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Abstract

Viruses that use the blood as a route of systemic spread frequently encode proteins allowing
evasion of the complement system. Although complement neutralizes pathogens in the blood, the
complement system has non-immune functions in the central nervous system (CNS) and mediates
non-viral neuropathologies when triggered by damaging stimuli.

As viruses capable of both hematogenous spread and neuroinvasion, flaviviruses such as
Zika virus (ZIKV) are a significant public health issue as the most common cause of arboviral
disease. Outside of the brain, flaviviruses can modulate levels of complement proteins and surface
bound complement regulators. We hypothesized that similar alterations occur in CNS cells,
contributing to viral neuropathology.

In this study, we establish the relevance of viral complement modulation in infection of
CNS cells. Using various CNS culture systems, endogenous expression of complement proteins
and complement-related surface markers was investigated. In a co-culture system of cell lines SH-
SY5Y (neuroblastoma) and HMC3 (microglia), endogenous complement protein production was
confirmed in absence of Zika infection and stimulation. Furthermore, Zika infection modulated
expression of surface bound inhibitors CD46 and CD55. Compared to mock, CD46 was

upregulated in both infected and non-infected, bystander cells with stronger expression in infected



cells. CD55 was equally downregulated in infected and bystander cells. Finally, affinity between
ZIKV non-structural protein 1 (NS1) and complement proteins was demonstrated.

These results support previous studies implicating complement modulation as a source of
pathology in neuro-invasive flavivirus infection, providing insight on the precise biochemical

changes behind this process.
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1.0 Introduction

Circulation of Zika virus (a flavivirus) is concerning in light of its association with severe
neurologic and neuro-developmental disease (1, 2). Currently, there are no approved treatments or
vaccines available to address disease caused by Zika virus. In the context of central nervous system
(CNS) infection, identifying sources of pathogenesis could inform treatment strategies as well as
vaccine design.

The complement system, a key part of the innate immune system, achieves a dynamically
regulated balance which is perturbed in response to pathological or pathogenic insult. Accordingly,
previous studies have implicated complement overactivation and dysregulation in severe flaviviral
disease in and outside of the CNS (3, 4). However, the complement system has also been revealed
to have key roles in normal functioning and development of the human brain (5-7). While finely
controlled complement processes serve to maintain cellular health, overactivation of complement
has been associated with disease-causing processes such as neurodegeneration (8-10).

These results lead us to hypothesize that dysregulation of complement plays an important
role in Zika pathology of the brain. The connections between flaviviruses, complement, and the

specific context of the CNS will be explored (Figure 1).
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Figure 1 Distinct Roles for Complement in Immunity and Neurodevelopment Interact in the CNS

Complement has immune and neurodevelopmental functions which share common regulatory programs. During

infection, these functions are hypothesized to intersect, potentially leading to poor outcomes.

1.1 Complement: Multiple Functions in the Immune System and CNS

1.1.1 Complement in the Periphery

Complement proteins have traditionally been regarded as soluble, serum factors circulating
throughout the body (Figure 1). Comprised of over 60 factors and receptors, new functions for
complement are being discovered despite early recognition of its role in the blood. Such functions
span immunity, wound healing, cell homeostasis, and differentiation (11).

Principles of the complement system echo those of intracellular signaling pathways.

Complement proteins function as proteases, amplifying localized production of active components



through cascades. There are three main pathways initiating the complement cascade—the classical,
lectin, and alternative pathways.

* The classical pathway is initiated by binding of the C1 complex to a variety of ligands
including pathogen associated molecules, C-reactive protein, and antibodies (primarily 1gG and
IgM).

* The lectin pathway recognizes carbohydrate groups on cells through mannose binding
lectin (MBL) or ficolin.

* The alternative pathway primarily serves as an amplification loop for the other pathways
although spontaneous activation of the alternative pathway can occur through hydrolysis of C3.

These three processes of initiation feed into a common pathway, typically leading to either
formation of the terminal complement complex (TCC) or complement-enhanced phagocytosis
upon successful activation. C3 and C5 cleavage also results in the production of anaphylotoxins

C3a and Cb5a, both potent inducers of inflammation.
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Figure 2 Overview of the Complement System

The three complement pathways differ in initiation but link to a common pathway downstream of C3. Various
byproducts produced during these pathways have corresponding receptors, initiating cellular programs. Cells under
homeostatic conditions retain surface-bound regulators of complement. Abbreviations: AP, alternative pathway; C1-
INH, C1 inhibitor; C3aR, C3a receptor; C4BP, C4b-binding protein; C5aR, C5a receptor; C5L2, C5a receptor-like 2;
Clu, clusterin; CP, classical pathway; CPN, carboxypeptidase-N; CR, complement receptor; FB, factor B; Fcn,
ficolins; FD, factor D; FH, factor H; FI, factor I; LP, lectin pathway; MAC, membrane attack complex; MASP, MBL-

associated protease; MBL, mannose-binding lectin; RCA, regulator of complement activation; Vn, vitronectin (12)



Recently, an intracellular activation pathway termed the ‘“complosome” has been
described. Active components of complement—cleaved C3 and C5—have been identified inside
T and B cells (13). Furthermore, intracellular localization of C3b has been found in isolated
monocytes, neutrophils, epithelial cells, endothelial cells, and fibroblasts (14). In lymphoid-
derived cells, this activation promotes effector functioning and cell homeostasis. However, the
broad consequences of complosome activation in other cells have yet to be determined.

Rather than inert, C3 is continuously cycled and cleaved during homeostatic conditions.
Defined as C3 “tick-over”, this occurrence permits rapid responsiveness of the alternative pathway
(15, 16). An apt metaphor is that of a sonar system which detects objects by constantly surveilling
the environment (17). Deposition and turnover of soluble complement occurs at a steady rate,
decoupled from effector functions by local complement regulatory factors. Only when cleaved
products accumulate past a threshold do these functions trigger. Reasonably, the balance between
pro-activation members and regulatory proteins must be carefully maintained to prevent non-
specific complement engagement.

Naturally, there are several proteins involved in regulation of the different pathways (Table
1). Regulation of the complement system largely occurs through inhibition of cleavage, cleavage
to inactive products, dissociation of active complexes, or context-specific expression. Regulatory
factors act at different stages of activation, allowing for tight control under homeostatic conditions.
A key regulatory axis involving CFI occurs on the surface of C3b-bound cells. Complement factor
I (CFI) converts C3b to iC3b with the assistance of complement factor H (CFH) and CD46,
steering the cascade away from TCC formation but towards phagocytosis mediated by iC3b
recognizing receptors such as complement receptor 3 (CR3; composed of CD11b and CD18) (18).

Another axis involves depolymerization of C3 convertases. C4b-binding protein (C4BP), CFH,



and CD55 act to prevent further deposition of activated complement fragments, leading to
resolution of the cascade. Finally, regulators CD59, vitronectin, and clusterin directly prevent TCC
formation by competing with active components. Of these diverse regulators, surface-bound

CD46, CD55, and CD59 act to limit off-target complement activation on bystanders (19).

1.1.2 Complement in the Brain

Besides providing protection against pathogens, complement is involved in regulated
processes of neural development and homeostasis—specifically neuronal differentiation,
proliferation, migration of progenitors, and synaptic pruning. However, complement also
contributes to neurodegenerative diseases with the complement system playing a role in a wide
array of CNS-related conditions including Alzheimer’s, multiple sclerosis, and ischemic stroke
(20-23). Consequently, perturbation of complement’s natural balance could lead to some of the
neurological complications found in adult Zika infection and congenital Zika syndrome (CZS).

In the periphery, a variety of cell types produce complement proteins although the liver is
primarily involved in complement biogenesis and is the main source of serum C3 (24). As serum
proteins experience difficulty crossing the intact BBB, complement factors of the brain are
regarded as being produced within the CNS (25).

Throughout the brain, complement factors and corresponding receptors are expressed by
discrete cell populations. As immune-responsive cells, neurons and astrocytes both produce select
complement components as well as factors modulating complement expression (26-28). Microglia
additionally display surface receptors for activated complement products and dynamically respond
to the complement milieu. Based on preliminary in vitro studies conducted in the Marques and
Nimgaonkar lab, neurons and microglia are likely sources of C3, C1Q, and C4 in the CNS

6



(Unpublished). Additionally, co-cultures of pluripotent stem cell-derived neurons, astrocytes, and
microglia demonstrate minimal to no levels of terminal complement proteins. Consequently, the
CNS may limit terminal complement formation by selective expression of components and
experimental findings indicate a lack of polymerized terminal complement components (C5b9) in
the brain when BBB integrity is maintained. Although not definitive, BBB integrity may influence
levels of complement within the CNS, confounding claims of endogenous production (29). Finally,
it is unclear if complement levels in the brain and cerebrospinal fluid (CSF) are high enough to
meaningfully impact viral titers via neutralization; whereas incubation of virus with complement-
containing serum clearly reduces infectivity, similar experiments using CSF have not been
conducted or are obscure.

Complement patterns the developing brain, promoting cell-specific migration and
differentiation. Early evidence for a complement developmental axis was derived from
phenotyping of knockout mice. Knockout mice for various complement factors of the classical and
lectin pathways exhibit impaired neuronal development with behavioral abnormalities.
Involvement of the alternative pathway appears limited; knockout mice of Factor B, an essential
component of the alternative pathway, develop normally with no reproductive or behavioral
abnormalities (30).

The developmental functions of complement are linked to generation of anaphylotoxins,
C3aand Cbha. C3a signaling in the neural crest was found to promote cell migration of neural crest
cells (7). Additionally, the lectin pathway (initiated by MASP-1 and -2) is integral for C3a-
dependent neuronal migration. Expression of complement proteins is highly regulated temporally
and spatially in these processes. Gorelik et al. interrogated transcriptional dynamics of Masp-1,

Masp-2, C3, C3aR and C5aR using fetal tissues and found expression levels to be dependent on



developmental stage (31). MASP-1, MASP-2, and C3 were expressed in a radiating pattern
throughout the fetal brain with low levels of expression in the ventricular zone and higher levels
near the cortical plate (31).

Unlike C3a which plays a role in cell migration, C5a is involved in proliferation and
differentiation. It is suspected that production of C5 occurs in an autocrine manner from hNPCs in
neural rosettes. Mice studies have demonstrated C5a signaling through C5aR1 promotes hNPC
proliferation and maintains cell polarity (32). These events are spatially limited to the apical
(facing the lumen) surface of the ventricular zone and temporally limited to early stages of neural
development as expression of both C5 and C5aR1 decrease after hNPCs differentiate. Finally, C5a
appears at higher levels within CSF of developing embryos than adult CSF, mirroring its role in
early development (32).

Synaptic pruning describes the coordinated removal of a synapse between two neuronal
cells. This process contributes to key cognitive phenomena such as learning and forgetting but
cognitive impairment when dysregulated (33). Physiologically, synaptic pruning matures neuronal

circuitry by removing “excess” connections (Figure 3).
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Figure 3 Synaptic Pruning Relies on Elements of the Complement System

Left: In the absence of activated complement, synapses remain stable. In the developing retina, astrocytes can induce
expression of C1q in retinal ganglion neurons through TGF-f. Neuron and/or microglial C1q will initiate the classical
cascade on synapses to be pruned. Synapses covered in C3b products are subject to phagocytosis. Right:
Neurodegenerative pruning involves similar effectors. Reactive phenotypes for microglia and astrocytes are highly
inflammatory and lead to the upregulation of cytokines (“X”) and complement factors. Secretion of these factors

instigates complement activation and loss of synapses in pathological conditions (27).

Under homeostatic conditions, less active synapses trigger the process of pruning.
Although details remain unclear, current models assert under-utilized synapses initiate crosstalk
with adjoining astrocytes and microglia (34). Crosstalk—entailing the exchange of soluble
factors—enables surface expression of pro-phagocytic proteins (“Eat me” signals), reduction of
anti-phagocytic markers (“Don’t eat me”), increased soluble complement, and chemoattraction of

microglia to the synapse (35). Following migration, synaptic pruning is believed to function



through microglial phagocytosis enhanced by the classical pathway (6, 9). Consequently, C1q and
C3 have been implicated as mediators.

Microglia are the primary source of C1q as microglial-specific deletion in mice results in
near complete ablation of C1q production in the brain (36). Retinal ganglion neurons are also
capable of C1q expression in presence of astrocyte-derived TGF-f (26). While C1qg deposition on
synapses initiates the classical pathway and subsequent C3 deposition, C1qg binding elicits other
direct effects. C1q deposition leads to local activation of apoptosis-like processes in axons and the
corresponding receptor C1qR enhances phagocytosis upon ligation, both potentially promoting
engulfment independent of downstream C3 cleavage (37, 38). However, C3 clearly plays a role in
many pruning or pruning-like mechanisms. Blockage of CR3 (which recognizes surface iC3b) on
microglia abrogated synaptic pruning (6). It is unclear if the alternative pathway can effectively
initiate synaptic pruning during physiologic pruning. However, such initiation may be feasible in
multiple sclerosis as evidenced by mice demonstrating C3 but not C1q on actively pruned synapses

and synapse loss in C1ga knockout mice (23, 39).

1.2 Flaviviruses

1.2.1 Clinical Spectrum of Zika CNS Infection

While the existence of ZIKV was known since 1947, research was minimal until the World
Health Organization declared ZIKV an international health emergency. During the 2015 ZIKV
outbreak, incidence of severe neurological symptoms alarmed health professionals around the

world. Coupled with a propensity for mild or asymptomatic acute infection, diagnosis of ZIKV
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infection in early stages can be challenging. More recently, clinical and experimental evidence
suggests ZIKV can induce pathology within the brain (with associated neurodevelopmental or

cognitive delay) in the absence of other overt symptoms (40-42). The possibility of such “silent

pathologies” have drawn attention in both children and adults (Figure 4).
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Figure 4 Clinical Manifestations of Zika Infection

The vast majority of Zika infections are asymptomatic. In rare instances, patients can manifest severe neurologic or

neurodevelopmental symptoms (43).

Recognition of an association between ZIKV infection and microcephaly fueled global

concern during the Brazilian outbreak. However, the consequences of fetal ZIKV infection
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(termed congenital Zika syndrome [CZS]) represent a broad spectrum of neurological
presentations. This heterogeneity is associated with time of maternal infection due to the uneven
timing of human neurogenesis, the bulk of which occurs before gestational week 25 (44). One of
the earliest post-mortem studies of a ZIKV-infected neonate, Mlakar et al. presented findings of
complete agyria, regions of calcification, ventriculomegaly, diffuse microglial and macrophage
infiltration, yet a general lack of inflammation (45). Driggers et al. described a single case
exhibiting smaller brain size, calcification, diffuse infiltration of macrophages, and partially
differentiated neuronal cells in the neocortex (1). Through pathological examination of ten ZIKV-
infected neonates, Chimelli et al. categorized cases into three groups: neonates with severe
ventriculomegaly; neonates with low total brain mass and mild to moderate ventriculomegaly; and
neonates with localized calcification yet little overall morphological change (41). This third group
was associated with maternal exposure in late-term pregnancy. In aggregate, these diverse
pathologies most commonly manifest as neurodevelopmental delay and ophthalmic abnormalities
(43). Although no analogous evidence exists in humans, infection of animal models in early life
also leads to poor outcomes with both mice and rhesus macaque models demonstrating behavioral
abnormalities and persistent anatomical changes in the brain (46, 47).

Adult CNS infections can lead to equally diverse outcomes with findings such as
encephalitis, meningoencephalitis, and myelitis (48, 49). An atypical Guillain-Barre syndrome
demonstrating CNS involvement is also possible leading to functional changes detectable by
neuroimaging in the acute period (50). While neurological symptoms in adult infection are
relatively rare, it is possible silent pathologies exist in adult infection as well. Adult mice models

of CNS infection demonstrate memory decline in absence of mortality (42, 51).
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1.2.2 Zika virus tropism in the brain

Neuroinvasion is exhibited by many flaviviruses. West Nile, Zika, Japanese encephalitis
virus, and tick-borne encephalitis virus clearly demonstrate neuro-invasiveness although Dengue
and Yellow Fever viruses are capable of CNS infection (52, 53).

In maternal infection, the mechanism ZIKV uses to gain access to the fetal brain is still
undescribed. The route from site of maternal exposure to the fetal brain is a circuitous one. ZIKV
infection presumably spreads through systemic maternal circulation, bypasses the placental
interface, enters fetal systemic circulation, bypasses the fetal blood brain barrier (BBB), and
penetrates deeper into the CNS. This path necessitates circumvention of two cellular barriers: the
placenta and fetal blood brain barrier. Accordingly, flaviviruses are highly capable of
circumventing immunity at cellular barriers with such bypass linked to flaviviral nonstructural
protein 1 (NS1) (54, 55).

Bypass of the BBB could be destructive or non-destructive. BBB breakdown was
demonstrated in adult mice models, allowing infiltration of leukocytes into the CNS (56).
However, degradation could be secondary to ZIKV bypass of the BBB. Infection of human brain
microvascular endothelial cells simulating the BBB in vitro allowed passage of competent ZIKV
into the CNS with minimal disruption (57, 58). Correspondingly, variable levels of BBB
permeabilization or damage were demonstrated in animal studies (56, 59, 60).

Neurotropism of ZIKV has been demonstrated in vivo and in vitro. Several experimental
models including mice, non-human primates, explants, and human organoids exhibit active
replication in CNS cells with maternal or direct inoculation (61-65). Neurons, neuroprogenitor
cells, neural stem cells, astrocytes, and microglia are all susceptible to ZIKV infection. Once

infection is established within the brain, virus can persist despite clearance in the periphery (66).
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Tropism across models is relatively consistent. Myelinating cultures showed wildtype and
Ifnarl-deficient mice CNS but not PNS cells were ZIKV permissive (67). In adult Ifnar 7/~ mice,
astrocytes and neurons could support viral growth, a pattern seen throughout the brain (56).
Isolated human fetal brain phagocytes including microglia demonstrated susceptibility to viral
infection (65). ZIKV can also stably infect human neuroprogenitor cells (nNPC) in vitro, affecting
their differentiation and growth (68, 69). Lin et al. included comprehensive immunostaining of
fetal tissues from second trimester donors, presenting a more nuanced view of hNPC tropism. In
accordance with in vitro models, intermediate progenitor cells (a type of hNPC) appeared highly
permissive to ZIKV. However, the sparse co-localization of ZIKV envelope protein and either
SOX2 or nestin found in donor brains suggest neuroepithelial cells and radial glial cells (also
hNPCs) were largely un-infected. Lin et al. confirmed that while hNPCs were permissive in the
context of neural monolayers, hNPC infection was rarer in donor samples. The absence of infected
hNPCs has been interpreted as rapid depletion of this population, perhaps providing a basis for
cortical thinning observed in CZS (70). Adult infection is believed to similarly deplete hNPCs, a

cell population which contributes to plasticity and regeneration in the mature brain (62).

1.2.3 Flavivirus immunity in the matured brain

Bypass of the BBB is accompanied by establishment of infection, activation of local
immune responses, and infiltration of immune cells into the CNS. Once brain resident cells are
infected, viral detection through pathogen recognition receptors such as TLR3 leads to local
immune responses and apoptosis (71, 72). Consequently, several cytokines are produced and

secreted during CNS infection.
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Neurons, astrocytes, and microglia all express various receptors for cytokines (73).
Cytokine production instigates both expression of anti-viral proteins as well as engagement of
innate immune effector cells. Type | interferon signaling, a major player in early response to viral
infection, potently restricts flaviviral replication but is efficiently antagonized by multiple
flaviviral proteins (74-76). Additional cytokines orchestrate the host response within the brain.
Elevated soluble IL-6, IL-10, and IFN-y was found in CSF of Zika-positive pediatric encephalitis
patients (77). However, elevated levels of IL1B and TNF-a were detected in ZIKV-infected
neuronal cultures and brains of mice but not in CSF of rhesus macaques (42, 66, 78).

After the early stages of infection, cells infiltrate the brain and adopt an active phenotype,
eliciting cellular immunity. For ZIKV, CD8+ cells can appear in large number within the brain 7
days post infection. The predominant infiltrating cell population in Ifnar */- mice shifts with
macrophages and polymorphonuclear leukocytes (PMNs) composing the majority earlier in
infection (day 5) and CD8+ cells later (day 7) (56). However, type | interferon deficiency is a
crucial caveat to these results and may limit generalization to human infection. In
Manangeeswaran et al., the majority of infiltrating cells in one day old wildtype mice were CD4+
or CD8+ whereas PMNSs predominated in Ifnar /- mice 15 days post infection, supporting distinct
immune responses (79).

Infiltrating cells have distinct functional niches during CNS flavivirus infection.
Phagocytes from the periphery and microglia migrate to the site of infection, secrete antiviral
cytokines, and serve as antigen presenting cells—Ilinking innate responses to adaptive immunity.
Dengue encephalitis models demonstrate the critical importance of microglia in controlling viral
titers in the brain (80, 81). Microglia-mediated protection heavily relies on subsequent infiltration

of IFN-y+ CD8+ cells (51, 81). Activated microglia present antigen to infiltrating T cells,
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upregulating molecules associated with antigen presentation such as CD80, CD86, and MHC class
Il (81). Activation of T cells can mediate cytolytic and non-cytolytic viral control, in turn
producing cytokines acting on neurons, glia, and leukocytes. Despite their contribution to viral
clearance, cytotoxic T cells may also contribute to certain ZIKV-associated neurological
complications. Adult ZIKV-infected Ifnar /- mice experience hindlimb paralysis upon infection, a

symptom which does not develop in CD8+ depleting conditions (56).

1.2.4 Role of Complement in Flaviviral Pathogenicity

Involvement of the complement system in flaviviruses related to ZIKV such as West Nile
Virus (WNV) and Dengue virus (DENV) has been experimentally confirmed with many
foundational studies originating from the Diamond lab. Of the two related viruses, WNV is of
particular interest due to its neuroinvasiveness and the well-established role of complement in the
development of chronic neurologic symptoms. Additionally, flaviviral nonstructural protein 1
(NS1) has affinity for several complement proteins and can influence complement activation

(Table 1).

Table 1 Flavivirus Non-structural Protein 1 Interactions with Complement
DENV | MBL (82), Vitronectin, C5, C6, C7, C9 (83), C1Q (84, 85), C4 (86), C4

+ C1S (87), C4BP (82)

WNV Factor H (88), C4 + C1S (87), C4BP (82)

YEV C4 + C1S (87), C4BP (82)

ZIKV [ C1Q(85)
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All three complement pathways have been evaluated in mice models of WNV infection. In
serum, the classical pathway primes T cell responses and limits viral pathogenicity (89, 90). In the
brain, the classical pathway contributes to abnormal synaptic pruning in WNV-infected mice as
evidenced by upregulation of C1QA during disease and neuroprotection in C3-deficient conditions
(8). In the same study, mice with abnormally low numbers of microglia also exhibited protection
from this synaptic pruning. On the other hand, the lectin pathway only minimally contributes to
protection, demonstrated by modestly increased susceptibility in infected MBL-A"/~ x MBL-C™/
and MASP-27/ knockout mice versus wildtype controls (91). Comparable experiments designed
to address the alternative pathway demonstrated faster systemic spread in knockout mice (89).
WNV proteins also directly affect the complement cascade during infection. WNV NS1 protein
interferes with full activation of complement by directly associating with Factor H (88). In
summary, studies of WNV in the CNS reveal a core role for complement in disease progression
with individual pathways contributing variably to the disease process.

As neurological complications of DENV infection are rare, the vast majority of research
connecting complement and DENV are focused in other tissues. DENV can infect hepatocytes
(major producers of complement) and phagocytes (cellular effectors of complement), altering
expression of complement-related proteins (4, 92). Notably, complement is an integral component
of several theories regarding DENV severity, stemming from its potent modulation of antibody
responses, NS1-induced vascular permeability, and antibody-dependent enhancement.
Complement activation has been extensively correlated with clinical severity and development of
vasculopathy characteristic of Dengue hemorrhagic fever and increased levels of anaphylatoxins
C3a and Cba have been detected in serum of patients with more severe clinical symptoms (3, 93).

In terms of host genetics, polymorphisms in MBL2 contribute to variation in DENV serum
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neutralization and associate with the development of severe disease (82). DENV NS1 has also
been demonstrated to bind complement proteins directly. Interactions with C1Q, C4 and C1S in
complex, C4BP, C5, C6, C7, C9, MBL, and vitronectin have been reported using techniques
ranging from immunoassay to affinity purification mass spectrometry (82-87). These interactions
have functional consequences. For instance, binding of MBL by DENV NS1 abrogates activation
of the lectin pathway in vitro (82). Similarly, NS1-vitronectin complexes were isolated from
patient sera and reduce terminal complement complex formation (83).

Complement in ZIKV infection is modestly characterized in comparison. Complement-
mediated neutralization of ZIKV was demonstrated in normal human serum (85). Intriguingly,
antibodies binding complement protein C1Q have been identified in the sera of ZIKV-infected
mice and monkeys, driven by homology between C1Q and ZIKV E protein (94). Furthermore,
affinity between ZIKV NS1 and C1Q has been reported, mirroring interactions seen in other
flaviviruses (85).

Due to complement’s role in early development (differentiation and migration) and
flaviviral NS1’s capacity to bind complement proteins, it could be hypothesized that ZIKV NS1
contributes to the cortical disorganization observed in CZS. This possibility was addressed by
Yoon et al. in supplemental experiments (95). Embryonic mouse cortexes transfected with ZIKV
NS1 demonstrated no difference in neuroprogenitor cell proliferation (specifically Pax6* radial
glial cells) compared to control mice. While this does not entirely preclude involvement of NS1 in
CZS pathology, the lack of reported defects suggests other viral proteins have a greater
contribution to neurodevelopmental sequelae.

The Klein lab has performed highly informative studies evaluating neuroinfection with

ZIKV and WNV in adult mice (8, 32). Vasek et al. was the initial paper describing complement
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activation as a molecular mechanism for memory decline post-WNYV infection. The following
study Garber et al. highlights key differences between WNV and ZIKV CNS pathology in their
mouse model. While WNV was primarily associated with loss of synaptophysin* (Syp) presynaptic
termini in the hippocampal CA3 region, ZIKV initiated apoptosis and loss of Homerl® post-
synaptic termini in neurons. Another major paper evaluating synapse loss in ZIKV-infected adult
mice, Figueiredo et al. demonstrated similar pathologic findings overall with decreased
colocalization of pre-synaptic Syp and post-synaptic Homerl in the CA3 region. Notably, these
studies used ZIKV strains from different lineages indicating synaptic loss is a conserved feature
of hippocampal infection.

As ZIKV and WNV infection lead to divergent synaptic pathologies, pruning-like
mechanisms in other viral infections are perhaps even less similar. For example, Di Liberto et al.
demonstrates synapse loss in experimental LCMYV infection is not complement-mediated but rather
a distinct process similarly involving microglia, T cells, and IFN-y signaling (96). Viral-initiated
synapse loss appears to generally rely on CD8-derived IFN-y but not necessarily complement.
Consequently, it is important not to conflate what happens during infection with what occurs
during homeostatic pruning or other diseases. Although current understanding hints that pathologic
pruning involves overactivation of an otherwise conserved complement cascade, there are likely
multiple pathways leading to synaptic pathology with aspects distinct to each phenomenon.

This body of research leaves us with several unresolved questions. Is the induction of
complement-mediated pruning-like mechanisms the “default” outcome in response to viral
infection? Is initiation of the complement cascade due to binding of viral determinants or triggered
by the neuron’s cellular state? Are differential outcomes between WNV and ZIKV infections

related to disparate cytokine profiles, changes in soluble complement / surface-bound complement
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regulators, or interactions involving complement and viral proteins? Is inhibition of complement
activation detrimental to adaptive responses in the brain? Based on accumulated evidence, it is
highly probable complement is involved with adult infection and CZS in some capacity, but the

clinical relevance of such involvement remains to be determined.

1.3 Translational Prospects

Complement therapies are being investigated for efficacy in diverse disease etiologies (97).
Complement’s extensive, multi-component cascade provides numerous molecular targets for
intervention. However, investigation into CNS complement could additionally provide novel tools
for neuroscience research.

With a conserved role for complement in viral CNS pathogenesis, development of therapies
applicable to a broad range of neuroinfectious viruses appears feasible. Memory decline and
learning deficits are common, debilitating symptoms associated with viral CNS infections and
complement inhibition could have therapeutic benefit across viral families.

With the current state of CNS complement research, considerably more is known about
how to inhibit complement-mediated synaptic pruning than how such pruning is initiated (33, 39).
Study of viral-initiated pruning-like mechanisms could provide insight into this process applicable
to normal, physiologic conditions or non-viral neurodegenerative diseases. Viral heterogeneity
could be an advantageous experimental feature. Diverse complement evasion mechanisms exist
due to selective pressure exerted by serum complement, leading to conserved and non-conserved
interactions among pathogens which spread via blood. Comparison of these strategies in viruses

which do and do not induce synaptic damage provide an experimental framework for probing CNS
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complement regulation. Ideally, such knowledge could be translated to experimental control of
microglia-mediated pruning. Engineered viruses triggering circuit-specific pruning would clarify
the contribution of specific synapses to complex cognitive functions or provide therapeutic benefit
in conditions marked by over-connectivity or over-responsiveness (such as epilepsy or neuropathic
pain).

These exciting (albeit distant) translational prospects highlight the potential value of

studying complement-pathogen interactions in the brain.
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2.0 Statement of the Project

The proposed study will clarify the nature of Zika-mediated complement dysregulation
within the human brain. Experiments aim to validate the applicability of cell lines, characterize
changes in brain complement during infection, and investigate how these mechanisms could
contribute to pathology. Each of these aims addresses unknowns in the fields of CNS complement
and infection.

Basic science research involving CNS complement predominantly uses mice as
experimental models. However, complement differs substantially between mice and humans,
especially in surface-bound inhibitory proteins. Advancements in CNS culturing methodologies
provide greater representative human models at the cost of great investment (both time and
money). While characterization of complement in CNS cell lines has been previously conducted
(25, 98, 99), these results have not been independently validated and uptake of these systems has
been poor. Consequently, we believe cell lines have utility (albeit limited) in such studies.

While some aspects of complement during ZIKV CNS infection have been explored (42,
51), observations only provide a macroscopic view of complement’s involvement. The regulatory
balance—the interplay between effectors and inhibitors—has not been evaluated. This balance is
additionally influenced by viral proteins such as NS1. Experiments addressing these factors will
offer a more granular view of complement-related processes.

Lastly, precise mechanisms for these processes remain elusive, partially due to difficulties
associated with in vivo characterization. Our in vitro system and complement-related reagents will

generate information regarding protein localization and experimental control not seen in previous
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work. This aim will attempt to tie our observations seen in previous aims to pathogenesis observed

in vivo.
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3.0 Specific Aims

3.1 Specific Aim 1. Identify appropriate in vitro models for assessing complement-virus

interactions.

Hypothesis. Development of an appropriate in vitro model will require co-culture of
multiple cell types: neurons, astrocytes, and microglia.

Experimental Approach. Initial characterization and co-culture will focus on
immortalized cell lines comprising neuroblastomas (SH SY5Y) and microglia (HMC3). Using
established enzyme-linked immunosorbent assays (ELISAS) and flow cytometry, production of
complement-related proteins will be assessed in single population cultures as well as co-cultures.
Co-cultures will be established using standard ratios for each population (1:5 - microglia to

neuroblastoma).

3.2 Specific Aim 2. Assess viral induced changes in the complement system due to Zika

infection.

Hypothesis. Downregulation of complement regulatory molecules and upregulation of
effectors will occur in Zika CNS infection, mirroring changes seen in the periphery.

Experimental Approach. ELISAs and flow cytometry will be used to observe
complement changes in uninfected and infected cells. Existing ELISAs (C1Q, C1R, MBL, C3,

C3a, C4, C5, Cha, CFH, CFI, C6, C8, and sC5h9) optimized in our lab have been previously
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validated on reference samples and are highly sensitive. Analogous flow cytometry protocols have
been established as well (CD11b, CD46, CD55, CD59). ZIKV infection will be performed on SH

SY5Y/HMCS3 co-cultures.

3.3 Specific Aim 3. Identify mechanisms linking changes in complement-associated proteins

to pathology.

Hypothesis. Observed changes in the complement system lead to greater levels of
neuroblastoma cell death and involves specific localization of complement and Zika NS1.

Experimental Approach. Expanding on the previous aim, flow cytometry will allow cell
viability to be assessed across conditions. Confocal microscopy/immunostaining will be used to
localize complement proteins (C3d, iC3b) to cellular compartments and surfaces. ELISAs will be
developed to investigate interactions between ZIKV NS1 and complement proteins. Exposure to

Zika NS1 at a physiologically relevant concentration will also be performed.
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4.0 Methods

4.1 Complement Protein Elisas

High-binding, half-area 96-well plates (Corning, USA) were coated overnight with
associated antibodies in carbonate-bicarbonate buffer at 4°C in a humid chamber. The next day,
plates were washed with PBS-T buffer [PBS with 0.05% (v/v) Tween 20]. Plates were blocked
with bovine serum albumin (Sigma) at 5% (w/v) in PBS for an hour at room temperature (RT;
21°C to 23°C). A standard curve was generated using purified protein 2-fold serially diluted in
blocking buffer resulting in 10 points total. Normal human serum (Complement Technology) at a
protein specific dilution and a dilution buffer blank were included. All dilutions were made in 1%
(w/v) BSA in PBS Standards, controls, and samples (unaltered cell supernatants) were incubated
for 2 hour at RT. Plates were washed and incubated for 1 hour at RT with a corresponding mouse
anti-human protein antibody, purified or conjugated to biotin. For detection, plates were washed
and incubated for 1 hour at RT with either horseradish peroxidase (HRP)-linked goat anti-mouse
antibodies or HRP-linked streptavidin. Following additional washes, plates were incubated for 30
minutes at RT with TMB substrate (KPL, USA) and the reaction was stopped with 1N hydrochloric
acid (HCI; Sigma). Optical densities at wavelength of 450 nm (OD450) were determined using
SpectraMax Plus PC380 microplate spectrophotometer using the SoftMax Pro software version
6.4 (Molecular Devices). Protein concentrations were calculated using 4-parameter non-linear
regression from the R package ‘drc’ (R version 3.5.3; package version 3.0-1). A list of reagents is

provided in Appendix A.
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4.2 ZIKV NS1 Complement Binding Elisas

High-binding 96-well plates (Corning, USA) were coated with recombinant purified ZIKV
NS1 (Native Antigen Company) in carbonate-bicarbonate buffer overnight at 4°C. The following
day, plates were aspirated and tapped on a hard surface to remove excess liquid. Controls with no
coating step or coated with the corresponding complement protein (1 pg/mL) were included for
each protein tested. Plates were blocked with bovine serum albumin (Sigma) at 5% (w/v) in PBS
buffer for an hour at RT. Plates were again aspirated and tapped. Purified complement proteins
were added to wells at 5 pg/mL. Controls with no protein added were also included, leading to
four groups — NS1 / protein, protein / blank, blank / protein, and blank / blank (coated protein /
added protein). All dilutions were in PBS. Samples were incubated for two hours at RT. Plates
were washed with PBS-T buffer [PBS with 0.05% (v/v) Tween 20] and incubated for 1 hour at RT
with a corresponding mouse anti-human protein antibody, purified or conjugated to biotin. For
detection, plates were washed and incubated for 1 hour at RT with either horseradish peroxidase
(HRP)-linked goat anti-mouse antibodies or HRP-linked streptavidin. Following additional
washes, plates were incubated for 30 minutes at RT with TMB substrate (KPL, USA) and the
reaction was stopped with 1N hydrochloric acid (HCI; Sigma). Optical densities at wavelength of
450 nm (OD450) were determined using SpectraMax Plus PC380 microplate spectrophotometer
using the SoftMax Pro software version 6.4 (Molecular Devices). Values were represented as the
ratio of mean OD450 of test samples (NS1 / protein) to experimental controls (blank / protein and

blank / blank).
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4.3 Cell Culture

Cortical organoids and stem cell-derived CNS cells were generously provided by the
Vishwajit Nimgaonkar lab (Western Psychiatric Hospital, University of Pittsburgh Medical
Center) (100). SH SY5Y (ATCC® CRL-2266™), HMC3 (ATCC® CRL-3304™), and PHA cell
lines were generously provided by the Velpandi Ayyavoo lab (University of Pittsburgh Graduate
School of Public Health).

For cell lines, bulk cells were grown in flasks and plated on 96 well flat-bottom plates
(Falcon). In flasks, SH SY5Y cells were maintained in 10% FBS in DMEM:F12K (1:1) media
while HMC3 cells were maintained in 10% FBS DMEM. When plated in 96 well format, co-
cultures of SH SY5Y and HMC3 were maintained in 7% FBS DMEM. Co-cultures were seeded
with 3x10* cells in each well with a 1:5 ratio (HMC3:SH SY5Y). Media for 96 well plates were
collected and changed every 3 days. ZIKV infection was performed at MOI 1 with strain PE243
(GenBank ref. number KX197192). Cell supernatants were collected and stored at -20°C until
use.

HMC3 and co-culture stimulation with IFN-y1b was performed with recombinant protein
(Miltenyi Biotec) at 100 units/mL. After initial administration, subsequent media was also

supplemented with IFN-y1b.

4.4 Flow Cytometry for Complement Related Proteins

Permeabilization and fixation buffers for intracellular staining were from BD Biosciences.

Antibodies are as follows: CD11b-PE-Cy7, C5aR-APC, C3aR-FITC, gC1qR-FITC, CD11c-PE,
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C5L2-PE, CD21-APC, CD59-PE, CD55-PE-Cy7, CD46-APC, goat anti-mouse Alexa Fluor 488,
and corresponding isotypes. The clone 4G2 anti-flavivirus envelope protein antibody was derived
from unpurified hybridoma supernatant.

Isotype controls and unstained negative controls were included with every run. Flow
acquisition was performed on a BD Biosciences LSR Fortessa Cell Analyzer. Data was acquired

with FACS Diva software and analyzed using Flow Jo version 10.

4.5 Imaging Studies

Brightfield images were obtained with an EVOS XL Core Imaging System and were
desaturated with an image processing program (GIMP). Millicell EZ chamber slides were seeded
with 3x10* cells. All washing steps were performed using Hank’s balanced salt solution (HBSS).
Cells were fixed using acetone and blocked with the appropriate host serum at 5% (v/v). Antibodies
for immunofluorescence are as follows: C3d (BioLegend Cat. No. 846302), iC3b (Quidel Cat. No.

A209), and ZIKV NS2B (GeneTex Cat. No. GTX133308).

4.6 Statistical Analysis

Statistical analysis was either performed in GraphPad Prism 8.2.1 or R (version 3.6.3)

(101).
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5.0 Results

5.1 Specific Aim 1. Identify appropriate in vitro models for assessing complement-virus

interactions.

5.1.1 Complement protein levels in CNS cell models

ELISAs developed in-house were applied to culture media samples from 2D pluripotent
stem cell-derived CNS cells, 3D cortical brain organoid cultures, and immortalized cell lines.
Cortical brain organoid media had undetectable levels for all tested proteins (C1q, C3, C5, C8,
SC5hb9, CFH; data not shown). Other surveyed supernatants with detected complement were
largely limited to detection of C3 although other complement proteins were detected (Figure 5).
Later evaluations of soluble complement levels using media from 96 wells demonstrated improved

detectable ranges compared to media from flasks.
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Figure 5 Detection of Complement Proteins in media of CNS Cell Lines

Culture media from cell culture flasks were subjected to various ELISAs. Values are derived from pooled experimental
replicates (n = 2) with two technical replicates each. Normal human serum was included as a positive control. NHS —

normal human serum.
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Figure 6 Co-culture of Stem Cell-derived CNS Cells Alters C3 Levels in Supernatant

Levels of C3 in Stem Cell-derived CNS cell supernatant were determined in monocultures and co-cultures. Values
were adjusted for the number of microglia initially seeded. Bars represent the median and quartiles.

In differentiated cells and cell lines, microglia appeared to be the sole producers of C3 in
culture (Figure 6). Notably, co-culture of differentiated microglia and neurons enhanced C3
production after adjustment for number of microglia. Additionally, complement detection in co-
cultures of differentiated cells and of cell lines SH SY5Y and HMC3 were perfectly correlated.

HMC3 cells and SH SY5Y / HMC3 co-cultures were stimulated with IFN-y1b at 100
Units / mL. No changes in complement levels (Clq, C3, C3a, C5, CFH, CFB) were observed at

day 3 and day 5 timepoints (data not shown).
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5.1.2 Complement receptors and regulators in SH SY5Y, HMC3, and hNPCs

Various antibody cocktails were developed to investigate complement-related surface
proteins on SH SY5Y, HMC3, and hNPCs using flow cytometry. Levels of proteins were evaluated

on live, singlet cells and compared to an isotype control.
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Figure 7 Cell Surface Complement Regulators on SH SY5Y, HMC3, and hNPCs

Flow cytometry plots depicting fluorescence intensity for CD46, CD55, and CD59 on various cell types.

Expression was evaluated on live, singlet cells.

SH-SY5Y and HMC3 demonstrated all three complement regulators on cell surfaces
(Figure 7). In comparison, hNPCs expressed lower levels of CD46 and CD59 and did not exhibit
CD55. The presence of these regulators under typical culture conditions allows for the detection

of changes in infected cultures.
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Figure 8 Complement-related Proteins on SH SY5Y Cells

Flow cytometry plots depicting fluorescence intensity for gC1qR, CD46, CD55, CD59, C3aR, C5L2,
C5aR, CD11b, CD21, CD11c, CD16, and CD32 on unstimulated SH SY5Y cells. Expression was
evaluated on live, singlet cells.

Additional complement-related surface proteins were assessed on SH SY5Y cells (Figure
8). Of these additional proteins, modest expression of gC1gR and C5L2 was detected. In summary,

surface complement-related proteins are largely limited to regulatory molecules which are present

on both SH SY5Y and HMC3 cells.
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5.1.3 Infection of HMC3 with ZIKV

While ZIKV infection of SH SY5Y cells has been reported in previous studies, HMC3
infection has not been studied (102). ZIKV infection of unstimulated HMC3 was assessed at

MOI 1 by immunostaining (Figure 9).

DAPI ZIKV E Protein (Alexa Fluor 488)

$4

o

Figure 9 ZIKV Infection of HMC3

Immunostaining for ZIKV Envelope protein (Alexa Fluor 488) taken with a 40x objective.

Although HMC3 cells demonstrated extensive infection with immunostaining, infection
was difficult to detect in live HMC3 cells using flow cytometry (data not shown). At 5 DPI,
HMC3 cells demonstrated cytopathic effect with brightfield microscopy. Compared to mock

infected cells, ZIKV exposed HMC3 were greatly depleted in culture (Figure 10).
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Figure 10 ZIKV Cytopathic Effect in HMC3 Cells

Brightfield microscopy images of ZIKV-infected HMC3 cells taken with a 10x objective. Scale bar is 400 pm.

5.1.4 Establishment of an SH SY5Y / HMC3 co-culture

Initially, co-cultures with SH SY5Y, HMC3, and an astrocytic cell line were evaluated.
However, the inclusion of immortalized astrocytes PHA lead to dense cellular clumps in culture
flasks centered around astrocytes (Figure 11). As such clumps may compromise cellular viability
and impede downstream flow analysis, astrocytic cell lines were excluded from subsequent
experiments. SH SY5Y / HMC3 co-cultures (5:1 ratio) were established with both cell types

capable of growth in a common medium (7 or 10% FBS in DMEM).
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Figure 11 Inclusion of an Astrocytic Cell Line Leads to Cellular Aggregates

Brightfield microscopy of SH SY5Y, HMC3, and PHA co-cultures A) In regions without astrocytes, co-cultures
develop in a flat monolayer. B) Other regions have dense cellular aggregates centered around astrocytes. A was

taken with a 40x objective while B was taken with a 10x objective.

5.2 Specific Aim 2. Assess viral induced changes in the complement system due to Zika

infection.

5.2.1 ZIKV-induced changes in soluble C3 levels

Levels of soluble complement factors were assessed after infection of cultures. C1q, C5,
CFB, CFH, and CFI remained undetectable post-infection (data not shown). However, C3 retained

detectable levels (Figure 12).

38



HMC3 Co-culture

80 30-
) )
£ E
D 60- o)
£ £ 20- - Mock
c c

o +

2 40- 2 ZIKv
o o
= T 104
S 20- ]
c c
o 5]
o o

0 T T 0 T T

Day 3 Day 5 Day 3 Day 5
DPI DPI

Figure 12 C3 Levels during ZIKV Infection of HMC3 and Co-cultures

C3 levels in infected and mock cultures were assessed by ELISA at 3 and 5 days post infection (DPI). Values
are derived from pooled experimental replicates (n = 2) with two technical replicates each.

The dynamics of C3 during infection differ between HMC3 monocultures and SH SY5Y /
HMC3 co-cultures. While both HMC3 and co-cultures demonstrated increases in C3 from day 3
to 5, infected co-cultures had reduced soluble C3 in comparison to matched mock controls, an

observation absent in infected HMC3 monocultures. This reduction could represent greater

cleavage of C3 or a decline in C3 production in co-cultures.
5.2.2 ZIKV-induced changes in surface-bound complement-related proteins

Unstimulated HMC3 monocultures were infected with ZIKV and analyzed 5 days post
infection (DPI) for surface expression of CD11b, CD46, and CD59 (Figure 13). For CD11b, two

distinct populations emerge: CD11b+ and CD11b- groups. ZIKV infection appears to induce the
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expression of CD11b in some HMC3 while downregulating it in others. In contrast, reduction only

of CD46 and CD59 was observed in exposed cultures.
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Figure 13 Changes in CD11b, CD46, and CD59 in Infected HMC3 Cells

Flow cytometry plots depicting fluorescence intensity for CD46, CD59, and CD11b on ZIKV-infected HMC3
and Mock cells. Expression was evaluated on live, singlet cells.

Unstimulated SH SY5Y monocultures and SH SY5Y / HMC3 co-cultures were infected
with ZIKV and analyzed at 5 DPI for changes in surface-bound complement regulators CD46,
CD55, and CD59 (Figure 15). Staining for ZIKV envelope protein allowed for differentiation of
actively infected or non-infected cells within the ZIKV-exposed culture. A representative plot

showing the gating strategy of an exposed co-culture is depicted in Figure 14.
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Figure 14 Gating Strategy for Analysis of ZIKV-Infected Co-cultures

A representative plot demonstrating the gating strategy for ZIKV-infected co-cultures of SH SY5Y and HMC3.
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Figure 15 Changes in Cell Surface Complement Regulators CD46, CD55, and CD59 During ZIKV Infection

A) Co-culture of ZIKV Infected SH-SY5Y with HMC3 reduces overall cell viability. While viability did not
significantly differ for SH-SY5Y mono-culture, differences in mean viability between mock and infected co-cultures
were observed (76.5% vs 61.2%). At an MOI of 1, ZIKV infection resulted in an average of 17.1% (SH-SY5Y; n =
3) and 21.3% (SH-SY5Y + HMC3 [5:1 ratio]; n = 6) infected cells. B) CD46 is upregulated on ZIKV infected cells
while CD55 is downregulated in both infected and bystander cells. ANOVA was performed followed by Tukey’s
multiple comparisons test. Multiplicity adjusted p-values are reported. * denotes p < 0.05, ** p <0.01, *** p <0.001,
and **** p <0.0001.

In co-cultures, CD46 is upregulated on ZIKV infected cells while CD55 is downregulated
in both infected and bystander cells. The upregulation of CD46 could preferentially generate
iIC3b on infected cells, leading to CR3-mediated synaptic pruning but protection from further
complement activation. The downregulation of CD55 could allow destruction of infected and

bystander cells if terminal complement components make it past the blood brain barrier.
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5.3 Specific Aim 3. Identify mechanisms linking changes in complement-associated proteins

to pathology.
5.3.1 Visualization of C3d and iC3b deposition on co-cultures

To visualize the impact of altered surface complement regulators, immunostaining with

antibodies for C3d (which recognizes an epitope present on C3, C3b, iC3b, and C3d) and iC3b.

Merge DAPI C3d (Alexa Fluor 488) ZIKV NS2B (Alexa Fluor 546)

Figure 16 Immunostaining for C3d on ZIKV-infected Co-cultures

ZIKV+

Mock

A representative field depicting immunostaining of acetone-fixed co-cultures cultures in chamber slides. Mock

and infected cultures demonstrated similar levels of C3d. Images were captured with a 40x objective.

C3d staining was minimal (likely due to a sub-optimal antibody concentration) on both
mock and ZIKV-exposed co-cultures (Figure 16). On the other hand, iC3b staining visibly
appeared greater in exposed vs mock cultures (Figure 17). Qualitatively, iC3b staining appeared
brighter in association with infected cells, an expected result based on CD59 downregulation and

CD46 upregulation.



Merge DAPI iC3b (Alexa Fluor 488) ZIKV NS2B (Alexa Fluor 546)

Figure 17 Immunostaining for iC3b on ZIKV-infected Co-cultures

ZIKV+

Mock

A representative field depicting immunostaining of acetone-fixed co-cultures cultures in chamber slides. Mock

and infected cultures demonstrated similar levels of C3d. Images were captured with a 40x objective.

5.3.2 Evaluation of binding between ZIKV NS1 and complement proteins

As several interactions between flaviviral NS1 and complement components have been

reported, we sought to investigate ZIKV NS1-complement associations using an ELISA.
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Figure 18 ZIKV NS1 Binding of Complement Proteins

ZIKV NS1 binds complement components. Binding was detected using an ELISA with ZIKV NS1 coated wells
exposed to various complement components. Each condition was run with three technical replicates. The y axis is
the ratio of mean OD450 of test samples (NS1 coated / protein added) to experimental controls (blank coated /
protein added and blank coated / blank added).

C3, C3a, and SC5b9 (soluble polymerized complement factors 5 through 9) demonstrated
some degree of affinity with NS1 (Figure 18). The greater levels of bound C3a suggests cleavage
of C3 may reveal a binding site with high affinity for NS1. Additionally, binding of multimeric
SC5b9 complexes could be due to a specific component of the terminal complement complex.
As flaviviral NS1-complement interactions have functional consequences, further experiments

examining these interactions in the context of complement activation are warranted.
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5.3.3 Exposure of SH SY5Y and HMC3 to purified recombinant ZIKV NS1

Previous studies indicated that macrophage exposure to DENV NS1 in co-culture could
elicit inflammatory transcriptional changes (103). We sought to test if exposure to ZIKV NS1 was

sufficient to induce the changes in surface complement regulators seen during infection (Figure
19).
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Figure 19 ZIKV NS1 Treatment of SH SY5Y and HMC3 Cells

0"

C3aR CD46

ZIKV NS1 treatment does not affect the expression of C3aR, CD46, CD55, and CD59. Flow cytometry plots

depicting fluorescence intensity for C3aR, CD46, CD55, and CD59 on ZIKV NS1-exposed SH SY5Y and HMC3
cells. Expression was evaluated on live, singlet cells.

ZIKV NS1 treatment does not affect the expression of C3aR, CD46, CD55, and CD59.
SH-SY5Y and HMC3 cells exposed to 6 pg/mL of purified, recombinant ZIKV NS1 demonstrated

no change in viability (not shown) or expression of select complement-related proteins.
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6.0 Discussion

Aim 1 involved the establishment of an in vitro model of CNS complement production.
Cell lines were capable of modeling infection and expressed the central complement protein, C3.

In line with previous research, infection was detected in both SH SY5Y and HMC3 cell
lines at an MOI of 1 (102, 104, 105). While ZIKV-exposed HMC3 cells were greatly depleted in
culture, SH SY5Y did not demonstrate a cytopathic effect with comparable viabilities between
mock and exposed cultures. Accordingly, percentages of infected cells increased and overall
viability decreased when HMC3 were introduced into infected co-cultures. Depletion of HMC3
cells may complicate interpretation of results, especially at later time points. As HMC3 are the
main producers of several complement proteins, declines in detectable levels may be due to
depletion of HMC3 rather than increased degradation through activation. Overall, the co-culture
of SH SY5Y and HMC3 represents a viable system to assess viral-induced changes in the
complement system.

Many complement proteins expressed in the periphery were undetectable in various CNS
co-culture models. C3 was the only key complement protein detected, limiting activation to C3
tickover. The Fontaine lab previously validated complement production in several CNS cell lines
in monoculture (18, 77-79). However, our results are discordant. While many of the Fontaine
studies demonstrate production of several complement proteins at the protein and mRNA level,
we detected only select complement factors in the various systems surveyed. Particularly, our
ELISAs were unable to detect terminal components C6, C8, C9 despite high sensitivity. Based on
such drastic discordance, we speculate that production of complement by cell lines is potentially
subject to culture conditions. Additionally, cellular populations capable of directly producing or
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stimulating production of these missing proteins may have been excluded from the existing co-
culture. As such, CNS complement production remains ambiguous. Further in vitro studies are
needed to clarify soluble factors and cell populations responsible for complement production.

Based on results, it appears that the use of cell lines in lieu of more advanced cell models
is feasible. Production of complement proteins in cell line co-cultures and iPSC-derived co-
cultures were perfectly correlated. While cell lines are generally less representative, the substantial
effort required to maintain iPSC-derived cultures can be mitigated with usage of both systems in
tandem. Validation with more advanced culture systems is still warranted as cancerous cells can
co-opt complement signaling to promote survival, potentially confounding experiments (106).

Finally, the use of astrocytic cell lines was abandoned. The inclusion of immortalized
astrocytes in co-culture lead to cell aggregates in culture. As astrocytes likely play an important
role in ZIKV infection and in complement production, alternative culture techniques should be
explored.

Aim 2 assessed the impact of infection on complement production and regulation.
Although ZIKV infection upregulated complement components in immortalized hepatocytes and
placental trophoblasts (not shown), similar findings were not seen in CNS cell lines. C3 levels
were decreased in infected co-cultures but not HMC3 cultures compared to mock exposed controls
at 5 DPI. This reduction in soluble C3 could be tied to greater activation or decreased production
by HMC3 in co-culture. As iC3b appears greater in infected co-cultures and infected HMC3
monocultures did not exhibit the same pattern, this is likely due to increased cleavage of C3 via
C3 tickover and not decreased production through HMC3 depletion. Despite this, measurement of
soluble C3a levels would be an appropriate follow-up experiment to confirm greater activation in

co-culture.
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The complement regulators CD46, CD55, and CD59 were altered by ZIKV infection. The
dynamics of CD46 and CD55 imply CD46 upregulation is a direct consequence of viral infection
while CD55 downregulation is mediated by soluble factors released into culture. These changes
could lead to different functional fates for bystander and infected neuroblastoma cells.

CD55 downregulation alone was observed in neuroblastoma bystander cells. CD55
downregulation allows for the accumulation of C3 convertase on cell surfaces and subsequent
deposition of C3b fragments. If terminal complement components are present, deposition will
trigger the formation of the terminal complement complex, lysing the C3b tagged cell. Moreover,
C3b and downstream iC3b have been implicated in synaptic pathology (6). Consequently,
decreased CD55 in vivo might contribute to loss of viable, un-infected neurons or their synapses.

Both an increase in CD46 and decrease in CD55 surface protein was detected on ZIKV-
infected SH SY5Y cells. Coupled with increased deposition of C3b through CD55 downregulation,
CD46 upregulation is hypothesized to increase generation of iC3b as CD46 is a cofactor for
proteolytic CFI. This is supported by the qualitative association of iC3b and infection detected by
immunostaining. The functional relevance of this finding is difficult to determine in culture. In the
periphery, iC3b recognition by complement receptors, primarily CR3 (composed of CD11b and
CD18), induces phagocytosis. Phagocytosis of infected CNS cells could contribute to patterning
of downstream adaptive responses as well as pruning of synapses on infected cells. iC3b-induced
phagocytosis by antigen presenting cells leads to antigenic tolerance via anti-inflammatory
cytokine production outside the CNS (107). Analogous roles in the brain could influence T cell
activation status in the CNS antiviral response, delaying clearance. While phagocytosis of infected
cells was not evaluated in this study, functional in vitro assays exist and could address this

possibility. Additionally, C3b and possibly iC3b are believed to tag synapses for removal through
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CR3 (6). Increased production of iC3b through CD46 could provide a mechanism for pruning of

infected cell synapses observed in mice models (Figure 20).
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Figure 20 Changes in Surface-bound Complement Inhibitors During ZIKV Infection

Changes in surface regulators could lead to different functional fates for infected and bystander SH SY5Y cells.
ZIKV NS1 could additionally impact cell fate through interactions with complement proteins. CD55 downregulation
allows for deposition of C3b as CD55 antagonizes the alternative pathway (AP) convertase. CD46 upregulation
leads to increased CD46 by serving as a cofactor for CFI.

It is unclear how these changes reconcile with loss of post-synaptic but not pre-synaptic
termini observed in Garber et al. (51). Mice lack CD46 on most cells but express Crry, a functional
analog of CD46 in rodents (107). Furthermore, the distribution of complement inhibitors varies

considerably between mice and humans. As such, mice models are greatly limited in their
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generalizability to human infection and investigation of similar phenomena in mice models will
be restricted.

For HMC3 monocultures, decreases in CD46 and CD59 were detected in infected cultures,
mirroring observations seen in DENV infected hepatocytes (Unpublished). Additionally, CD11b+
and CD11b- populations appeared during ZIKV infection. As reduction of CD59 and CD11b has
been reported previously in DENV-infected peripheral monocytes (92), such downregulation
appears to be conserved across flaviviral infection of professional phagocytes. In prior,
unpublished studies with hepatocytes, these changes were restricted to bystander but not infected
cells and we hypothesize that HMC3 infection is similar. Such changes (tied to phosphorylation
of STAT3 in the unpublished work) may represent a more general response to flaviviral infection
that does not occur in SH SY5Y cells.

As expected, ZIKV NS1 appears to bind complement components C3, C3a, and SC5b9.
The greater affinity for C3a than C3 suggests cleavage reveals a binding site, leading to stronger
interactions. Binding of SC5b9 could be due to one or several of the proteins in the multimeric
complex. Finally, ZIKV NS1 treatment did not induce changes in complement regulators. NS1 in
absence of infection is capable of triggering pathological changes. As NS1 binding perturbs
complement activation, future studies could elucidate ZIKV NS1’s involvement in CNS
pathology.

In conclusion, the above study has established a working CNS co-culture model to assess
flaviviral-induced changes in the complement system. Additionally, results describe previously
unreported changes in several regulatory molecules which occur in a cell specific manner. Further
investigation supporting these preliminary findings and linking observations to pathology are

needed.
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7.0 Public Health Significance

Zika virus is a positive-strand RNA virus of the family Flaviviridae typically causing mild
to inapparent infection (43). While the existence of Zika was known since 1947, the virus remained
obscure until the World Health Organization declared an international health emergency during
the Brazilian outbreak. The explosive nature of the pandemic and rapid subsequent decline of cases
has led to uncertainty regarding potential future outbreaks. With the continually expanding
geographical range of Zika’s primary vector (the Aedes species mosquito), threat of re-emergence
persists (108).

Despite Zika’s decline, ongoing circulation and spread have been demonstrated (109, 110).
A recent report indicated a 2018 outbreak in Cuba went largely un-noticed and un-reported to local
and global public health agencies (110). Such “hidden” epidemics are possible due to Zika virus’
propensity for inapparent infection and current limitations in diagnostics and surveillance.
Considering these factors, evaluation and development of vaccines and therapies are essential for
future epidemic preparedness.

Outbreaks of Zika are particularly concerning with the increased incidence of severe
neurological symptoms among both neonates and adults during the 2015 Zika outbreak (1, 2). For
neonates, congenital Zika syndrome describes an amalgamation of potential findings associated
with maternal infection, ranging from neurodevelopmental delay (in absence of overt physical
defects) to microcephaly (111-113). Exposed neonates may appear un-affected at birth but require
care later in life. For adults, neurological complications are typified by ZIKV-associated Guillain-
Barré syndrome. Emerging evidence additionally associates adult CNS infection with memory
decline, mirroring observations in West Nile virus CNS infection (8, 42, 51). Long-term care of
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affected individuals imposes substantial financial and emotional burden on individuals, families,
and health systems (114).

Death of neurons is observed in both adult and congenital infection, likely related to
development of neurologic sequelae (67, 115). The complement system has recently been tied to
severity of Zika CNS infection (42, 51). A series of serum proteases sequentially activated through
enzymatic cleavage, complement’s traditional functions comprise tagging pathogens for lysis,
phagocytosis, and opsonization. In recent years, complement has demonstrated other emerging
roles including regulation of cell metabolism, detection of intracellular pathogens, synaptic
pruning, and neuronal differentiation. The link between complement and flaviviral CNS infection
fits into a larger constellation of neurodegenerative diseases such as stroke, schizophrenia,
Alzheimer’s, Lyme disease, and HIV-associated neurocognitive disorders (10, 20, 116-118).
While investigation of complement in Zika CNS infection is specific, investigation will likely
produce general insights into how complement functions in the brain—insights which will improve

our understanding of neurodegeneration.
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8.0 Future Directions

Substantial gaps remain concerning interactions between ZIKV infection and complement.

The proposed experiments would contextualize our existing findings.

1.

Assess the influence of cytokines on complement secretion and correlation with
microglial activation in vitro.

Intracellular staining of complement proteins in CNS culture systems.

Replication of phenomena (surface-bound complement modulation) in more robust
CNS cell models such as differentiated pluripotent stem cells.

Validation of ZIKV NS1 interactions with complement proteins and characterization
of functional consequences during infection.

Analogous experiments with DENV or attenuated WNV.

Treatment of cultures with complement therapeutics (compstatin, cobra venom factor)

to identify changes in cell viability or viral load.

More broadly, investigation of virally induced synaptic pruning would benefit from

comparing viruses restricted to hematogenous spread (such as ZIKV and WNV) to viruses capable

of trans-synaptic transport mechanisms (rabies, pseudorabies, and herpes simplex virus 1 [HSV1]).

Intuitively, viruses capable of retrograde or anterograde axonal transport may experience selection

for synapse preservation rather than loss, particularly HSV1 which relies on latent reactivation for

communicability. Comparing CNS infections would provide a framework for understanding

molecular changes necessary for pruning-like mechanisms.

While C3 and Clq knockout mice demonstrate greater synaptic density compared to

wildtype mice, reciprocal experiments evaluating knockout or knockdown of surface-bound
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inhibitors (such as Crry) have yet to be performed. While increased levels of brain complement
are likely contributors to pathology under the highly inflammatory conditions of viral infection, it
is unclear if downregulation of complement regulatory molecules coupled with homeostatic
complement levels is equally capable of triggering synapse loss. Performing these studies would
clarify the contributions of both increased activation and decreased inhibition to pathology.
Establishment of these models is arduous due to embryonic lethality; however, such mice have

been previously generated but not had synaptic connectivity evaluated (119).
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Appendix Complement ELISA Reagents

Appendix Table 1 Capture Antibodies

Capture ab
# | Target . Catit/ .
Clonality/Host Manufacturer Dilution
1 Clq pab/Goat antisera A301 / Quidel 1:5,000
A213/
2 C3 pab/Goat antisera Complement 1:500
technology
. 341276/ .
3 CFH pab/Goat antisera Calbiochem 1:500
A238/
4 CFI pab/Goat antisera Complement 1:500
technology
5 CFB mAB/Mouse (clone KT21) ab110651/ 1:250
Abcam
7 C5 pab/Goat antisera A306 / Quidel 1:500
C6 pab/Goat antisera A307 / Quidel 1:500
Cc8 pab/Goat antisera A309 / Quidel 1:500
A227 /
11 SC5b-9 pab/Rabbit antisera Complement 1:500
technology
BPD-HYB-131-
12 Oligomer MBL mAB/Mouse (clone 3B6) 01/ Enzo Life 1:1,000
sciences
Part 842755 / .
13 Cha mAB/Mouse R&D systems 1:180
LS-C22276/ .
14 Cilr pab/Sheep 1gG L SBio 1:500
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Appendix Table 2 Standard Curve

Standard Curve

# Target Fold Stock
g (r?zjrrfi) dilution Mani?;it/urer conc. Serum dilution
9 (# points) (mg/mL)
1 Clq 200-0.2 2 (12) A400/Quidel 1 5,000-10,000X
2 c3 500-0.1 2 (12) A401/Quidel 1 20,000
3 CFH 1,000-1 2 (6) A410/Quidel 1 2,500-5,000X
4 CFI 4,000-4 21y | AL38/Complement 1 250-500X
technology
5 CFB 1,000-30 2 (6) A408/Quidel 1 1,250X
7 cs 1000-2 2 (10) A403/Quidel 1 500-1,000X
Ccé 10-0.01 2 (12) A404/Quidel 1 5,000X
cs 100-0.1 2 (12) A406/Quidel 1 1,000X
11 SC5b-9 1000-15 2(7) | AL27/Complement 1 25X-100X
technology
Oligomer 2307-MB/R&D
12 Bl 40-0.08 2 (10) ystoms 0.1 100X
13 Csa 0.2-0.03 2(7) | Part842iST/R&D | 55015 1,000X
Systems
14 Ccir 4,000-32 2@ | AL02/Complement 1 125-250X

technology
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Appendix Table 3 Detection Antibody

Detection ab

# Target . L

Clonality/Host Cat# / Manufacturer Format Dilution
1 Clq ma% “é‘;”se sc-53544/Santa Cruz Purified 1:4000
2 C3 pab/Rabbit 1gG ab48342/Abcam Biotin 1:1,000

mab/Mouse . )
3 CFH (clone OX23) ab17928/Abcam Purified 1:10,000
mab/Mouse
4 CFI IgG (clone NBPé;SISO()?iiQI\;OVUS Purified 1:1,000
9E11) g
5 CFB mabllggouse A712/Quidel Biotin 1:500
7 Cs maﬁ’g Miouse ab17457/Abcam Purified 1:5000
8 Cé mab(gg’use A219/Quidel Purified 1:1,000
9 cs mab(gg’use A249/Quidel Purified 1:1,000
11 SC5b-9 mab{ggouse A711/Quidel Biotin 1:500
. mab/Mouse
1p | Oligomer | o clone | BPP-HYB-131-01B/Enzo Biotin 1:2000
MBL Life sciences
3B6)

13 C5a mabllggouse Part 842756/R&D Systems Biotin 1:180
14 Cir mab/1gG2b MAB1807/R&D Systems Purified 1:250
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Appendix Table 4 HRP Conjugated Antibody

HRP-labeled protein

# Target o
Host Cat# / Manufacturer Dilution
1 Clq Goat 115-036-006/Jackson Imuno 1:2000
2 C3 Streptavidin S000-03/Rockland 1:20,000
3 CFH Goat 115-036-006/Jackson Imuno 1:2000
4 CFI Goat 115-036-006/Jackson Imuno 1:2000
5 CFB Streptavidin S000-03/Rockland 1:20,000
7 C5 Goat 115-036-006/Jackson Imuno 1:2000
C6 Goat 115-036-006/Jackson Imuno 1:2000
C8 Goat 115-036-006/Jackson Imuno 1:2000
11 SC5b-9 Streptavidin S000-03/Rockland 1:20,000
12 O','\%%Ter Streptavidin S000-03/Rockland 1:20,000
13 Cha Streptavidin S000-03/Rockland 1:20,000
14 Cilr Goat 115-036-006/Jackson Imuno 1:2000

59




10.

11.

Bibliography

Driggers RW, Ho C-Y, Korhonen EM, Kuivanen S, Jaaskeldinen AJ, Smura T, Rosenberg
A, Hill DA, DeBiasi RL, Vezina G, Timofeev J, Rodriguez FJ, Levanov L, Razak J,
lyengar P, Hennenfent A, Kennedy R, Lanciotti R, du Plessis A, Vapalahti O. 2016. Zika
Virus Infection with Prolonged Maternal Viremia and Fetal Brain Abnormalities. New
England Journal of Medicine 374:2142-2151.

Carteaux G, Maquart M, Bedet A, Contou D, Brugieres P, Fourati S, Cleret de Langavant
L, de Broucker T, Brun-Buisson C, Leparc-Goffart I, Mekontso Dessap A. 2016. Zika
Virus Associated with Meningoencephalitis. New England Journal of Medicine 374:1595-
1596.

Nascimento EJM, Silva AM, Cordeiro MT, Brito CA, Gil LHVG, Braga-Neto U, Marques
ETA. 2009. Alternative Complement Pathway Deregulation Is Correlated with Dengue
Severity. PLOS ONE 4:e6782.

Cabezas S, Bracho G, Aloia AL, Adamson PJ, Bonder CS, Smith JR, Gordon DL, Carr
JM. 2018. Dengue Virus Induces Increased Activity of the Complement Alternative
Pathway in Infected Cells. Journal of virology 92:e00633-18.

Shinjyo N, Stahlberg A, Dragunow M, Pekny M, Pekna M. 2009. Complement-Derived
Anaphylatoxin C3a Regulates In Vitro Differentiation and Migration of Neural Progenitor
Cells. 27:2824-2832.

Schafer Dorothy P, Lehrman Emily K, Kautzman Amanda G, Koyama R, Mardinly
Alan R, Yamasaki R, Ransohoff Richard M, Greenberg Michael E, Barres Ben A, Stevens
B. 2012. Microglia Sculpt Postnatal Neural Circuits in an Activity and Complement-
Dependent Manner. Neuron 74:691-705.

Carmona-Fontaine C, Theveneau E, Tzekou A, Tada M, Woods M, Page Karen M, Parsons
M, Lambris John D, Mayor R. 2011. Complement Fragment C3a Controls Mutual Cell
Attraction during Collective Cell Migration. Developmental Cell 21:1026-1037.

Vasek MJ, Garber C, Dorsey D, Durrant DM, Bollman B, Soung A, Yu J, Perez-Torres C,
Frouin A, Wilton DK, Funk K, DeMasters BK, Jiang X, Bowen JR, Mennerick S, Robinson
JK, Garbow JR, Tyler KL, Suthar MS, Schmidt RE, Stevens B, Klein RS. 2016. A
complement-microglial axis drives synapse loss during virus-induced memory
impairment. Nature 534:538.

Stevens B, Allen NJ, Vazquez LE, Howell GR, Christopherson KS, Nouri N, Micheva KD,
Mehalow AK, Huberman AD, Stafford B, Sher A, Litke Alan M, Lambris JD, Smith SJ,
John SWM, Barres BA. 2007. The Classical Complement Cascade Mediates CNS Synapse
Elimination. Cell 131:1164-1178.

Sekar A, Bialas AR, de Rivera H, Davis A, Hammond TR, Kamitaki N, Tooley K,
Presumey J, Baum M, Van Doren V, Genovese G, Rose SA, Handsaker RE, Schizophrenia
Working Group of the Psychiatric Genomics C, Daly MJ, Carroll MC, Stevens B,
McCarroll SA. 2016. Schizophrenia risk from complex variation of complement
component 4. Nature 530:177.

Ricklin D, Hajishengallis G, Yang K, Lambris JD. 2010. Complement: a key system for
immune surveillance and homeostasis. Nature Immunology 11:785.

60



12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Ricklin D, Lambris JD. 2013. Complement in immune and inflammatory disorders:
pathophysiological mechanisms. Journal of immunology (Baltimore, Md : 1950)
190:3831-3838.

Arbore G, West EE, Spolski R, Robertson AAB, Klos A, Rheinheimer C, Dutow P,
Woodruff TM, Yu ZX, O’Neill LA, Coll RC, Sher A, Leonard WJ, Koéhl J, Monk P, Cooper
MA, Arno M, Afzali B, Lachmann HJ, Cope AP, Mayer-Barber KD, Kemper C. 2016. T
helper 1 immunity requires complement-driven NLRP3 inflammasome activity in CD4+ T
cells. Science 352.

Liszewski MK, Kolev M, Le Friec G, Leung M, Bertram Paula G, Fara Antonella F, Subias
M, Pickering Matthew C, Drouet C, Meri S, Arstila TP, Pekkarinen Pirkka T, Ma M, Cope
A, Reinheckel T, Rodriguez de Cordoba S, Afzali B, Atkinson John P, Kemper C. 2013.
Intracellular Complement Activation Sustains T Cell Homeostasis and Mediates Effector
Differentiation. Immunity 39:1143-1157.

Lachmann P, Nicol PJAIitB. 1973. Studies on the C3b feedback cycle. 12:262-2609.
Lachmann P, Halbwachs LJC, immunology e. 1975. The influence of C3b inactivator
(KAF) concentration on the ability of serum to support complement activation. 21:109.
Wu X, Spitzer D, Mao D, Peng SL, Molina H, Atkinson JP. 2008. Membrane Protein Crry
Maintains Homeostasis of the Complement System. The Journal of Immunology 181:2732.
Amarilyo G, Verbovetski I, Atallah M, Grau A, Wiser G, Gil O, Ben-Neriah Y, Mevorach
D. 2010. iC3b-opsonized apoptotic cells mediate a distinct anti-inflammatory response and
transcriptional NF-kB-dependent blockade. European Journal of Immunology 40:699-709.
Kim DD, Song W-C. 2006. Membrane complement regulatory proteins. Clinical
Immunology 118:127-136.

Morgan BP. 2018. Complement in the pathogenesis of Alzheimer's disease. Seminars in
immunopathology 40:113-124.

Yin C, Ackermann S, Ma Z, Mohanta SK, Zhang C, Li Y, Nietzsche S, Westermann M,
Peng L, Hu D, Bontha SV, Srikakulapu P, Beer M, Megens RTA, Steffens S, Hildner M,
Halder LD, Eckstein H-H, Pelisek J, Herms J, Roeber S, Arzberger T, Borodovsky A,
Habenicht L, Binder CJ, Weber C, Zipfel PF, Skerka C, Habenicht AJR. 2019. ApoE
attenuates unresolvable inflammation by complex formation with activated C1q. Nature
Medicine 25:496-506.

Ma'Y, Liu Y, Zhang Z, Yang G-Y. 2019. Significance of Complement System in Ischemic
Stroke: A Comprehensive Review. Aging and disease 10:429-462.

Hammond JW, Bellizzi MJ, Ware C, Qiu WQ, Saminathan P, Li H, Luo S, Ma SA, Li Y,
Gelbard HA. 2020. Complement-dependent synapse loss and microgliosis in a mouse
model of multiple sclerosis. Brain, Behavior, and Immunity
doi:https://doi.org/10.1016/j.bbi.2020.03.004.

Alper CA, Johnson AM, Birtch AG, Moore FD. 1969. Human C'3: Evidence for the Liver
as the Primary Site of Synthesis. Science 163:286.

Gasque P, Fontaine M, Morgan BP. 1995. Complement expression in human brain.
Biosynthesis of terminal pathway components and regulators in human glial cells and cell
lines. The Journal of Immunology 154:4726.

Bialas AR, Stevens B. 2013. TGF-B signaling regulates neuronal Clq expression and
developmental synaptic refinement. Nature neuroscience 16:1773-1782.

61


https://doi.org/10.1016/j.bbi.2020.03.004

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Stephan AH, Barres BA, Stevens B. 2012. The Complement System: An Unexpected Role
in Synaptic Pruning During Development and Disease. Annual Review of Neuroscience
35:369-3809.

Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L, Bennett
ML, Miinch AE, Chung W-S, Peterson TC, Wilton DK, Frouin A, Napier BA, Panicker N,
Kumar M, Buckwalter MS, Rowitch DH, Dawson VL, Dawson TM, Stevens B, Barres
BA. 2017. Neurotoxic reactive astrocytes are induced by activated microglia. Nature
541:481.

Stahel PF, Morganti-Kossmann MC, Perez D, Redaelli C, Gloor B, Trentz O, Kossmann
T. 2001. Intrathecal Levels of Complement-Derived Soluble Membrane Attack Complex
(sC5b-9) Correlate with Blood—Brain Barrier Dysfunction in Patients with Traumatic Brain
Injury. Journal of Neurotrauma 18:773-781.

Pekna, Hietala, Landin, Nilsson, Lagerberg, Betsholtz, Pekny. 2001. Mice Deficient for the
Complement Factor B Develop and Reproduce Normally. Scandinavian Journal of
Immunology 47:375-380.

Gorelik A, Sapir T, Haffner-Krausz R, Olender T, Woodruff TM, Reiner O. 2017.
Developmental activities of the complement pathway in migrating neurons. Nature
Communications 8:15096.

Coulthard LG, Hawksworth OA, Li R, Balachandran A, Lee JD, Sepehrband F, Kurniawan
N, Jeanes A, Simmons DG, Wolvetang E, Woodruff TM. 2017. Complement C5aR1
Signaling Promotes Polarization and Proliferation of Embryonic Neural Progenitor Cells
through PKCC. The Journal of Neuroscience 37:5395.

Wang C, Yue H, Hu Z, Shen Y, Ma J, Li J, Wang X-D, Wang L, Sun B, Shi P, Wang L,
Gu Y. 2020. Microglia mediate forgetting via complement-dependent synaptic elimination.
Science 367:688.

Schafer DP, Lehrman EK, Stevens B. 2013. The “quad-partite” synapse: Microglia-
synapse interactions in the developing and mature CNS. Glia 61:24-36.

Lehrman EK, Wilton DK, Litvina EY, Welsh CA, Chang ST, Frouin A, Walker AJ, Heller
MD, Umemori H, Chen C, Stevens B. 2018. CD47 Protects Synapses from Excess
Microglia-Mediated Pruning during Development. Neuron 100:120-134.e6.

Fonseca MI, Chu S-H, Hernandez MX, Fang MJ, Modarresi L, Selvan P, MacGregor GR,
Tenner AJ. 2017. Cell-specific deletion of Clga identifies microglia as the dominant source
of C1qg in mouse brain. Journal of Neuroinflammation 14:48.

Gyorffy BA, Kun J, Torok G, Bulyaki E, Borhegyi Z, Gulyassy P, Kis V, Szocsics P,
Micsonai A, Matké J, Drahos L, Juhdsz G, Kékesi KA, Kardos J. 2018. Local apoptotic-
like mechanisms underlie complement-mediated synaptic pruning. Proceedings of the
National Academy of Sciences 115:6303.

Webster SD, Park M, Fonseca M1, Tenner AJ. 2000. Structural and functional evidence for
microglial expression of C1gRP, the C1q receptor that enhances phagocytosis. Journal of
Leukocyte Biology 67:109-116.

Werneburg S, Jung J, Kunjamma RB, Ha S-K, Luciano NJ, Willis CM, Gao G, Biscola
NP, Havton LA, Crocker SJ, Popko B, Reich DS, Schafer DP. 2020. Targeted Complement
Inhibition at Synapses Prevents Microglial Synaptic Engulfment and Synapse Loss in
Demyelinating Disease. Immunity 52:167-182.e7.

Adams Waldorf KM, Nelson BR, Stencel-Baerenwald JE, Studholme C, Kapur RP,
Armistead B, Walker CL, Merillat S, Vornhagen J, Tisoncik-Go J, Baldessari A, Coleman

62



41.

42.

43.

44,

45.

46.

47.

48.

49.

M, Dighe MK, Shaw DWW, Roby JA, Santana-Ufret V, Boldenow E, Li J, Gao X, Davis
MA, Swanstrom JA, Jensen K, Widman DG, Baric RS, Medwid JT, Hanley KA, Ogle J,
Gough GM, Lee W, English C, Durning WM, Thiel J, Gatenby C, Dewey EC, Fairgrieve
MR, Hodge RD, Grant RF, Kuller L, Dobyns WB, Hevner RF, Gale M, Jr., Rajagopal L.
2018. Congenital Zika virus infection as a silent pathology with loss of neurogenic output
in the fetal brain. Nature medicine 24:368-374.

Chimelli L, Moura Pone S, Avvad-Portari E, Farias Meira VVasconcelos Z, Araudjo Zin A,
Prado Cunha D, Raposo Thompson N, Lopes Moreira ME, Wiley CA, da Silva Pone MV.
2018. Persistence of Zika Virus After Birth: Clinical, Virological, Neuroimaging, and
Neuropathological Documentation in a 5-Month Infant With Congenital Zika Syndrome.
Journal of Neuropathology & Experimental Neurology 77:193-198.

Figueiredo CP, Barros-Aragdo FGQ, Neris RLS, Frost PS, Soares C, Souza INO, Zeidler
JD, Zamberlan DC, de Sousa VL, Souza AS, Guimardes ALA, Bellio M, Marcondes de
Souza J, Alves-Leon SV, Neves GA, Paula-Neto HA, Castro NG, De Felice FG, Assun¢ao-
Miranda I, Clarke JR, Da Poian AT, Ferreira ST. 2019. Zika virus replicates in adult human
brain tissue and impairs synapses and memory in mice. Nature Communications 10:3890.
Musso D, Ko Al, Baud D. 2019. Zika Virus Infection — After the Pandemic. New England
Journal of Medicine 381:1444-1457.

Malik S, Vinukonda G, Vose LR, Diamond D, Bhimavarapu BBR, Hu F, Zia MT, Hevner
R, Zecevic N, Ballabh P. 2013. Neurogenesis Continues in the Third Trimester of
Pregnancy and Is Suppressed by Premature Birth. The Journal of Neuroscience 33:411.
Mlakar J, Korva M, Tul N, Popovi¢ M, Poljsak-Prijatelj M, Mraz J, Kolenc M, Resman
Rus K, Vesnaver Vipotnik T, Fabjan Vodusek V, Vizjak A, Pizem J, Petrovec M, AvSic¢
Zupanc T. 2016. Zika Virus Associated with Microcephaly. New England Journal of
Medicine 374:951-958.

Nem de Oliveira Souza I, Frost PS, Franga JV, Nascimento-Viana JB, Neris RLS, Freitas
L, Pinheiro DJLL, Nogueira CO, Neves G, Chimelli L, De Felice FG, Cavalheiro EA,
Ferreira ST, Assuncdo-Miranda I, Figueiredo CP, Da Poian AT, Clarke JR. 2018. Acute
and chronic neurological consequences of early-life Zika virus infection in mice. Science
Translational Medicine 10:eaar2749.

Mavigner M, Raper J, Kovacs-Balint Z, Gumber S, O'Neal JT, Bhaumik SK, Zhang X,
Habib J, Mattingly C, McDonald CE, Avanzato V, Burke MW, Magnani DM, Bailey VK,
Watkins DI, Vanderford TH, Fair D, Earl E, Feczko E, Styner M, Jean SM, Cohen JK,
Silvestri G, Johnson RP, O'Connor DH, Wrammert J, Suthar MS, Sanchez MM, Alvarado
MC, Chahroudi A. 2018. Postnatal Zika virus infection is associated with persistent
abnormalities in brain structure, function, and behavior in infant macaques. Science
translational medicine 10:eaa06975.

Brito Ferreira ML, Antunes de Brito CA, Moreira AJP, de Morais Machado Mi, Henriques-
Souza A, Cordeiro MT, de Azevedo Marques ET, Pena LJ. 2017. Guillain—Barré
Syndrome, Acute Disseminated Encephalomyelitis and Encephalitis Associated with Zika
Virus Infection in Brazil: Detection of Viral RNA and Isolation of Virus during Late
Infection. 97:1405-1409.

Soares CN, Brasil P, Carrera RM, Sequeira P, de Filippis AB, Borges VA, Theophilo F,
Ellul MA, Solomon T. 2016. Fatal encephalitis associated with Zika virus infection in an
adult. Journal of Clinical Virology 83:63-65.

63



50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

Bido-Medina R, Wirsich J, Rodriguez M, Oviedo J, Miches I, Bido P, Tusen L, Stoeter P,
Sadaghiani S. 2018. Impact of Zika Virus on adult human brain structure and functional
organization. Annals of clinical and translational neurology 5:752-762.

Garber C, Soung A, Vollmer LL, Kanmogne M, Last A, Brown J, Klein RS. 2019. T cells
promote microglia-mediated synaptic elimination and cognitive dysfunction during
recovery from neuropathogenic flaviviruses. Nature Neuroscience 22:1276-1288.
Garcia-Rivera EJ, Rigau-Pérez JG. 2002. Encephalitis and dengue. The Lancet 360:261.
Barnett ED. 2007. Yellow Fever: Epidemiology and Prevention. Clinical Infectious
Diseases 44:850-856.

Puerta-Guardo H, Glasner DR, Espinosa DA, Biering SB, Patana M, Ratnasiri K, Wang C,
Beatty PR, Harris E. 2019. Flavivirus NS1 Triggers Tissue-Specific Vascular Endothelial
Dysfunction Reflecting Disease Tropism. Cell Reports 26:1598-1613.e8.

Wang C, Puerta-Guardo H, Biering SB, Glasner DR, Tran EB, Patana M, Gomberg TA,
Malvar C, Lo NTN, Espinosa DA, Harris E. 2019. Endocytosis of flavivirus NS1 is
required for NS1-mediated endothelial hyperpermeability and is abolished by a single N-
glycosylation site mutation. PLOS Pathogens 15:e1007938.

Jurado KA, Yockey LJ, Wong PW, Lee S, Huttner AJ, Iwasaki A. 2018. Antiviral CD8 T
cells induce Zika-virus-associated paralysis in mice. Nature Microbiology 3:141-147.
Mladinich MC, Schwedes J, Mackow ER. 2017. Zika Virus Persistently Infects and Is
Basolaterally Released from Primary Human Brain Microvascular Endothelial Cells. mBio
8:e00952-17.

Papa MP, Meuren LM, Coelho SVA, Lucas CGdO, Mustafd YM, Lemos Matassoli F,
Silveira PP, Frost PS, Pezzuto P, Ribeiro MR, Tanuri A, Nogueira ML, Campanati L,
Bozza MT, Paula Neto HA, Pimentel-Coelho PM, Figueiredo CP, de Aguiar RS, de Arruda
LB. 2017. Zika Virus Infects, Activates, and Crosses Brain Microvascular Endothelial
Cells, without Barrier Disruption. Frontiers in Microbiology 8:2557.

Leda AR, Bertrand L, Andras IE, El-Hage N, Nair M, Toborek M. 2019. Selective
Disruption of the Blood—Brain Barrier by Zika Virus. 10.

Shao Q, Herrlinger S, Yang S-L, Lai F, Moore JM, Brindley MA, Chen J-F. 2016. Zika
virus infection disrupts neurovascular development and results in postnatal microcephaly
with brain damage. Development (Cambridge, England) 143:4127-4136.

Cugola FR, Fernandes IR, Russo FB, Freitas BC, Dias JLM, Guimaraes KP, Benazzato C,
Almeida N, Pignatari GC, Romero S, Polonio CM, Cunha I, Freitas CL, Branddo WN,
Rossato C, Andrade DG, Faria DdP, Garcez AT, Buchpigel CA, Braconi CT, Mendes E,
Sall AA, Zanotto PMdA, Peron JPS, Muotri AR, Beltrdo-Braga PCB. 2016. The Brazilian
Zika virus strain causes birth defects in experimental models. Nature 534:267.

Li H, Saucedo-Cuevas L, Regla-Nava JA, Chai G, Sheets N, Tang W, Terskikh AV,
Shresta S, Gleeson JG. 2016. Zika Virus Infects Neural Progenitors in the Adult Mouse
Brain and Alters Proliferation. Cell stem cell 19:593-598.

Martinot AJ, Abbink P, Afacan O, Prohl AK, Bronson R, Hecht JL, Borducchi EN, Larocca
RA, Peterson RL, Rinaldi W, Ferguson M, Didier PJ, Weiss D, Lewis MG, De La Barrera
RA, Yang E, Warfield SK, Barouch DH. 2018. Fetal Neuropathology in Zika Virus-
Infected Pregnant Female Rhesus Monkeys. Cell 173:1111-1122.e10.

Muffat J, Li Y, Omer A, Durbin A, Bosch I, Bakiasi G, Richards E, Meyer A, Gehrke L,
Jaenisch R. 2018. Human induced pluripotent stem cell-derived glial cells and neural

64



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

progenitors display divergent responses to Zika and dengue infections. Proceedings of the
National Academy of Sciences 115:7117.

Lum F-M, Low DKS, Fan Y, Tan JJL, Lee B, Chan JKY, Rénia L, Ginhoux F, Ng LFP.
2017. Zika Virus Infects Human Fetal Brain Microglia and Induces Inflammation. Clinical
Infectious Diseases 64:914-920.

Aid M, Abbink P, Larocca RA, Boyd M, Nityanandam R, Nanayakkara O, Martinot AJ,
Moseley ET, Blass E, Borducchi EN, Chandrashekar A, Brinkman AL, Molloy K, Jetton
D, Tartaglia LJ, Liu J, Best K, Perelson AS, De La Barrera RA, Lewis MG, Barouch DH.
2017. Zika Virus Persistence in the Central Nervous System and Lymph Nodes of Rhesus
Monkeys. Cell 169:610-620.e14.

Cumberworth SL, Barrie JA, Cunningham ME, de Figueiredo DPG, Schultz V, Wilder-
Smith AJ, Brennan B, Pena LJ, Freitas de Oliveira Frangca R, Linington C, Barnett SC,
Willison HJ, Kohl A, Edgar JM. 2017. Zika virus tropism and interactions in myelinating
neural cell cultures: CNS cells and myelin are preferentially affected. Acta
Neuropathologica Communications 5:50.

Tang H, Hammack C, Ogden Sarah C, Wen Z, Qian X, Li Y, Yao B, Shin J, Zhang F, Lee
Emily M, Christian Kimberly M, Didier Ruth A, Jin P, Song H, Ming G-I. 2016. Zika Virus
Infects Human Cortical Neural Progenitors and Attenuates Their Growth. Cell Stem Cell
18:587-590.

Gabriel E, Ramani A, Karow U, Gottardo M, Natarajan K, Gooi LM, Goranci-Buzhala G,
Krut O, Peters F, Nikolic M, Kuivanen S, Korhonen E, Smura T, Vapalahti O, Papantonis
A, Schmidt-Chanasit J, Riparbelli M, Callaini G, Krénke M, Utermohlen O,
Gopalakrishnan J. 2017. Recent Zika Virus Isolates Induce Premature Differentiation of
Neural Progenitors in Human Brain Organoids. Cell Stem Cell 20:397-406.e5.

Devhare P, Meyer K, Steele R, Ray RB, Ray R. 2017. Zika virus infection dysregulates
human neural stem cell growth and inhibits differentiation into neuroprogenitor cells. Cell
Death & Disease 8:€3106-e3106.

Dang J, Tiwari SK, Lichinchi G, Qin Y, Patil Veena S, Eroshkin Alexey M, Rana Tariq M.
2016. Zika Virus Depletes Neural Progenitors in Human Cerebral Organoids through
Activation of the Innate Immune Receptor TLR3. Cell Stem Cell 19:258-265.

Huang WC, Abraham R, Shim B-S, Choe H, Page DT. 2016. Zika virus infection during
the period of maximal brain growth causes microcephaly and corticospinal neuron
apoptosis in wild type mice. Scientific Reports 6:34793.

Bartfai T, Schultzberg M. 1993. Cytokines in neuronal cell types. Neurochemistry
International 22:435-444.

Grant A, Ponia Sanket S, Tripathi S, Balasubramaniam V, Miorin L, Sourisseau M,
Schwarz Megan C, Sanchez-Seco Mari P, Evans Matthew J, Best Sonja M, Garcia-Sastre
A. 2016. Zika Virus Targets Human STAT2 to Inhibit Type I Interferon Signaling. Cell
Host & Microbe 19:882-890.

Lindgvist R, Mundt F, Gilthorpe JD, Wolfel S, Gekara NO, Krdger A, Overby AK. 2016.
Fast type | interferon response protects astrocytes from flavivirus infection and virus-
induced cytopathic effects. Journal of neuroinflammation 13:277-277.

Lubick KJ, Robertson SJ, McNally KL, Freedman BA, Rasmussen AL, Taylor RT, Walts
AD, Tsuruda S, Sakai M, Ishizuka M, Boer EF, Foster EC, Chiramel Al, Addison CB,
Green R, Kastner DL, Katze MG, Holland SM, Forlino A, Freeman AF, Boehm M, Y oshii

65



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

K, Best SM. 2015. Flavivirus Antagonism of Type I Interferon Signaling Reveals Prolidase
as a Regulator of IFNAR1 Surface Expression. Cell host & microbe 18:61-74.

Salgado DM, Vega R, Rodriguez JA, Nifio A, Rodriguez R, Ortiz A, DeLaura I, Bosch |,
Narvéez CF. 2020. Clinical, laboratory and immune aspects of Zika virus-associated
encephalitis in children. International Journal of Infectious Diseases 90:104-110.

Olmo IG, Carvalho TG, Costa VV, Alves-Silva J, Ferrari CZ, Izidoro-Toledo TC, da Silva
JF, Teixeira AL, Souza DG, Marques JT, Teixeira MM, Vieira LB, Ribeiro FM. 2017. Zika
Virus Promotes Neuronal Cell Death in a Non-Cell Autonomous Manner by Triggering the
Release of Neurotoxic Factors. Frontiers in Immunology 8:1016.

Manangeeswaran M, Ireland DDC, Verthelyi D. 2016. Zika (PRVABC59) Infection Is
Associated with T cell Infiltration and Neurodegeneration in CNS of Immunocompetent
Neonatal C57BI/6 Mice. PLOS Pathogens 12:e1006004.

Jhan M-K, Tsai T-T, Chen C-L, Tsai C-C, Cheng Y-L, Lee Y-C, Ko C-Y, Lin Y-S, Chang
C-P, Lin L-T, Lin C-F. 2017. Dengue virus infection increases microglial cell migration.
Scientific reports 7:91-91.

Tsai T-T, Chen C-L, Lin Y-S, Chang C-P, Tsai C-C, Cheng Y-L, Huang C-C, Ho C-J, Lee
Y-C, Lin L-T, Jhan M-K, Lin C-F. 2016. Microglia retard dengue virus-induced acute viral
encephalitis. Scientific reports 6:27670-27670.

Avirutnan P, Hauhart RE, Marovich MA, Garred P, Atkinson JP, Diamond MS. 2011.
Complement-Mediated Neutralization of Dengue Virus Requires Mannose-Binding
Lectin. mBio 2:e00276-11.

Conde JN, da Silva EM, Allonso D, Coelho DR, Andrade 1dS, de Medeiros LN, Menezes
JL, Barbosa AS, Mohana-Borges R. 2016. Inhibition of the Membrane Attack Complex by
Dengue Virus NS1 through Interaction with Vitronectin and Terminal Complement
Proteins. Journal of Virology 90:9570-9581.

Silva EM, Conde JN, Allonso D, Nogueira ML, Mohana-Borges R. 2013. Mapping the
interactions of dengue virus NS1 protein with human liver proteins using a yeast two-
hybrid system: identification of C1q as an interacting partner. PloS one 8:e57514-e57514.
Schiela B, Bernklau S, Malekshahi Z, Deutschmann D, Koske I, Banki Z, Thielens NM,
Wirzner R, Speth C, Weiss G, Stiasny K, Steinmann E, Stoiber H. 2018. Active Human
Complement Reduces the Zika Virus Load via Formation of the Membrane-Attack
Complex. 9.

Shah PS, Link N, Jang GM, Sharp PP, Zhu T, Swaney DL, Johnson JR, Von Dollen J,
Ramage HR, Satkamp L, Newton B, Hiittenhain R, Petit MJ, Baum T, Everitt A, Laufman
O, Tassetto M, Shales M, Stevenson E, Iglesias GN, Shokat L, Tripathi S,
Balasubramaniam V, Webb LG, Aguirre S, Willsey AJ, Garcia-Sastre A, Pollard KS,
Cherry S, Gamarnik AV, Marazzi |, Taunton J, Fernandez-Sesma A, Bellen HJ, Andino R,
Krogan NJ. 2018. Comparative Flavivirus-Host Protein Interaction Mapping Reveals
Mechanisms of Dengue and Zika Virus Pathogenesis. Cell 175:1931-1945.e18.

Avirutnan P, Fuchs A, Hauhart RE, Somnuke P, Youn S, Diamond MS, Atkinson JP. 2010.
Antagonism of the complement component C4 by flavivirus nonstructural protein NS1.
The Journal of Experimental Medicine 207:793.

Chung KM, Liszewski MK, Nybakken G, Davis AE, Townsend RR, Fremont DH,
Atkinson JP, Diamond MS. 2006. West Nile virus nonstructural protein NS1 inhibits
complement activation by binding the regulatory protein factor H. Proceedings of the
National Academy of Sciences 103:19111.

66



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Mehlhop E, Diamond MS. 2006. Protective immune responses against West Nile virus are
primed by distinct complement activation pathways. The Journal of Experimental
Medicine 203:1371-1381.

Mehlhop E, Whitby K, Oliphant T, Marri A, Engle M, Diamond MS. 2005. Complement
Activation Is Required for Induction of a Protective Antibody Response against West Nile
Virus Infection. Journal of Virology 79:7466.

Fuchs A, Pinto AK, Schwaeble WJ, Diamond MS. 2011. The lectin pathway of
complement activation contributes to protection from West Nile virus infection. Virology
412:101-109.

Marinho CF, Azeredo EL, Torrentes-Carvalho A, Marins-Dos-Santos A, Kubelka CF, de
Souza LJ, Cunha RV, de-Oliveira-Pinto LM. 2014. Down-Regulation of Complement
Receptors on the Surface of Host Monocyte Even as In Vitro Complement Pathway
Blocking Interferes in Dengue Infection. PLOS ONE 9:¢102014.

Avirutnan P, Punyadee N, Noisakran S, Komoltri C, Thiemmeca S, Auethavornanan K,
Jairungsri A, Kanlaya R, Tangthawornchaikul N, Puttikhunt C, Pattanakitsakul S-n,
Yenchitsomanus P-t, Mongkolsapaya J, Kasinrerk W, Sittisombut N, Husmann M, Blettner
M, Vasanawathana S, Bhakdi S, Malasit P. 2006. Vascular Leakage in Severe Dengue
Virus Infections: A Potential Role for the Nonstructural Viral Protein NS1 and
Complement. The Journal of Infectious Diseases 193:1078-1088.

Koma T, Veljkovic V, Anderson DE, Wang L-F, Rossi SL, Shan C, Shi P-Y, Beasley DW,
Bukreyeva N, Smith JN, Hallam S, Huang C, von Messling V, Paessler S. 2018. Zika virus
infection elicits auto-antibodies to C1q. Scientific Reports 8:1882.

Yoon K-J, Song G, Qian X, Pan J, Xu D, Rho H-S, Kim N-S, Habela C, Zheng L, Jacob F,
Zhang F, Lee EM, Huang W-K, Ringeling FR, Vissers C, Li C, Yuan L, Kang K, Kim S,
Yeo J, Cheng Y, Liu S, Wen Z, Qin C-F, Wu Q, Christian KM, Tang H, Jin P, Xu Z, Qian
J, Zhu H, Song H, Ming G-l. 2017. Zika-Virus-Encoded NS2A Disrupts Mammalian
Cortical Neurogenesis by Degrading Adherens Junction Proteins. Cell Stem Cell 21:349-
358.¢e6.

Di Liberto G, Pantelyushin S, Kreutzfeldt M, Page N, Musardo S, Coras R, Steinbach K,
Vincenti I, Klimek B, Lingner T, Salinas G, Lin-Marq N, Staszewski O, Costa Jorddo MJ,
Wagpner I, Egervari K, Mack M, Bellone C, Bliimcke I, Prinz M, Pinschewer DD, Merkler
D. 2018. Neurons under T Cell Attack Coordinate Phagocyte-Mediated Synaptic Stripping.
Cell 175:458-471.e19.

Morgan BP, Harris CL. 2015. Complement, a target for therapy in inflammatory and
degenerative diseases. Nature Reviews Drug Discovery 14:857-877.

Gasque P, Julen N, Ischenko AM, Picot C, Mauger C, Chauzy C, Ripoche J, Fontaine M.
1992. Expression of complement components of the alternative pathway by glioma cell
lines. The Journal of Immunology 149:1381.

Gasque P, Thomas A, Fontaine M, Morgan BP. 1996. Complement activation on human
neuroblastoma cell lines in vitro: route of activation and expression of functional
complement regulatory proteins. Journal of Neuroimmunology 66:29-40.

Yakoub AM, Sadek M. 2018. Development and Characterization of Human Cerebral
Organoids: An Optimized Protocol. Cell transplantation 27:393-406.

R Core Team. 2019. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria.

67



102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Sénchez-San Martin C, Li T, Bouquet J, Streithorst J, Yu G, Paranjpe A, Chiu CY. 2018.
Differentiation enhances Zika virus infection of neuronal brain cells. Scientific Reports
8:14543.

Modhiran N, Watterson D, Muller DA, Panetta AK, Sester DP, Liu L, Hume DA, Stacey
KJ, Young PR. 2015. Dengue virus NS1 protein activates cells via Toll-like receptor 4 and
disrupts endothelial cell monolayer integrity. Science Translational Medicine 7:304ral42.
Luplertlop N, Suwanmanee S, Muangkaew W, Ampawong S, Kitisin T, Poovorawan Y.
2017. The impact of Zika virus infection on human neuroblastoma (SH-SY5Y) cell line.
Journal of Vector Borne Diseases 54:207.

Hughes BW, Addanki KC, Sriskanda AN, McLean E, Bagasra O. 2016. Infectivity of
Immature Neurons to Zika Virus: A Link to Congenital Zika Syndrome. EBioMedicine
10:65-70.

Pio R, Ajona D, Lambris JD. 2013. Complement inhibition in cancer therapy. Seminars in
immunology 25:54-64.

Sohn J-H, Bora PS, Suk H-J, Molina H, Kaplan HJ, Bora NS. 2003. Tolerance is dependent
on complement C3 fragment iC3b binding to antigen-presenting cells. Nature medicine
9:206-212.

Kraemer MUG, Reiner RC, Brady OJ, Messina JP, Gilbert M, Pigott DM, Yi D, Johnson
K, Earl L, Marczak LB, Shirude S, Davis Weaver N, Bisanzio D, Perkins TA, Lai S, Lu X,
Jones P, Coelho GE, Carvalho RG, Van Bortel W, Marsboom C, Hendrickx G, Schaffner
F, Moore CG, Nax HH, Bengtsson L, Wetter E, Tatem AJ, Brownstein JS, Smith DL,
Lambrechts L, Cauchemez S, Linard C, Faria NR, Pybus OG, Scott TW, Liu Q, Yu H,
Wint GRW, Hay SI, Golding N. 2019. Past and future spread of the arbovirus vectors
Aedes aegypti and Aedes albopictus. Nature Microbiology 4:854-863.

Black A, Moncla LH, Laiton-Donato K, Potter B, Pardo L, Rico A, Tovar C, Rojas DP,
Longini IM, Halloran ME, Peldez-Carvajal D, Ramirez JD, Mercado-Reyes M, Bedford T.
2019. Genomic epidemiology supports multiple introductions and cryptic transmission of
Zika virus in Colombia. BMC Infectious Diseases 19:963.

Grubaugh ND, Saraf S, Gangavarapu K, Watts A, Tan AL, Oidtman RJ, Ladner JT,
Oliveira G, Matteson NL, Kraemer MUG, Vogels CBF, Hentoff A, Bhatia D, Stanek D,
Scott B, Landis V, Stryker I, Cone MR, Kopp EWIV, Cannons AC, Heberlein-Larson L,
White S, Gillis LD, Ricciardi MJ, Kwal J, Lichtenberger PK, Magnani DM, Watkins DI,
Palacios G, Hamer DH, Gardner LM, Perkins TA, Baele G, Khan K, Morrison A, Isern S,
Michael SF, Andersen KG. 2019. Travel Surveillance and Genomics Uncover a Hidden
Zika Outbreak during the Waning Epidemic. Cell 178:1057-1071.e11.

Moore CA, Staples J, Dobyns WB, et al. 2017. Characterizing the pattern of anomalies in
congenital zika syndrome for pediatric clinicians. JAMA Pediatrics 171:288-295.
Anastacio QS, Diane IMC, Luciano MF, Fernanda MCA, Emilia TS, José Telmo V-J,
Dionne BR, Maria ELM, Pedro DTS, Marialva TFA, Richard DP, Mary EW, Margarida
MLP. 2017. Postmortem Findings for 7 Neonates with Congenital Zika Virus Infection.
Emerging Infectious Disease journal 23:1164.

Muller WJ, Mulkey SB. 2019. Lessons about early neurodevelopment in children exposed
to ZIKV in utero. Nature Medicine 25:1192-1193.

Bailey DB, Jr., Ventura LO. 2018. The Likely Impact of Congenital Zika Syndrome on
Families: Considerations for Family Supports and Services. Pediatrics 141:S180-5187.

68



115.

116.

117.

118.

119.

Azevedo RSS, de Sousa JR, Araujo MTF, Martins Filho AJ, de Alcantara BN, Araujo
FMC, Queiroz MGL, Cruz ACR, Vasconcelos BHB, Chiang JO, Martins LC, Casseb
LMN, da Silva EV, Carvalho VL, Vasconcelos BCB, Rodrigues SG, Oliveira CS,
Quaresma JAS, Vasconcelos PFC. 2018. In situ immune response and mechanisms of cell
damage in central nervous system of fatal cases microcephaly by Zika virus. Scientific
Reports 8:1.

Alawieh A, Elvington A, Tomlinson S. 2015. Complement in the Homeostatic and
Ischemic Brain. Frontiers in immunology 6:417-417.

Stricker RB, Savely VR, Motanya NC, Giclas PC. 2009. Complement Split Products C3a
and C4a in Chronic Lyme Disease. Scandinavian Journal of Immunology 69:64-69.

Liu F, Dai S, Gordon J, Qin X. 2014. Complement and HIV-I infection/HIV-associated
neurocognitive disorders. Journal of neurovirology 20:184-198.

Wu X, Spitzer D, Mao D, Peng SL, Molina H, Atkinson JP. 2008. Membrane protein Crry
maintains homeostasis of the complement system. Journal of immunology (Baltimore, Md
: 1950) 181:2732-2740.

69



	Title Page
	Committee Page
	Abstract
	Table of Contents
	List of Tables
	List of Figures
	Preface
	1.0 Introduction
	Figure 1 Distinct Roles for Complement in Immunity and Neurodevelopment Interact in the CNS
	1.1 Complement: Multiple Functions in the Immune System and CNS
	1.1.1 Complement in the Periphery
	Figure 2 Overview of the Complement System

	1.1.2 Complement in the Brain
	Figure 3 Synaptic Pruning Relies on Elements of the Complement System


	1.2 Flaviviruses
	1.2.1 Clinical Spectrum of Zika CNS Infection
	Figure 4 Clinical Manifestations of Zika Infection

	1.2.2 Zika virus tropism in the brain
	1.2.3 Flavivirus immunity in the matured brain
	1.2.4 Role of Complement in Flaviviral Pathogenicity
	Table 1 Flavivirus Non-structural Protein 1 Interactions with Complement


	1.3 Translational Prospects

	2.0 Statement of the Project
	3.0 Specific Aims
	3.1 Specific Aim 1. Identify appropriate in vitro models for assessing complement-virus interactions.
	3.2 Specific Aim 2. Assess viral induced changes in the complement system due to Zika infection.
	3.3 Specific Aim 3. Identify mechanisms linking changes in complement-associated proteins to pathology.

	4.0 Methods
	4.1 Complement Protein Elisas
	4.2 ZIKV NS1 Complement Binding Elisas
	4.3 Cell Culture
	4.4 Flow Cytometry for Complement Related Proteins
	4.5 Imaging Studies
	4.6 Statistical Analysis

	5.0 Results
	5.1 Specific Aim 1. Identify appropriate in vitro models for assessing complement-virus interactions.
	5.1.1 Complement protein levels in CNS cell models
	Figure 5 Detection of Complement Proteins in media of CNS Cell Lines
	Figure 6 Co-culture of Stem Cell-derived CNS Cells Alters C3 Levels in Supernatant

	5.1.2 Complement receptors and regulators in SH SY5Y, HMC3, and hNPCs
	Figure 7 Cell Surface Complement Regulators on SH SY5Y, HMC3, and hNPCs
	Figure 8 Complement-related Proteins on SH SY5Y Cells

	5.1.3 Infection of HMC3 with ZIKV
	Figure 9 ZIKV Infection of HMC3
	Figure 10 ZIKV Cytopathic Effect in HMC3 Cells

	5.1.4 Establishment of an SH SY5Y / HMC3 co-culture
	Figure 11 Inclusion of an Astrocytic Cell Line Leads to Cellular Aggregates


	5.2 Specific Aim 2. Assess viral induced changes in the complement system due to Zika infection.
	5.2.1 ZIKV-induced changes in soluble C3 levels
	Figure 12 C3 Levels during ZIKV Infection of HMC3 and Co-cultures

	5.2.2 ZIKV-induced changes in surface-bound complement-related proteins
	Figure 13 Changes in CD11b, CD46, and CD59 in Infected HMC3 Cells
	Figure 14 Gating Strategy for Analysis of ZIKV-Infected Co-cultures
	Figure 15 Changes in Cell Surface Complement Regulators CD46, CD55, and CD59 During ZIKV Infection


	5.3 Specific Aim 3. Identify mechanisms linking changes in complement-associated proteins to pathology.
	5.3.1 Visualization of C3d and iC3b deposition on co-cultures
	Figure 16 Immunostaining for C3d on ZIKV-infected Co-cultures
	Figure 17 Immunostaining for iC3b on ZIKV-infected Co-cultures

	5.3.2 Evaluation of binding between ZIKV NS1 and complement proteins
	Figure 18 ZIKV NS1 Binding of Complement Proteins

	5.3.3 Exposure of SH SY5Y and HMC3 to purified recombinant ZIKV NS1
	Figure 19 ZIKV NS1 Treatment of SH SY5Y and HMC3 Cells



	6.0 Discussion
	Figure 20 Changes in Surface-bound Complement Inhibitors During ZIKV Infection

	7.0 Public Health Significance
	8.0 Future Directions
	Appendix Complement ELISA Reagents
	Appendix Table 1 Capture Antibodies
	Appendix Table 2 Standard Curve
	Appendix Table 3 Detection Antibody
	Appendix Table 4 HRP Conjugated Antibody

	Bibliography



