrogation of the antiviral functions of the IgM isotype specifically. In comparing the
potency of the DH1017.IgM to the corresponding IgG with th e same W and V. regions,
DH1017.lgM was ~40fold more potent in neutralizing ZIKV in vitro as compared to the
DH1017.1gG. We identified two reasons that contribute to this advantage for the IgM
isotype as compared the IgG. First the pentameric structure of the IgM has 4 additional
antigen-binding domains than 1gG, which mediate increased avidity and therefore
increased function. Secondly, the DH1017.IgM has a much faster onrate with E protein
epitopes as compared to the IgG. Such functional advantages in avidity for IgM as
compared to IgG have also been defined for an anticancer IgM mAb, where lack of steric

hindrance on the antigen surface permitted higher avidity interactions (Samsudin, Yeo,
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Gan, & Bond, 2020) Thus, the combined affinity of DH1017.lgM antigen -binding sites
likely contributes to functional superiority in comparison to the DH1017.1gG.

We also compared neutralization potency in the presence of complement and
determined that both DH1017.IgM and DH1017.1gG increase in antiviral activity with
increasing doses of complement. Despite substantial improvements in the function of
DH1017.1gG, a smaller amount of DH1017.1gM was required to confer 50% maximal ZIKV
inhibition at every dose of complement tested. Similarly, complement can enhance
function of WNV -specific antibody by opsonizing the virion and reducing the number of
bound epitopes required to neutralize infectivi ty (Mehlhop et al., 2009, 2005) Another
route for antivir al activity is that IgM facilitates complement opsonization of the virus,
and the complex then lyses the virus through formation of a membrane attack complex
(Schiela et al., 2018) Despite these protective roles, compkement is also implicated in
pathogenic outcomes such as mediating vascular leak in DENV disease and eliminating
infected presynaptic termini in neuronal WNV and ZIKV disease (Conde et al., 2017;
Figueiredo et al., 2019) Since the concentration of complement proteins is greater in
pregnancy and IgM more efficiently deposits complement than IgG, their combined role
in ZIKV infecti on during pregnancy needs to be further examined (Richani et al., 2005).

Given the potent antiviral functions of DH1017.IgM in vitro we tested this mAb in
Vvivo, in the interferon knock -out mouse model. We found that DH1017.IlgM administered

intravenously before a lethal ZIKV challenge protects mice and controls viremia,
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recapitulating protection conferred by potent IgG mAbs tested previously (Collins et al.,
2019; Davide F. Robbiani, Leonia Bozzacco, Jennifer R. Keeffe, Ricardo Khouri, Priscilla C.
Olsen, Anna Gazumyan, Dennis SchaeferBabajew, Santiago Avila-Rios, Lilian Nogueira,
Roshni Patel, Stephanie A. Azzopardi, Lion F.K. Uhl, Mohsan Saeed, Edgar E. Sevilla&
Gustavo ReyesTeran, Albert I. Ko, Margaret R. MacDonald, 2017; Long et al., 2019;
Sapparapu et al., 2016; Swanstrom et al., 2016We confirmed that prot ection was due to
ZIKV -reactivity as a non-specific IgM mAb did not protect mice. Our findings align with

a report of WNV -specific polyclonal IgM mediated protection but not another YFV -
specific IgM mAb (2C9-IgM), that neutralized but did not protect (Diamond et al., 2003;
Thibodeaux et al., 2012) Lack of protection by 2C9 may be because this mAb depends on
a single residue in E domain Il for function, whereas DH1017 interacts with several
residues on adjacent E monomers(Lobigs, Dalgarno, Schlesinger, & Weir, 1987) Thus, we

define that DH1017 protects in the mouse model when administered prophylactically.

DH1017.IgM is suitable as passive intervention in pregnancy

DH1017.IgM delivered intravenously protects mice from a lethal ZIKV challenge,
demonstrating promise as a candidate prophylactic. This potent IgM mAb may be a
partic ularly suitable intervention for protection against ZIKV infection in pregnancy since
it does not cross the placenta and has a shorter haHlife as compared to the IgG. It is known
that ZIKV and DENV are co -endemic and generate crossreactive antibodies which are

effectively transferred across the placenta during the third trimester (Singh et al., 2019)
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While transplacentally transferred IgG typically protect the newborn from infections in
the vulnerable period before vaccine-elicited immuni ty, flavivirus cross -reactive IgG may
mediate severe disease in early life through antibody-dependent enhancement of primary
DENV infection (Castanha, Braga, Cordeiro, Souza, Silva, Martelli, Van Panhuis, et al.,
2016; ScotB. Halstead et al., 2002)

Moreover, while immunoglobulin therapies are considered safe in pregnancy a
lower dose may help to reduce the chance of hypersensitivity -associated adverse reactions
like serum sickness and anti-drug antibody development (Gardner et al., 2019; Stiehm,
2013) In a phase 1 trial of a herapeutic anti-yellow fever virus human mAb, a dose ~15
times the EGso (2mg/kg) conferred protection from live yellow fever vaccine induced
viremia (Low et al., 2020) Comparatively for the DH1017.IgM, 15 times its FRNT so would
only be 0.370ug/mL, well below the reported range of 0.8 - 1.46 mg/mL IgM normally
present in human sera (Jazayeri, Pourfathollah, Rasaee, Porpak, & Jafari, 2013)Also,
human IgM have a shorter half-life of 5 days as compared to 23 days for 1gG, which
reduces formation of de novdmmune responses against the therapy(Lobo et al., 2004)
Scale up and production of IgM mA bs for intervention

Our DH1017.lgM product is the native IgM that is purified from an EBV -
transformed lymphoblastoid B cell line, whereas many IgM therapies in clinical trials are
made from hybridomas and a couple are generated recombinantly in PER.C6 cell (Hensel

et al., 2014; Keyt et al., 2020Rasche et al., 2015)A scalable approach will be needed for
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development as a prophylactic. While IgG antibodies can be produced at a rate of 50-60
pg/cell/day, recombinant IgM yield 20pg/cell/day, with batch titers of 800 -900mg/L (Keyt
et al., 2020) Purification of Ig M has been a key hurdle and novel matrix purification
approaches are being developed to address this barrier. Alternatively, it is possible an
MRNA immunization approach may overcome hurdles of IgM synthesis and purification
(NCT03829384). Thus far, 20 IgMmAD interventions have been tested in clinical trials to
target cancer, autoimmune conditions, and bacterial infections. These trials demonstrate
that infused IgM is safe and well tolerated at doses of 0.3-20mg/kg, with a half -life of 5.9

hours to 5.1 days (Keyt et al., 2020.

Summary

We demonstrate a key role for plasma IgM in direct neutralization during early
control of primary and DENV pre -exposed ZIKV infections in pregnancy. Further, we
isolated a novel ZIKV -neutralizing IgM mAb, DH1017.lgM, allowing for further
definition of the of the antiviral characteristics of IgM in type -specific immunity,
antibody -dependent complement antiviral activity, and reduced viral enhancement in
vitro. Congenital transmission of ZIKV in pregnancy is the source of the greatest burden
of ZIKV disease. Further studies are needed to assess whether DH1017.IgM can protect
against fetal infection in pregnant animal models and mitigate fetal damage like some 1gG
mAbs (Van Rompay et al., 2020) Since ZIKV vaccines canot be tested in efficacy trials

without active circulation, we provide a valuable candidate IgM prophylactic that can be
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deployed to pregnant women during the next ZIKV outbreak and mitigate the lifelong

disability incurred due to congenital transmission.
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4. Impact of maternal serostatus on infant flavivirus
immunity and antibody dependent enhancement in early
life 4

Antibody -dependent enhancement

It has been known for over 50 years that primary DENV infection can enhance a
secondary infection with a heterologous serotype (S. B. Halstead, Nimmannitya, & Cohen,
1970; S. B. Halstead & Yamarat, 1965) his phenomenon is known as antibody -dependent
enhancement (ADE), initiated by crossreactive antibodies generated by a primary
infection bind the heterologous vir us from the secondary infection but fail to neutralize it.
This antibody -virus complex is then able to enter cells that bear Fgreceptors (FcgR), such
as macrophages, allowing the virus to overcome the hurdle of cell entry and replicate
more easily than the primary infection. Higher viral load also leads to high expression of
cytokines as well as severe pathologic consequences associated with DENV, such as
endothelial damage and vascular leak (Scott B. Halstead, 2003) This model of ADE has
been confirmed via epidemiological studies in cohorts and investigated mechanistically
in vitro (K. R. Chan et al., 2011; Katzelnick, Gresh, et al., 2017; Katzelnick, Narvaez, et al.,

2020) Human cohort data confirm this model and point to intermediate levels of DENV -

4The content in this chapter is the original work of the author and will be published upon completion of this
work by the following team of authors: Singh T, Webster HS, Miller IG, Lo pez CA, Giuberti C, Zhang S,
Valencia SM, Dennis ML, Lazear HM, Dietze R, Ooi EE, Permar SR
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reactive IgG as a risk factor to severe secondary disease, with viral load as the mediator

in this relationship (Katzelnick, Gresh, et al., 2017; Waggoner et al., 2020)

Severe disease in infants

EUI UYEUDOOU WO wb il 2Udi#us?-U3 sEOBDEIERJGT wU x OO0 wx UD
infants (<1 year old) additi onally confirm the key role of IgG antibodies in pathology (S.
Halstead, 1988; S. B. Halstead et al., 1970; S. B. Halstead & Yamarat, 1965; Kouri, Guzman,
& Bravo, 1986) Infants born to mothers with DENV immunity receive transplacentally
transferred DENV IgG (Castanha, Braga, Cordeiro, Souza, Silva, Martelli, Van Panhuis, et
al., 2016) This 1gG wanes during the first year of life and, for a period of time, sub -
neutralizing levels of IgG may exacerbate primary DENV disea se upon infection
(Castanha, Braga, Cordeiro, Souza, Silva, Martelli, Van Panhuis, et al., 2016; van Panhuis
et al., 2011) Therefore, infants less than 1 year old experience higher rates of severe DENV
disease than other pediatric age groups and are at risk of flavivirus disease enhancement

due to waning levels of maternal antibody.

Dynamics of cross -reactive antibodies

ZIKV is co-endemic with other flaviviruses like YFV and DENV and shares the
mosquito vector with these related viruses. Due to their presence in the same
environment and possibility for individuals to be exposed to both flaviviruses, it is
important to un derstand how antibody responses to one virus impact immunity and

pathology to the other. After infection, subpopulations of type -specific and crossreactive
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antibodies form, and their proportions vary over time and upon subsequent infections

(Montoya et al., 2018) Flavivirus infection is followed by a high degree of temporary

cross-neutralization, and then the antibody response is focused towards the infecting
strain over-time while retaining binding cross -reactive antibodies (Collins et al., 2017)
This may be a result of transient peak in plasmablasts upon infection, and subsequent
maintenance of antibodies repertoires through select long-lived plasma cells (Wrammert
et al., 2012) With multiple flavivirus infections, IgG responses become more broadly
neutralizing across heterologous DENV 1-4 serotypes and risk of severe infection is lower

(P. Andrade et al., 2020; Katzelnick, Gresh, et al., 2017)

Conserved epitopes of antibody respons es

Antibodies that trigger ADE may target structural proteins of ZIKV such as E protein
(E), pre-membrane (prM), or membrane (M) (Guzman, Alvarez, & Halstead, 2013). In
these regions, there is a high degree of amino acid sequence homology of ZIKV with other
flaviviruses (40-54%), and an even higher homology with DENV 1 -4 (5458%)
(Kostyuchenko et al., 2016) Superimposition of ZIKV and DENV E proteins also reveals
a high degree of structural homology (Kostyuchenko et al., 2016) Studies of monoclonal
antibodies suggest that crossreactive mAbs are largely directed to EDII, whereas type-
specific mAbs are largely aimed at EDIIl (Rogers et al., 2017; Stettler et al., 2016)
Importantly, the interlac ed E protein shell of flaviviruses presents distinct quaternary

structures that are only present on the virion and seamless across adjacent E proteins;
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these as well are targets of typespecific and potently neutralizing responses (De Alwis et
al., 2012; Metz et al., 2019; Stettler et al., 2016%tructural differences between DENV and
ZIKV also arise due to thermal stability and tightness of the virion, where ZIKV is more

thermally stable and presents a tighter interlaced quaternary structure of E proteins
(Kostyuchenko et al., 2016) Due to ADE, conserved epitopes and subsequent cross
reactive IgG responsesare of concern for vaccine desgn and pathogenesis of sequential

flavivirus infections, which are common in co -endemic settings.

Impact of ZIKV antibodies on DENV disease

The impact of ZIKV antibodies on DENV pathogenesis in early life has been a key
question after the 201516 outbreak of ZIKV in Americas, within DENV endemic regions.
On human skin explants, ZIKV immune sera are known to enhance DENV -2 infection at
levels equivalent to DENV -3 mediated enhancement of DENV-2. This was accompanied
by an increase migration of myeloid cells, which are implicated in ADE (Castanha et al.,
2020) While some studies demonstrate increased DENV disease severity, viremia, and
inflammation in the prese nce of prior ZIKV immunity in mice and rhesus monkeys, others
report no significant differences in rhesus monkeys (Breitbach et al., 2019; George et al.,
2017b; PérezGuzman et al., 2019; Watanabe, Tan, Chan, & Vasudevan, 2019Potentially,
greater sample sizes are required, and viral dose and strainspecific differences in the
sequential infection may guide these contradictory results. In a mouse model,

transplacentally -transferred maternal ZIKV -specific 1gG increased DENV viral burden
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and disease severity in pups (Fowler et al., 2018) Transferred antibodies were cross
reactive, but not crossneutralizing. However, given the difference in placental
architecture and IgG transfer modes between mice and humans (Ander, Diamond, &
Coyne, 2019) speciesspecific comparators are needed to protect newborns from severe
DENV.

Therefore the most clear evidence of crossflavivirus ADE in populations were
evaluations of sequential infections in a pediatric and hospital cohort study based in
Nicaragua (Katzelnick, Narvaez, et al., 2020) This study revealed that prior ZIKV
infection enhanced subsequent DENV infection similar to primary DENV exposure
(Katzelnick, Narvaez, et al., 2020) Moreover, the risk of ZIKV -specific IgG mediated
enhancement was particularly high for subsequent infection with the DENV -2 serotype
(Katzelnick, Narvaez, et al., 2020) DENV-2 has 54% amino acid similarity with ZIKV in
the E, prM, and M proteins (Kostyuchenko et al., 2016) It is possible that there may be a
substantive effect across DENV-1, 3, and 4 serotypes, however this depends on
observations of distinct sequences of outbreaks, time since each outbreak, and the force of
infection in each outbreak. Focused surveillance of key pre-exposed or flavivirus

seropositive populations at risk, such as newborns, are urgently needed.

Impact of DENV antibodies on ZIKV  disease

Similarly, the role of DENV -specific antibodies on enhancement of ZIKV, severity

of ZIKV infections, and altered risk of congenital ZIKV transmission in pregnancy are
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much debated and important to delineate. Analysis in human placental explants and
mouse models, suggests that DENV-specific IgG may be able to exacerbate ZIKV
replication (Bardina et al., 2017; McCra&en et al., 2017; Rathore et al., 2019; Zimmerman
et al., 2018) Despite these findings, ZIKV enhancement has not yet been observed in
human populations and non -pregnant Rhesus macaques with prior DENV immunity
demonstrated similar ZIKV disease and vire mia as those with a primary ZIKV infection,
indicating that prior DENV immunity does not impact ZIKV disease (McCracken et al.,
2017; Pantoja et al., 2017However, an ecological study on the interaction of dengue fever
to microcephaly among distinct regions in Brazil estimated via modeling that DENV
immunity may protect from ZIKV -associated microcephaly for up to 6 years, but then lead
to a period of increased risk 7-12 years(Carvalho, Freitas, Cruz, Brasil, & Bastos, 2020)
suggesting that interactions among flaviviruses may be time -dependent. Thus, more
studies are needed to delineate whether ZIKV enhancement is of concern during
pregnancy, as maternal infections lead to the greatest burden of disease of ZIKV

(Katzelnick, Bos, & Harris, 2020).

This study

Maternal DENV -reactive IgG transferred transplacentally during pregnancy can
enhance DENV infection and mediate severe primary disease in infants (Castanha, Braga,
Cordeiro, Souza, Silva, Martelli, Van Panhuis, et al., 2016; SB. Halstead et al., 1969)

However, the impact of maternal ZIKV -specific( T & wOOwUT 1 wb Ol EQUz Uwx 001 &
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dependent enhancement of flaviviruses has not been defined. In this study, we evaluated
whether maternal plasma at delivery and infant cord blood plasma antibody can enhance
ZIKV and DENV -2 in vitro differently based on prior maternal flavivirus exposure. Our
prospective cohort consists of 25 mothers with ZIKV infection in pregnancy, with and
without prior DENV, as well as mothers without ZIKV infection in pregnancy who have

had one or multiple prio r DENV exposures. These groups of mothers represent a diversity

of flavivirus exposures observed in a co-endemic setting in Brazil. Characterizing
OEUI UCEOwW xOEUOE w EOE unbifd &nthody depeBddnd EnbaBo®riettE w
activity profile will aid in  the development of safe vaccines and interventions designed to

limit disease in co-endemic settings.

4.1 Methods

Study population and Design , Recruitment, Enrollment, Follow -up, and Ethics
Statement: See Methods in Chapter 2 as this is the same cohort.

Vir uses and cell culture , Focus Reduction neutralization test , and Virion binding IgG
See Methods in Chapter 2 asefforts were made to be consistent in these approaches across
studies.

In vitro ZIKV enhancement

Plasma was diluted 1 in 10 in diluent (RPMI wit h 2% FBS) and 50uL of diluted
plasma were coincubated in duplicate with 2 x 10° PFU of ZIKV (Strain: PD13/25101318)
in a round bottom 96 well -plate for 1 hour at 37°C to form immune complexes. Thereatfter,
2 x 10 cells of THP1.2S or primary monocytes were added to the ZIKV and mAb immune

complexes for a 72hour multiday infection at 37°C. THP1.2S cells are a subclone of the
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THP1 monocyte cell line (ATCC) that are shown to be more susceptible to flavivirus
infection (Kuan Rong Chan et al., 2014) After the multiday infection on monocytes,
supernatant was collected, and infectious virus was tittered via plaque forming assays on
BHK-1 cells (ATCC) in 24 well plates in quadruplicate, as previously described (K. R.
Chan et al., 2011) For the negative control we tested the virus only condition, without any

mADb present.

4.2 Results
Defining maternal flavivirus serostatus

Pregnant women aged 18t 41 years were enrolled into our prospective cohort (n=58)
based on symptoms suggestive of ZIKV infection, including rash, arthralgia, and fever
that lasted a median of 7 days. Maternal serostatus was classified as previously reported
based upon maternal delivery plasma neutralization titer of ZIKV and DENV 1 -4
serotypes (Singh et al., 2019)(Table 12). Briefly, if only ZIKV nAbs were detected, then
the mother was classified as primary ZIKV. If only one serotype of DENV nAbs were
detected, then the mother was classified as primary DENV. However, mothers with high
nAb titers (FRNTsoa wt YY AWUOOWEOUT w9 ( * Ssifiel Gstasetdndab/ @iy Ul wE OE
serostatus (DENV + ZIKV), indicating ZIKV infection after DENV exposure ( Table 12).
High nAb titers to multiple DENV serotyp es (FRNTsod wt YY AWDOEDPEEU]I EwEwUI E
serostatus, indicating prior exposure to multiple DENV serotypes ( Table 12). The

maternal delivery plasma t hat did not demonstrate neutralization to ZIKV or DENV 1 -4
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were considered to be flavivirus naive, indicating that the mother did not have prior or
recentexposure to ZIKV or DENV 1 -4 (Table 12).

Of the 25 mothers with paired infant cord blood available for this study, 2 were
classified as primary ZIKV, 6 as secondary ZIKV, 2 as primary DENV, 6 as secondary
DENV, 4 as naive, and 5 have not been serotypedyet (Table 12). Thus, the cohort
represents the diverse groups of flavivirus exposure histories and serological statuses of

mothers living in a flavivirus co -endemic environment.
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Table 12 Maternal flavivirus serostatus based on classification of 25 delivery
plasma neutralization titers to ZIKV and all 4 DENV serotypes

Delive aterna e a 0 e R 0

Subject ID |Maternal Serostatus ZIKV | DENV1 | DENV2 | DENV3 | DENV4
ARB-017 D 2533 1348 1818 3047 537
ARB-019 D 5213 1379 4218 2270 359
ARB-034 D 3095 354 1625 930 388
ARB-056 D 1610 2723 2492 10521 1510
ARB-073 D 11764| 2141] 8019] 22873] 4029
ARB-050 D 650 1079 1711 3730 513
ARB-024 Primary ZIKV 3918 126 209 251 106
ARB-054 Primary ZIKV 1399

ARB-027 Primary DENV 2 205 1887 238 240
ARB-030 Primary DENV 3 374 640 3172 362
ARB-061 Secondary DENV 220 3123 1996 843 197
ARB-036 Secondary DENV 232 3222 2051

ARB-043 Secondary DENV 4417 1693 380

ARB-047 Secondary DENV 2848 1876 635 292
ARB-062 Secondary DENV 193 568 939

ARB-045 Secondary DENV 1395 1362 505 299
ARB-035 Naive

ARB-039 Naive

ARB-041 Naive

ARB-080 Naive

ARB-058 [not typed yet ND ND ND ND ND)|
ARB-074 |not typed yet ND ND ND ND ND)|
ARB-085 [not typed yet ND ND ND ND ND)|
ARB-086 |not typed yet ND ND ND ND ND
ARB-088 |not typed yet ND ND ND ND ND

Maternal and infant flavivirus 1gG levels by maternal serostatus

Due to efficient transplacental transfer of flavivirus -specific IgG despite ZIKV
PO 1 EUDOOWEUUDOT wxUI T OEOEaOwWE wOOwWil reflegtthas ] B x OUU
DOl EOUzZ UwE OUDE OE a (singd ettal 2019 heexamikeifictebdedin the

levels of flavivirus -specific IgG in cord blood by maternal serostatus following a ZIKV

179



outbreak, we measured the magnitude of ZIKV and DENV 1 -4-binding 1gG in maternal
delivery plasma and paired infant cord blood (CB; Figure 40). CB from infants born to
primary ZIKV -exposedmothers (without maternal DENV exposure), contained DENV 1 -
4-binding IgG, and that from DENV pre -exposed mothers (primary and secondary DENV
groups without ZIKV exposure) contained ZIKV binding IgG, confirming the presence of
crossreactive IgG. We found that the medians of ZIKV, DENV1, and DENV2 -binding 1gG
in infant CB were significantly different across all four maternal flavivirus exposure,
whereas DENV3 and DENV4-binding IgG were not different by maternal flavivirus
exposure (Kruskal Wallis Test p-values: ZIKV and DENV1 p<0.05, DENV2 p=0.06, and
DENV3 and DENV4 p>0.1). Despite this difference in ZIKV, DENV1, and DENV2 -reactive
IgG in infant CB by all four maternal flavivirus exposure groups , there was no significant
difference in the same IgG populations within infant CB across a subset ofthree maternal
flavivirus serostatuses including primary ZIKV, primary DENV, and secondary DENV -
exposed mothers (Kruskal Wallis Test for ZIKV , DENV 1, and DENV2 p>0.01;Figure 40).
This suggeststhat higher levels of infant flavivirus -reactive IgG in the secondary ZIKV -
exposed mothers are driving differences.

Thus, we directly tested differences in infant flavivirus -reactive IgG in maternal
secondary ZIKV-exposed mothers as compared to other maternal flavivirus exposure
groups. Infant CB ZIKV, DENV1, and DENV2 -binding IgG in maternal primary ZIKV

(n=2) versus secondaryZIKV (n=6) serostatus groups did not differ signifi cantly in this
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small cohort (Mann Whitney Test p -values: ZIKV p=0.07; DENV1 p=0.07; DENV2 p>0.1;
Figure 40), even though median infant CB flavivirus -binding IgG was higher in maternal
secondary ZIKV (Median EDso ZIKV= 2463; DENV1=1881; DENV2=13513)han primary
ZIKV (n=2; Median EDso ZIKV= 546; DENV1=622; DENV2=156% However, ZIKV,
DENV1, and DENV2 -binding IgG in infant CB were significantly higher in the maternal
secondary ZIKV group (n=6) as compared to maternal secondary DENV (n=6;, Mann
Whitney Test, p<0.05 for all; starred on Figure 40). Thus, infants born to mothers with
secondary ZIKV exposure have higher ZIKV, DENV1, and DENV2 -reactive IgG in CB
than primary ZIKV , and significantly higher levels than that measured in secondary
DENV -exposed mothers.

Also, trends in levels of flavivirus -specific 1IgG observed in infant CB reflect the
magnitude of flavivirus -reactive IgG in their corresponding mothers, as transplacental

transfer of IgG was efficient across all maternal serostatus groupings (Figure 41).
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Figure 40: Distinct ZIKV and DENV 1 -4 binding 1gG levels in infant cord blood
(CB) plasma by maternal serostatus during pregnancy . Maternal serostatus groupings
indicated by color, with n per group labelled. Dotted line at limit of detection for this
viri on binding ELISA at a plasma dilution of 25. Line at median for each group. Stars
represent significant differences in the medians of groups assessed by nonparametric
Kruskal Wallis Test (p<0.05 for all).
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Figure 41: Efficient flavivirus -specific IgG transfer for mother -infant pairs by
maternal serostatus. Magnitude of flavivirus binding IgG in maternal delivery plasma is
shown as circles, and that for infant cord blood plasma is shown as square. Line connects
each mother infant pair, demonstrating transfer of IgG from mother to infant by delivery
for ZIKV and DENV 1 -4 reactive IgG populations. Maternal serostatus groupings
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indicated by color, with n per group labelled. Dotted line at limit of detection for this
virion binding ELISA at a plasma dilution of 25. Line at median for each group.

Assessing in vitro antibody dependent enhancement of ZIKV

Since transferred DENV-reactive 1gG enhances heterologous DENV infection, we
evaluated whether transferred IgG from ZIKV -exposed mothers during pregnancy into
infant CB demonstrates in vitro ZIKV enhancement, and how this varies by maternal
flavivirus serostatus. We measured ZIKV infection of THP1.2S monocytes in vitro co-
incubated with 1:10 diluted plasma from 18 mother-infant pairs ( Figure 42). The in vitro
ZIKV replication was classified in three categories: 1) ZIKV control, defined by no change
in ZIKV replication 2) ZIKV permissive, defined by viral replication at, or below, the level
of the virus alone condition; 3) ZIKV enhancement, defined by a viral r eplication greater
than one standard deviation above the mean of the virus only condition (Figure 42). Of
the 18 mother-infant pairs tested, 5 pairs of plasma demonstrated in vitro ZIKV
enhancement, 8 pairs demonstrated ZIKV control, and 5 pairs permitted ZIKV infection
(Figure 42). At delivery, viral output titer (PFU/mL) measured across 18 mother-infant
pairs demonstrated a strong direct correlation (Spearman Rank test r = 0.94, p < 0.05),
suggesting that magnitude of ZIKV enhancement or control in the mother will closely
reflect that of the newborn at delivery ( Figure 42).

In vitro viral replication outcome (ie. control, permissive, and enhancement
outcomes) were identical between mothers and infants for 17 of 18 paired plasma. Only

one mother-infant pair (ARB50) demonstrated a discrepant viral outcome. In this case, a
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mother with secondary ZIKV serostatus at delivery permitted viral replication in vitro, but
the infant cord blood plasma controlled viral replication ( Figure 42). This may be due to
active transport of IgG at the placental interface, where the infant cord blood contained a
higher titer of ZIKV -binding IgG (ED s50=1390) as compared to maternal plasma (E2=918).

All the other 17 mother-infant pairs matched in their ZIKV replication outcome at

delivery.
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Figure 42 ZIKV replication in the presence of maternal and infant cord blood
plasma are related. A. ZIKV replication on THP1.2S monocyte cells was quantified in the
presence of a 1:10 dilution of maternal or infant CB plasma. Viral titer was classified into
groups of viral control, permissiveness, and enhancement, defined as one standard
deviation above the mean of the virus only control. Paired mother and infants are
indicated with matching colors (n=18 pairs). B. Viral titer output in t he presence of
maternal and infant CB plasma is directly correlated (Spearman rank correlation, p<0.05).
Data generated by Summer Zhang in the Ooi Laboratory.
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Assessing in vitro antibody dependent enhancement of DENV2

Currently, 25 paired maternal deliver y plasma and infant cord blood are being

assessed for DENV2 enhancementn vitro.

Viral output in infant cord blood and maternal serostatus

We then examined the relationship between ZIKV replication in the presence of
infant CB and corresponding maternal flavivirus serostatus. In all the mothers exposed to
ZIKV during pregnancy (primary and secondary ZIKV, n=8), ZIKV enhancement was not
observedin vitro with corresponding infant CB plasma, rather all controlled ZIKV in vitro
(Figure 43). In contrast, infants born to mothers without prior ZIKV infection (n=10) had
cord blood that either permitted in vitro ZIKV replication (n=5/10), or enhanced ZIKV
(n=5/10) to a titer of 525010750 PFU/mL Figure 42, Figure 43). In vitro ZIKV enhancement
was observed in CB of 5 out of 6 infants born to DENV-exposed mothers. The only infant
CB from a DENV-exposed mother that did not enhance ZIKV in vitro (ARB61) was born
to a mother whose plasma demonstrated modest ZIKV neutralization (FRNT s0=220). As
expected, CB from infants born to flavivirus naive mothers, with limited ZIKV or DENV
1-4 binding 1gG, permitted virus replication (n=4, Figure 43). Thus, in the absence of
ZIKV -neutralizing IgG, DENV -reactive IgG in infant CB may enhance ZIKV in vitro.

To clarify the relationship between ZIKV immunity and in vitro ZIKV
enhancement, maternal serostatusand in vitro viral replication outcome in the presence

of infant CB was simplified . Maternal primary and secondary ZIKV groups were
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consolidated into ZIKV -exposed. Maternal primary and secondary DENV -exposed
groups, as well as flavivirus naive, were consolidated into ZIKV -UO1 R x OUT EOQw OUw ?
9( *508 > w2 MG Hral Geplication ou tcomes of control and permissive were
UPOxOPI Pl EwUOwW? OOwi O1T EGET O OUO? whT 1T Ul EVwWOT T wi O
'EUTI EwOOw%PUT T Uz UwWSREEVwWUT U0wWOI wiOT PUwWUBOXxO1 wUl
specificimmunity (p < 0.05), maternal ZIKV s erostatus is significantly associated with lack
of in vitro ZIKV enhancement (Figure 43). Conversely, lack of maternal ZIKV exposure
and presence of DENV-specific immunity is associated with in vitro ZIKV enhancement.
Thus, in our cohort, vertically transferred DENV -reactive IgG may enhance ZIKV in vitro

whereas placental transfer of ZIKV -specific IgG following maternal natural ZIKV

infection are required for in vitro viral control.
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Figure 43: ZIKV control in vitro with infant cord blood plasma is related to
maternal serostatus. A. Infant CB ZIKV replication outcome was grouped as control
(green), permit (grey), or enhance (striped, purple), and shown as percent of samples
tested by maternal serostatus.B. Maternal ZIKV seropositivity is related to lack of in vitro
ZIKV enhancement in the presence of infant plasma (Fishers exact test, p<0.05). Infant
plasma viral replication outcome was tallied by viral outcome grouping of enhancement
versus no enhancement, and by simplified maternal serostatus of binary ZIKV
seropositivity. Further subgrouping of the no enhancement viral outcome shown in blue,
and further subgroupings of maternal DENV serostatus in the No ZIKV group shown in
yellow. ZIKV viral replication data generated by Summer Zhang in the Ooi Laboratory.
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Magnitude of infant flavi  virus binding 1gG by infant cord blood viral outcome

Enhancement of DENV infections depends on the concentration of immune complexes
and occurs in the presence of an intermediate magnitude of flavivirus reactive IgG (K.
R. Chan et al., 2011; Katzelnick, Gresh, et al., 2017; Katzelnick, Narvaez, et al., 2020)
Therefore, we next assesseddr differences in the magnitude of ZIKV and DENV 1 -4-
binding IgG in infant cord blood between groups that controlled versus enhanced
ZIKV in vitro. Of all flavivirus binding IgG measured in infant CB, only the magnitude
of ZIKV -binding IgG differed between the CB samples thatcontrolled versus enhanced
virus in vitro (Mann Whitney Test p -values: ZIKV p<0.05, and DENV 1-4 p>0.01; starred
on Figure 44. Correspondingly, CB that controlled ZIKV replication in vitro,
demonstrated the highest median ZIKV -binding IgG titers (ED s0=1507). In contrast CB
that enhanced ZIKV replication in vitro had lower (EDs0=384). With regards to presence
of DENV 1-4-binding 1gG in the group that controlled versus enhanced ZIKV
replication in vitro, CB samples (n=8) that controlledvirus replication in vitro had a wide
a range of DENV 1-4-binding IgG ( Figure 44
Figure 44), whereas those (n=5) thatenhanced ZIKV showed a tighter range of
ZIKV and DENV 1 -4 binding IgG levels, with lower median magnitude of binding 1gG
(Median ECso DENV1=952; DENV2=4,070; DENV3=964; DENV4=766) than that observed
in the plasma that mediated viral control in vitro (Median ECso DENV1=1,495;

DENV2=10,004; DENV3=783; DENV4=2,040Figure 44). Moreover, the magnitude of
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infant CB ZIKV and DENV 1 -4-binding IgG was significant ly lower in the CB samples
that were permissive to ZIKV replication in in vitro as compared to the CB plasma that
controlled virus replication in in vitro (Mann Whitney Test p-values ZIKV, DENV1,

DENV2, and DENV4 p<0.05, and DENV3 p=0.06). Infant CB that permitted ZIKV

replication demonstrated low or no detectable flavivirus binding IgG (Median EC so
ZIKV=25; DENV1=97; DENV2=25; DENV3=25; DENV4=25Figure 44). These findings
suggests that magnitude of vertically transferred ZIKV -specific I1gG is directly related to
in vitro ZIKV enhancement in infant cord blood.

Finally, when exploring differences in the magnitude of ZIKV and DENV 1 -4-
binding IgG in the infant CB plasma permissive to ZIKV replication in vitro and CB that
enhanced ZIKV in vitro, we find that only DENV1 and DENV2 -specific IgG are higher in
the samples that enhanced ZIKVin vitro (Mann Whitney Test p -values DENV1 p<0.05 ard
DENV2 p=0.07). However, due to an outlier in the infant CB plasma that are permissive
to ZIKV replication in vitro, there is substantial variability in this group, and larger sample
sizes are required to assess differences inin vitro ZIKV control based on DENV 1-4

serotype specific interactions.
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Figure 44. Magnitude of infant cord blood ZIKV and DENV 1
ZIKV replication outcome group.

Control  Permit Enhance

Contrel Permit Enhance

-4-specific 1gG by in vitro
Plasma that controlled ZIKV replication in vitro in

green, those that permitted ZIKV replication in grey, and those that enhanced ZIKV to a
viral titer one standard deviation above the mean of the virus only control in purple.
Magnitude of binding IgG shown as the log of plasma dilution at half maximal signal over
a serial dilution of plasma (ED s0). Dotted line at limit of detection for this virion binding
ELISA at a plasma dilution of 25. Solid line at median for each group.

Magnitude of maternal flavivirus neutralizing antibodies by maternal viral outcome.

Next, we assessed whether level of flavivirus neutralization and binding IgG in

maternal delivery plasma demonstrated a similar relationship with viral control in the

same sample. In the 7 maternal plasma that controlled ZIKV replication in vitro, ZIKV -
neutralizing titers (FRNTso= 1,39911,764) and binding IgG titers (EDso=1,4235,008) were

higher than the maternal plasma that were permissive (n=6) to ZIKV replication in vitro
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(FRNTso= 25650) or enhanced ZIKV in vitro (n=5; FRNTso= 25,at limit of detection; Table
13). This suggests thatmaternal plasma ZIKV neutralization titer is directly related to viral
control in vitro. Meanwhile, there was an overlapping range of binding 1gG in samples
that controlled versus permitted ZIKV replication in vitro, indicating that a high level of
ZIKV neutralizing antibodies, and not binding IgG, are related to viral control.

Interestingly, while ZIKV neutralizing antibodies were not detectable in ZIKV -
enhancing plasma, there were low levels of ZIKV -binding 1gG (ED so= 59461) present in
the same samples(Table 13). This supports the classic model of ADE whereby binding
IgG that are non-functional mediate risk of enhanced infection on monocytes.

While DENYV -specific IgG were present in maternal plasma that controlled,
permitted, and enhanced ZIKV replication i n vitro, ZIKV enhancing plasma (n=5) were
distinguished by lack of concurrently high ZIKV -neutralizing IgG. As expected, lack of
ZIKV or DENV 1 -4 neutralizing antibodies led to no alteration in virus control from the
virus on ly condition (ie. permissive). Thus, the characteristic of maternal delivery plasma
samples that enhanced ZIKV in vitro are those without ZIKV neutralizing antibodies and

with DENV 1-4-reactive IgG.
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Table 13: Relationship between maternal ZIKV and DENV 1 -4 neutralizing and
binding IgG titer and ZIKV replication  invitro (color-coded sidebar) in the presence of
that plasma shown as a heatmap.

Neutralizing Titer (FRNT50) Binding IgG Titer (ED50)
ZIKV (DENV1 |DENV2|DENV3 |(DENV4| ZIKV |DENV1|DENV2|DENV3| DENV4
Quartile
4th
3rd
| 354 2nd

134 1st

LOD

74

ZIKV Replication OQutcome Group

25 25 25 25 25 25 25 25 25 25
25 25 25 25 23 25 78 25 25 25
25 23 25 25 23 25 98 25 25 25
25 25 25 25 25 25 33 25 65 58

m Control Permit m Enhance

Waning of ZIKV and DENV2 IgG over the first year of life
Finally, we evaluated whether the differences in flavivirus binding 1gG were
maintained at 1 year of life, the next sampling timepoint available. We compared the

magnitude of ZIKV and DENV2 -binding IgGPOw" ! wEOCEwWUT | wEOUUI UxOOED
old plasma. After some loss to follow-up, we obtained the following 1 year old plasma
samples from 15 infants. Classified by their corresponding maternal serostatus, 3 infants

were born to secondary ZIKV mothers, 2 infants to primary ZIKV mothers, 2 to primary

DENV mothers, 6 to secondary DENV mothers, and 2 infants born to flavivirus naive
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mothers. In 14 out of 15 infant paired plasma, we observed a dramatic loss in ZIKV and
DENV2-binding IgG, regardless of maternal serostatus. In one infant born to a flavivirus

naive mother, ZIKV -binding IgG increased over the first year of life. Presumably, this is
due to a ZIKV infection in the first year of life, but such an infection has not been

documented in the research records. Overall, dramatic loss of ZIKV and DENV2 -binding

IgG over the first year of life suggests that antibody -dependent enhancement due to
transplacentally -transferred IgG would only be influential for a short window of time, up

till 1 year since birth.
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Figure 45. Waning of ZIKV and DENV2 b inding IgG from birth to the first year
of life in infants by maternal serostatus. Paired infant sample from infant cord blood and
plasma from the near 1-year visit connected with line, indicating decline in maternally
derived flavivirus IgG. Magnitude of binding IgG shown as the area under the curve of
log-transformed serial plasma dilutions (LogAUC). Dotted line at the LogAUC of a
flavivirus seronegative plasma from the US tested alongside samples for reactivity to
ZIKV and DENV2.
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4.2 Discussion

In flavivirus co -endemic regions, people may experience multiple flavivirus infections
over time and generate diverse patterns of crossreactive and protective antibody
responses which impact can the outcome of subsequent flavivirus infection (P. Andrade
et al.,2020; Katzelnick, Bos, et al., 2020; Katzelnick, Gresh, et al., 2017; Katzelnick, Narvaez,
et al., 2020; Montoya et al., 2018)In pregnancy, this diverse repertoire of IgG is actively
transferred across the placenta to the fetus, such that the infant & born with the
corresponding 1gG populations (Singh et al., 2019) Unlike natural immunity that is
sustained over many years, transferred maternal immunity wanes rapidly within the first
year of life (Fouda, Martinez, Swamy, & Permar, 2018b) Since antibody-dependent
enhancement is related to the level of flavivirus IgG present (K. R. Chan et al., 2011,
Katzelnick, Gresh, et al., 2017; Katzelnick, Narvaez, et al., 2020)this period of rapid
decline in IgG levels poses a period of risk of enhanced flavivirus in fection in infancy. We
assessed the relationship between maternal serological status andn vitro enhancement of
ZIKV with infant cord blood. In vitro flavivirus enhancement in the presence of cord blood
of infants born to mothers with a diverse series of flavivirus exposures supports the
requirement for homotypic ZIKV immunity (D. V. Andrade & Harris, 2018; Katzelnick,
Bos, et al., 202Q) While maternal 1gG in infants born to DENV -exposed mothers can
enhance ZIKV in vitro, transfer of high ZIKV -binding and ZIKV -neutralizing IgG with or

without DENV -neutralizing antibodies are related to in vitro viral control activity of infant
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cord blood. These results reinforce potential risks of viral enhancement with an
intermediate level of maternally derived flavivirus binding IgG present during the first

year of life.

Differences in 1gG bas ed on maternal flavivirus exposure

At the delivery timepoint, we observed modest differences in the magnitude of
maternal and infant ZIKV and DENV 1 -4 binding IgG. Secondary ZIKV serostatus
resulted in higher levels of ZIKV, DENV1, and DENV2 binding IgG th an primary ZIKV
or DENV pre -exposed mothers. This may be due to the recency of ZIKV infection in
pregnancy that led to boosting of DENV IgG responses in the secondary ZIKV group
(Breitbach et al., 2019; Moreno et al., 202(Pantoja et al., 2017; Péretsuzman et al., 2019)
Whereas in primary ZIKV infection, there would be no recall response, and thus the lower
magnitude of ZIKV and DENV cross -reactive IgG is expected. Of the two mothers with
primary ZIKV, one had moderate DENV 1-4 crossreactivity whereas the other
demonstrated low DENV 1 -4 crossreactivity. Modest differences in infant ZIKV and
DENYV 1-4-binding IgG by primary and secondary DENV maternal serostatus may reflect
EOT OUUzUwxXxEUUwW#$- 5wl Rx OUU ddutealzdfidn uitér$ webetthe EOE w # $ -
highest in this group. Also, with active transfer of IgG across the placenta, infant IgG
levels may be slightly higher than the mother in some cases. These findings support other

reports of a variable landscape of flavivirus seropositivity, that may further change over
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time since prior infections and upon subsequent boosting in a co-endemic environment

based upon exposure(P. Andrade et al., 2020; Collins et al., 2017; Montoya et al., 2018)

Requirement for homotypic immunity

Interestingly, CB from all infants born to ZIKV -exposed mothers mediated viral
control in vitro, whereas only infants born to mothers who were not exposed to ZIKV has
CB that permitted or enhanced viral replication. This suggests a requirement for
homotypic immune responses in viral contro | and demonstrates that DENV -cross
reactive 1gG alone are insufficient in controlling a heterologous flavivirus in
transplacentally -transferred 1gG from infant CB too . This finding supports other studies
of natural immunity. For example, studies to investigate flavivirus cross-protection in the
non-human primate model reveal that one ZIKV infection protects from viremia in are -
challenge (Dudley et al., 2016; Moreno et al., 2020) However, prior DENV infection
followed by ZIKV challenge in Rhesus macaques results in Zika viremia akin to primary
infection (Pantoja et al., 2017; Péretsuzman et al., 2019) Studies of monoclonal
antibodies from DENV -immune, ZIKV -exposed individuals reveals the vast array of
crossreactive mAbs are poorly neutralizing, whereas de novotype-specific, mediate
greater Anti -ZIKV function (Rogers et al., 2017; Stettler et al., 2016Moreover, while some
mADbs are able to broadly neutralize ZIKV and DENV 1 -4, these are relatively few and
demonstrate a dependence on the quaternary structure of the virion and E Dimer epitope

(Collins et al., 2019; Swanstrom et al., 2016)Understanding the conserved regions driving
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immunodominant resp onses towards crossreactivity versus type -specific immune
responses can help to focus vaccine design on typespecific structures, offering an avenue

towards developing safer flavivirus vaccines.

Primary versus secondary flavivirus infections

In DENYV infec tions, a primary infection enhances a subsequent DENV infection of a
heterologous serotype (Katzelnick, Gresh, et al., 2017) Meanwhile ZIKV Asian, Brazilian,
and African strains are still considered one serotype, where plasma IgG elicited from
infection with one strain can neutralize another (Dowd, Demaso, Pelc, Speer, et al., 2016)
Commensurate with these findings, our data show that even CB from infants born to
primary ZIKV mothers did not enhance ZIKV in vitro. It remains to be seen if ZIKV strains
will ultimately diverge further in the future and  diminish the potency of cross-strain
protection, as some DENV-2 strains (Martinez et al., 2020)

Moreover, we observed that flavivirus binding IgG in infant CB were significantly
greater in the secondary ZIKV infection in pregnancy as compared to a primary ZIKV
infection. Higher ZIKV binding IgG could be a result of cross-reactive IgG boosting from
prior DENV recall immunity that were also strongly reactive to ZIKV. Similarly, higher
DENV binding 1gG in infants born to the mothers who acquired secondary ZIKV could
El WEUIl wOOwWUT T wUIT ET OEawOl wUT T wOOUT T UzUw9(*5wE
boosting of the DENV recall responses. Indeed high levels of crossreactive IgG are

maintained in the 3-6 months after acute flavivirus infection and the IgG pool becomes
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more focused to the prior infecting virus over a 6 -12 month period since infection (Collins

et al., 2017)

Role of DENV IgG in ZIKV enhancement

Our observations of in vitro enhancement of ZIKV by infant CB containing DENV -
reactive IgG supports prior in vitro, ex vivg and mouse model studies of antibody-
dependent enhancement of ZIKV (Bardina et al., 2017; Castanha et al., 2020; Rathore et al.,
2019; Zimmerman et al., 2018) However, ZIKV enhancement by DENV -specific IgG only
occurred in the absence of high levels ZIKV neutralizing antibodies, suggesting that
presence of DENV-reactive 1gG alongside high levels ZIKV neutralization antibodies
would not be arisk for ADE. This finding supports vaccine designs for co -endemic regions
that jointly consider immunity to ZIKV and DENV 1 -4, such as those that include all five
viral antigens or strategically evaluate subsequent vaccine regions.Also, there is a need
for further surveillance of populations, and infants in particular, to determine whether

maternal flavivirus cross -reactive immunity is a risk factor to more severe ZIKV disease.

Cross-flavivirus protection and enhancement in populations

Population surveillance data from Brazil and Colombia suggest an atypically low
DENYV incidence in both Brazil and Colombia in 2017, which followed the explosive 2015 -
16 ZIKV outbreak, suggesting some ecological evidence for crossprotection in the short -
term (Borchering et al., 2019) Since the ZIKV epidemic occurred in a DENV hyperendemic

region, the widespread ZIKV infection may have boosted pre -existing DENV immunity,
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generating a short period of cross-protection. Indeed, studies of multiple sequential
flavivirus infections in the non -human primate model suggest that a pre-existing B cell
and antibody response is boosted in upon subsequent infection with a heterologous
flavivirus (Breitbach et al., 2019; Moreno et al., 2020; Pantoja et al., 2017; Pé€zizman et
al., 2019) Subsequently, 4 years after this ZIKV outbreak, intermediate levels of ZIKV -
specific antibodies enhanced DENV disease in pediatric and hospital cohorts in
Nicaragua, demonstrating that antibodies to one flavivirus may also enhance another
flavivirus in people (Katzelnick, Narvaez, et al., 2020) These data indicate a time
dependent effect of antibody protection versus enhancement. Such time-dependent
effects can be estimated via modelling, which suggests protection for up to 6 years and
increased risk 7-12 years after the prior infection (Carvalho et al., 2020) Whether DENV
immunity enhances subsequent ZIKV infection is to be assessed in the next ZIKV
outbreak. Given the underlying model of antibody -dependent enhancement based on the
presence of IgG recognizing conserved epitopes(B. R. Murphy & Whitehead, 2011), it is
mechanistically possible that ZIKV may be enhanced by pre-existing DENV IgG , but this

was not observed in the 201516 outbreak.

Risk of flavivirus exposure and severe disease in infants

There is heightened risk of DENV enhancement in infancy due to maternally
derived IgG (S. B. Halstead et al., 1969)and ZIKV -specific IgG may further contribute to

this risk in early life. Our data show that ZIKV and DENV 1 -4-reactive 1gG are found at
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birth in infants born or ZIKV or DENV pre -exposed mothers and diminish to undetectable
levels in most infants by 1 year of age. Therefore, the critical period of risk for ADE of
flaviviru s disease would be within the first year of life. The prior explosive outbreak of
ZIKV in a completely susceptible population was followed by an atypically low incidence
of DENV disease in the population (Borchering et al., 2019) such that chances for infants
to be exposed to DENV in the first year of life were likely low. However, in the future,
there may be smaller ZIKV outbreaks in susceptible age groups, which would lead to a
greater chance for concurrent cocirculation of DENV and for infants to be exposed to
ZIKV or DENV in early life. Given the heightened period of risk and potential for ZIKV
and DENV to co-circulate, designing immune interventions to prevent neonatal disease
in the first year of life is particularly important.

Given the risk of vertically -transmitted ZIKV during pregnancy and the lifelong
disability from CZS, there is a need to protect pregnant women f rom infection. This can
be achieved either by a childhood vaccine prior to sexual debut that elicits high titers of
type-specific neutralizing antibodies that are maintained through reproductive ages
(Singh et al., 2020) Or alternatively, through passive maternal immunization during an
outbreak that confers temporary protection during pregnancy (Singh et al., 2020) But in
both these strategies, flavivirus-reactive IgG may also be transferred to the infant.
Maternally -derived 1gG will then wane over the first year of life and cross a titer where

antibody -dependent enhancement is possible. To protect newborns from this brief period
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of risk some time in the first year of life, an intervention that is safe and effective in early
life is needed. Active immunization for newborns can be a valuable option and indeed
several vaccines are recommended within the first year of life (US Centers for Disease
Control and Prevention, 2021). However, with active immunization within the first year,
there is also the risk of a blunted neonatal immune response to the vaccine due to the

presence of maternal IgG.

Maternal IgG interference and timing of infant vaccines %

High titers of placentally-transferred antigen-specific IgG in the infant may also
reduce the magnitude of the ® O Ede fibgolimmune responsesto vaccines containing
that antigen (Chilengi et al., 2016;Jones,Pollock, Barnett, Battersby, & Kampmann, 2014;
B.0O. R.C.P.C. R.P.G. Murphy, 1988) This is beststudied in the context of the measles
vaccine,which is alive-attenuated replicating vaccine.While morbidity and mortality are
reduced in children vaccinated against measlesin the presence of maternal antibodies,
protective neutralizing antibody responses are not established until booster doses
administered when maternal antibody have waned (Aaby et al., 2014;Sambet al., 1995)
This phenomenon, known as maternal antibody interference, and has been documented

with many types of vaccines, including liv e-attenuated, inactivated, and protein or

5 Content in this subsection was adapted from published original work by the author and co -authors: Singh
T, Otero CE, Li K, Valencia SM, Nelson AN, Permar SR.Vaccines for Perinatal and Congenital Infections ¢
How close are we?Frontiers in Pediatrics. 2020; 8(569); PMID: 33384972
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polysaccharide (subunit or conjugate) vaccines (Appaiah gari et al., 2014; Borras et al.,
2012;Francisetal., 2009;Ganset al., 2003;Garly et al., 2001;Hu et al., 2008;Kurikka et al.,
1995;Letson et al., 2004;Piedra et al., 1993;Simoes, Padmini, Steinhoff, Jadhav, & John,
1985; Sormunen, Stenvik, Eskola, & Hovi, 2001; WARREN, LEPOW, BARTSCH, &
ROBBINS, 1964;Whittle etal., 1988)

Therefore, to best serve populations living in flavivirus endemic areas,ZIKV and
DENV vaccines for infants must be optimized to elicit robust de novdmmune responses
in the presence of preexisting maternal flavivirus -specific 1gG. Early timing of infant
immunization will be crucial to protect from potential for severe disease due to antibody -
dependent enhancement. An ideal ZIKV vaccine for infants in flavivirus co -endemic
settings would be able to elicit high neutralizing IgG before maternal flavivirus -reactive

IgG wanes.

Limitations

A key limitation in this study is the low sample size of mother -infant pairs in each
maternal serostatus grouping. A higher sample size woul d have reduced variability in the
means of antibody responses and allowed for well-powered statistical inference. Due to
low numbers of subjects, we were unable to investigate DENV 1-4 serotype specific
relationships with ZIKV replication in vitro, which may be different and asymmetric by
serotype (Katzelnick, Bos, et al., 2020) Furthermore, none of the infants included in this

study had an adverse outcome due to early life ZIKV infection, therefore the risk of
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antibody -dependent enhancement in infants cannot be quantified here. However, the in
vitro finding does indicate a need for population surveillance of infants within ZIKV and

DENV 1-4 coendemic settings. Despite these limitations our study presents the
serological characteristics of a unique population of women exposed to ZIKV in

pregnancy and their infants.

Conclusions and next steps

We evaluated the relationship between maternal ZIKV and DENV 1 -4-specific IgG
and potential for ZIKV enhancement in infant CB, due to maternally -derived IgG. In a
flavivirus co -endemic environment like Brazil, pregnant women may have experienced
multiple infections and have diverse magnitudes of antibody responses to ZIKV and
DENV 1-4 based on their unique infection history. These antibody populations are
transferred transplacentally and may mediate risk of antibody -dependent enhanced
severe flavivirus disease in early life. We assessedn vitro ZIKV enhancement in 25 paired
infant CB and maternal delivery plasma. The next steps to completing this study will
consist of testing in vitro DENV -2 enhancement to assess the impact of ZIKVspecific IgG
on DENV -2 replication in infant CB. Our data support the need for homotypic immunit vy
and presence of high neutralizing antibodies in mediating in vitro viral control. While
DENV-IgG can enhance ZIKV replication in vitro, presence of ZIKV neutralizing
antibodies concurrently abrogates ZIKV enhancement by DENV -IgG. In comparison to

infant CB that controls or permits ZIKV replication, enhancement is characterized by an
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intermediate level of ZIKV -binding 1gG, supporting that a small range of ZIKV -reactive
IgG are associated with this risk. Given that maternally -derived IgG wane swithin the fi rst
year of life in the infant, this intermediate threshold may be crossed in the first year of life
and early vaccination prior to loss of maternal IgG can help to protect infants from the
potential for severe flavivirus disease. Thus, vaccine development for ZIKV or DENV 1 -4
should carefully assess how immune responses to one may impact risk of ADE to the other

virus.
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5. Conclusion

5.1 Goal for a Zika vaccine

All Zika vaccine strategies must have an emphasis on prevention of congenital
infection since this lifelong disability defines the primary disease burden. To avert this,
the ultimate goal of the ZIKV vaccine must be to prevent ZIKV infection in pregnant

populations. There are multiple approaches to achieving this.

5.2 Strategies to prevent congenital transmission of ZIKV
5.2.1 Strategy #1 i Active Immunization in Childhood

First, would be active immunization of the population prior to the age of sexual
debut, which elicits and sustains protective vaccine immunity through the reproductive
ages. An example of such an intervention is the Rubella vaccine, which is administered in
childhood and generates sustained immune protection against Rubella virus infection
through the reproductive ages, averting congenital Rubella virus transmission (McLean,
Fiebelkorn, Temte, & Wallace, 2013) The Rubella vaccine is offered to both males and
females in part because it is packaged into a trivalent vaccine with Measles and Mumps
viruses, which may cause severe diseases in early lifein both males and females.
However, postnatal ZIKV and Rubella infections are less severe than congenital
infections, and therefore countries may seek to offer a childhood ZIKV vaccine to only
females. The Human Papilloma Virus (HPV) vaccine is administere d to only females in

some countries since women bear the brunt of disease with cervical cancer. Despite
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reasonsof cost-effectiveness, it makes sense to immunize both males and females for HPV
(Giuliano, 2007; Giuliano et al., 2011) A childhood vaccine for ZIKV will have a similar
case for use in both males and females, in order to disrupt transmission across
populations, reduce viral exposure in pregnancy through mosquitos or sexual contact,
and mitigate broader disease burden when preventative tools are available. Thus,
immunizing all is an ideal way to mitigate outbreaks of ZIKV and minimize ZIKV
exposure during pregnancy.

However, securing investments to introduce a novel vaccine to the entire
popul ation is challenging when ZIKV outbreaks may be sporadic and the severe outcome
of disease in newborns occurs in a small fraction of the population. Congenital ZIKV
syndrome occurs in approximately 1 in 10 ZIKV -infected pregnancies (Reynolds et al.,
2017) This is in contrast to the circumstance for the licensed rubella vaccine, where a
pregnant woman with rubella has a 90% chance to transmit the virus congenitally within
the first trimester (Centers for Disease Control and Prevention, 2020) The last epidemic
of Rubella in the US led to 12.5 million infections, 2100 newborn deaths, and 20,000
children born with congenital rubella syndrome, which includes deafness, brain damage,
and ocular defects (Centers for Disease Control and Prevention, 2020) Therefore, the rate
of lifelong disability and neonatal death with Rubella was far greater than for ZIKV.
Moreover, pregnant women represent <1% of the total U.S. population, so it is challenging

to generate sufficient investment to take action on the population le vel.

207



Nonetheless, the costs of a congenital infection and lifelong disability are great and
concentrated amongst poorer populations who are more exposed to mosquitoes. In terms
of the financial costs, each case of congenital Zika syndrome generates an eghated $10
million healthcare costs in the US, and so only 100 cases would result in a $1 billion societal
burden (Centers for Disease Control and Prevention, 2016) As the mosquito vector
spreads to higher latitudes with global warming and renders 1 billion additional
susceptible people at risk for disease(Ryan et d., 2019) there is, and will be, a continued
need to prevent ZIKV disease. Tragically, the past outbreak of 201516 in a susceptible
population left 11,000 children with microcephaly (Campos et al., 2018) and such

catastrophes must be averted with greater foresight and knowledge.

5.2.2 Strategy #2 1 Active Immunization in  Pregnancy

Therefore, a more feasible secondary goal is to develop tools specifically for
outbreaks that are safe and effective for pregnant women. Two vaccines are routinely
offered in pregnhancy and considered safe as well as efective: the inactivated influenza
vaccine and Tdap, which contains a triple vaccine against tetanus, diphtheria, and
pertussis. The common characteristic of vaccines approved for pregnancy is that they
constitute a non-replicating platform, whereas replic ation competent platforms are
considered risky for pregnancy due to the possibility of placental transfer and replication
in the fetal compartment. However previously licensed flavivirus vaccines to protect from

yellow fever, Japanese encephalitis, and dergue virus infections are all live -attenuated
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and replication -competent platforms (Gotuzzo et al., 2013; Hegde & Gore, 2017; L. Villar
et al., 2015) Lessons and immunogenicity profiles from licensed vaccines will need to
guide a non-replicating vaccine platform like virus -like particles, recombinant proteins,
inactivated, DNA vaccines, or even mRNA, and their corresponding adjuvants with a
track-record of safety in pregnancy. Indeed, such vaccine candidates have been designed
and tested in clinical trials for safety and immunogenicity (Abbink et al ., 2016; Espinosa
etal., 2018; Gaudinski et al., 2017; Kwek et al., 2018; Larocca, Abbink, Peron, de A. Zanotto,
et al., 2016; Modjarrad et al., 2018; Pardi et al., 2017; Richner et al., 201Although,
estimates of efficacy could not be determined due to lack of ZIKV circulation.

While controlled human infection models have been applied to vaccine
development for the related Dengue virus vaccine (Larsen, Whitehead, & Durbin, 2015),
this has not been attempted for ZIKV due to the 2 in 10,000 risk of Guillain barre
syndrome. Potentially, ZIKV will serve as a case for emergency use licensure in the next
outbreak based on data of safety in human trials and protection in pregnant animal
models. Therefore, it is critical to continue pushing forward more vaccine candidate s
through clinical trials in healthy adults to compare safety and immunogenicity in humans
prior to the next outbreak , when the candidate may achieve Emergency Use Authorization
for pregnant populations . Being able to down-select vaccine candidates based on human
data will b e invaluable to save time and protect populations in response to the future

ZIKV outbreaks.
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Yet, active immunization will require weeks to peak immune protection or
multiple boosts to achieve optimal immunity, which may be inadequate in the proximity
of an active outbreak. Additionally, we have the experience of delayed roll out of novel
vaccines to pregnant women during emerging outbreaks as with the Ebola and now the
SARSCoV-2 (Craig, Hughes, & Swamy, 2021; Gomes, De La FuenteNufiez, Saxena, &

Kuesel, 2017) and alternatives will be needed.

5.2.3 Strategy #3 1 Passive Immunization in Pregnancy

Therefore, a third option to protect pregnant women in the setting of an outbreak
is passive immunization, which is to deliver potent antibodies directly in place of a
vaccine immunogen. Passive immunization can offer immediate protection to pregnant
women in the setting of an outbreak. Immunoglobulin therapies have been successfully
used in pregnancy to treat maternal infection with varicella zoster virus as well as reduce
the impact of maternal Rh incompatibility an d Hepatitis B infection on the newborn
(Cohen, Moschopoulos, Stiehm, Koren, & Koren, 2011; Levin, Duchon, Swamy, &
Gershon, 2019; Main, 2013; Schillie et al., 2018; Zwiers et al., 2018)The primary
disadvantage of passive immunization is that it only provides short -lived immune
protection and is likely the most expensive technology, whereas the major disease burden
may occur in poorer populations that are more exposed to the mosquito vector. However,
developing an effective intervention is the first step , and achieving an accessible price will

follow . Potently neutralizing antibodies of IgG or IgM isotype, as well as combinations of
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neutralizing monoclonal antibodies, would be the top candidates for testing further as a
pre-exposure prophylactic.

Moreover, for flaviviruses in particular, there is a concern that DENV cross -
reactive IgG may be transplacentally-transferred via FCRn-mediated active transport from
maternal to fetal compartments. This would generate a risk of antibody dependent
enhanced DENV disease in early life. Such a risk can be mitigated in passive
immunization by introducing a LALA -mutation in the Fc region of the IgG prophylactic
(Magnani et al., 2018a) or using an IgM prophylactic that would not interact with FcRn
and cross the placenta. In fact, the transfer of DENV-reactive IgG upon ZIKV active
immunization in childhood or pregnancy would be a greater concern (S. B. Halstead et
al., 1969) since the Fc regions of vaccineelicited IgG cannot be engineered as recombinant
IgG.

Also, increasing vaccine hesitancy and misinformation is a growing threat to
vaccine effectiveness and attainment of herd immunity both high - and low-income
countries (Omer, Salmon, Orenstein, deHart, & Halsey, 2009; Wagner et al., 2019)Non-
medical exemptions to vaccines and underimmunization tend to occur in geographic
clusters, rendering these risks to be focused within certain communities where a

prophylactic will be particularly valuable for pregnant women  (Atwell et al., 2013).
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5.3 Maternal Immunity to ZIKV

An understanding of the immune responses that are protective in natural ZIKV
infection will be important. Natural immune responses to ZIKV can resolve infection
within 7 -10 days in most healthy adults, suggesting that the early immunity is critical to
viral control (Lessler etal., 2016; PazBailey et al., 2017) Indeed, viral clearance correlates
with seroconversion and development of adaptive immunity (Lessler et al., 2016)Natural
immunity in non -human primate model demonstrates long-term protection from
rechallenge (Moreno et al., 2020) Investigating these early immune responses responsible
for rapid viral control and resolution will guide the design of effective active and passive
immunization interventions.

Over the past 5 years since the ZIKV epidemic, | have studied ZIKV immunity in
the a mother-infant cohort from Brazil, as well as the monkey model of ZIKV pathogenesis
that our collaborative group established (Dudley et al., 2016). We found that pregnant
women generate their peak ZIKV neutralizing antibody level in less than 10 days of
symptoms, and that this magnitude of response is maintained through pregnancy. Peak
neutralizing antibody titers (FRNT so) upon natural infection range 3 -4 Loguo, with primary
ZIKV infections typically on the lower end of the range and DENV -immune mothers
typically on the higher end of this spectrum (Singh et al., 2019) These neutralizing titers
in pregnancy are on par with others reported from non-pregnant individuals (Collins et

al., 2017; Tonnerre et al., 2020)
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Interestingly, we also defined that plasma IgM contribute substantially to ZIKV
neutralizing activity in pregnancy, as much as 17-78% of total plasma neutralizing activity
in the first two weeks after symptoms. This suggests that functional IgM responses may
be a key component of the early immune responses to ZIKV. Plasma IgM contributed to
ZIKV neutralization across several mothers and largely in the fir st three months after
symptoms onset. ZIKV neutralizing IgM have also been identified in non -pregnant
populations after infections and flavivirus vaccines (Malafa et al., 2020; Wec et al., 2020)
This function in plasma was confirmed by the isolation of a potent ZIKV -neutralizing IgM.
Antiviral potency was also enhanced in a dose-dependent manner with complement.
These data suggest that ZIK\-neutralizing IgM and antibod y-dependent complement
activity may have important roles in early viral control.

With regards to flavivirus cross -reactive IgG, we defined the presence of DENV-
reactive IgG in all ZIKV infections during pregnancy. In DENV -immune mothers, DENV -
binding IgG can be higher than, or equivalent to, ZIKV -binding IgG in the weeks
following a ZIKV infection (Singh et al., 2019) This indicates elicitation and boosting of a
recall response to the prior DENV infection despite infection with a heterologou s
flavivirus, and reinforces that antigenic similarity leads to overlap in the immune
responses to these two flaviviruses. In a caendemic environment where this vaccine is
targeted for use, exposure to multiple flaviviruses is likely. Since an infection or

vaccination against one virus can shape immunity to the other, it will be important to
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measure the impacts that a ZIKV or DENV vaccine will have on immunity to infection
with the other virus.

We then assessed DENV crosgeactivity by developing a novel approach to
enumerate ZIKV -reactive B cells via flow cytometry, using fluorescently tagged UV -
inactivated virus. Three ZIKV -infected mothers pre-exposed to DENV had slightly higher
frequencies of ZIKV binding B cells and memory B cells as compared to the individual
who was not pre-exposed to DENV. Memory B cells comprise a greater portion of ZIKV -
binding B cells in individuals with prior DENV exposure (46 -69%), as compared to the
individual without prior DENV (34%). These data reinforce that DENV pre -exposure
boosts early ZIKV immune responses by conferring larger virus reactive B cell and
memory B cell compartments. Cross-reactive mAbs were isolated from the memory B cell
compartment.

Moreover, virion binding B cells (CD3 -/CD19+) constituted 6-17 cells per1000 B
cells, and Zika virion binding memory B cells (CD3 -/CD19+/IgD-/CD27all) are 7-25 per
1000 Memory B cells between 16 months post ZIKV -infection (6 timepoints; n=4). This is
a substantial pool of virus -specific B cells and memory B cells and similar to the 1-19
Yellow Fever E protein reactive MBCs per 1000 MBCsafter immunization with the highly
effective live-attenuated virus vaccine (Wec et al., 2020)and 10-100 fold greater than the

frequency of SARSCoV-2 reactive MBCs, estimated as 0.1 per 100(Dan et al., 2021) The
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high frequency of ZIKV -reactive B cells and MBCs generated in the natural immune
response suggests the importance of this compartment.

Cumulatively, these data suggest that pregnant women would effectively mount
strong antibody and B cell immune responses against ZIKV that are on par with non -

pregnant population s.

5.4 Impact of maternal immunity on neonatal health

IgG isotype antibodies are actively shuttled across the placental from mother to
child during pregnan cy. This confers some protection from infections in a vulnerable
window of time before the newborn has mounted their own immune response by
vaccination or early life infection. However, placental infections during pregnancy like
HIV and malaria can disrupt transfer of IgG, leaving infants vulnerable to disease
(Chalikitgosiyakul et al., 2014; de MoraesPinto et al., 1998; Dechavanne et al., 201%jloro
et al., 2015; Okoko et al., 2001)We assessed whether ZIKV infection in pregnancy would
similarly disrupt transplacental transfer of IgG and found that it does not. Flavivirus
binding and neutralizing IgG, and vaccine elicited IgG, were efficiently transferred
despite ZIKV infection in p regnancy, such that when a mother had protective level of
vaccine-elicited 1gG, the infant did too (Singh et al., 2019) Consequently, I1gG elicited in
response to immunizations in pregnancy will also be transferred to a fetus, and maternal

immunization may be a viable strategy to protect the infant from ZIKV disease.
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5.5 The challenge of antibody -dependent enhancement

Amongst DENV 1 -4 serotypes, infection with one can generate crossreactive IgG
against the other and enhance infection and pathology of a subsequent heterologous
DENV serotype. The predominant model for enhancement involves formation of
antibody -virus complex that is then able to enter cells that bear Fgreceptors (F@R), such
as macrophages, allowing the virus to overcome the hurdle of cell entry and replicate
more easily than in primary infection. Human cohort data confirm this model and point
to intermediate levels of DENV -reactive IgG as the risk factor to severe secondary disease
(Katzelnick, Gresh, et al., 2017; Waggoner et al., 2020 he role of IgG as the driver of this
phenomenon is particularly evident in the case of moher and infant, where 1gG is
transferred transplacentally during gestation and the infant experiences a higher rate of
severe DENV disease upon primary infection in early life (S. B. Halstead et al., 1969)

While DENV 1 -4 serotypes are subtypes of the same flavivirus species, there are
also examples of crossflavivirus enhancement, due to conserved features of the E protein.
For example, ZIKV 1gG may enhance DENV -2, and yellow fever vaccine antibodies may
enhance the live attenuated Japanese encephalitis vaccine viremigKatzelnick, Narvaez,
et al., 2020; Rong Chan et al., 2016 herefore, the question remains, whether DENV 1gG
could have enhanced ZIKV infection and chances of congenital disease. ZIKV
enhancement has not yet been observedn human populations and non -pregnant Rhesus

macaques with prior DENV immunity demonstrated similar ZIKV disease and viremia as
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those with a primary ZIKV infection, indicating that prior DENV immunity does not
impact ZIKV disease (McCracken et al., 2017; Pantoja et al., 2017 systematic review of
the risk of DENV -reactive 1gG on ZIKV enhancement found no clear signal on this effect
(Petzold et al., 2021) Therefore, based on current observations of populations,
enhancement of ZIKV is unlikely, and DENV enhancement continues to be a bigger threat.
However, the enhancement effect is also timedependent, since exposure to last
infection, as antibody levels change and only a small window of antibody titers facilitates
enhancement. Similar to other studies, we find that high IgG levels will control the virus
and levels too low will not have a substantive impact on Fc gR-mediated cell entry. An
ecological study on the interaction of dengue fever to microcephaly among distinct
regions in Brazil estimated via modeling that DENV immunity may protect from ZIKV -
associated microcephaly for up to 6 years, but then lead to a period of increased risk 7-12
years after prior infection (Carvalho et al., 2020) Therefore, continued surveillance of
epidemic patterns to define a reliable baseline of severe disease by location will guide
detection of excess severe disease in coming outbreaks and shape our understanding of

antibody -dependent enhancement.

5.6 The challenge of prolonged viremia in pregnancy

Neutralizing antibodies (nAbs) are thought to be the correlate of protection against
ZIKV infection, and therefore constitute the primary goal of vaccine development (Abbink

et al., 2016; Larocca, Abbink, Peron, Zanotto, et al., 2016However, the continuation of
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prolonged viremia in the presence of nAbs challenge the notion of nAbs as sufficient for
protection in pregnancy. / UOOOOT 1 EwYPUI OPEwOi wa wl wEEaUwbOwU
noted in ZIKV -infected pregnant women across case reports and surveillance efforts
(Driggers R.W., 2016; MeaneyDelman et al., 2016; Suy, Sulleiro, Rodo, et al., 2016)n a
Puerto Rican prospective cohort, 7.8% of subjects (19/245) had prolonged viremia, of
which 27% (5/19) were pregnant (Paz-Bailey et al., 2018) Adverse fetal and neonatal
outcomes are be more frequent in mothers with prolonged viremia as compared to those
without (Driggers R.W., 2016; MeaneyDelman et al., 2016; Pomar et al.,, 2021; Suy,
Sulleiro, Rodo, et al., 2016) This relationship is recapitulated in pregnant Rhesus
macaques (RM), where duration of prolonged viremia correlated with more severe fetal
brain pathologies (Van Rompay et al., 2019) In retrospectively evaluating the outcome of
49 RM challenged with Puerto Rico strain of ZIKV in preghancy across at the UW-
Madison colony, 33% (16/49) had prolonged viremia equal to or greater than 21 days post
infection. In monkeys that were serially tested, peak viral load is higher in the prolonged
group by ~1 Logio PFU/mL. It is highly likely that prolonged viremia in pregnancy is
under-detected due to lack of clarity on the date of exposure in humans and early CDC
guidelines that did not require multiple PCR tests for ZIKV.

Intriguingly, we also sampled a mother with prolonged Zika viremia, where her
blood and/or urine tested PCR-positive for ZIKV RNA for 42 days since onset during our

study. This individual gave birth to an apparently he althy baby, until 2 years later our last
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