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T
he 1999 outbreak of mosquito-
borne West Nile virus (WNV)
in New York City (1) and its
subsequent hemispheric spread

by infected migratory birds have been
met by urgency for new knowledge
about this f lavivirus. WNV is closely
related to a number of other medically
important flaviviruses that include the
family’s prototype, the storied yellow
fever virus (YFV; flavi means yellow),
dengue virus (DV), and the Japanese
encephalitis and tick-borne encephalitis
(TBE) viruses. Much of what we know
about flavivirus epidemiology, biology,
and pathogenesis derives from collective
observations made about these particu-
lar flaviviruses. They exhibit both dis-
tinctive and shared clinical expression,
and their biology appears to be more
similar than dissimilar, so that lessons
learned from one are likely to apply to
the others. The flavivirus single-strand,
positive-sense RNA genome encodes
three structural (capsid, matrix, and en-
velope) and seven nonstructural (NS)
proteins (2). Considerable attention has
naturally been directed at the biology of
the flavivirus envelope E protein be-
cause it subserves virus attachment and
neutralization. E protein atomic struc-
ture has been solved for TBE, DV, and
WNV, elegantly informing us about fla-
viviral entry mechanisms and how neu-
tralizing antibodies protect (3–5). In the
course of screening YFV monoclonal
antibodies for protective activity in mice
a number of years ago, investigators
were quite surprised to find that, in ad-
dition to protective anti-YFV E mono-
clonal antibodies, passive transfer of
some monoclonal antibodies against
YFV NS1 glycoprotein (then known as
‘‘gp48’’) protected mice against YFV
encephalitis (6, 7). Remarkably, active
immunization with YFV NS1 also pro-
tected monkeys against classic yellow
fever (8). The work of Chung et al. (9)
in this issue of PNAS brings us yet an-
other surprise about NS1 that may en-
hance our knowledge of flavivirus
pathogenesis and immunity: WNV NS1
is reported to exhibit an immunomodu-
latory function by regulating comple-
ment activity.

NS1 is a highly conserved, �48-kDa
glycoprotein that is essential for flavi-
virus RNA replication, although its
precise function remains poorly defined

(10, 11). It exists in the cell as a heat-
labile homodimer that associates with
cellular organelle membranes and is
transported to the mammalian cell sur-
face (12, 13) where it is vulnerable to
immunological recognition. NS1 is also
secreted by flavivirus-infected mamma-
lian cells as a soluble hexamer (14, 15).
DV NS1 is efficiently endocytosed by
liver cells after i.v. injection of normal
mice, and it associates with the surface
of cultured normal human liver cells by
an as-yet-undefined mechanism (16). It
accumulates in late endosomes of cul-
tured liver cells where it is quite resis-
tant to degradation; remarkably, DV
NS1 pretreatment also appears to en-
hance DV replication (16). Copious
amounts of NS1 circulate in DV-
infected patients (17, 18) in whom NS1
blood levels have been shown to corre-
late with disease severity (19). Microvas-
cular leakage in such patients has been
linked to complement activation by
NS1–antibody complexes (20). Similarly,
NS1 and WNV cocirculate early in the
course of experimental infection in ham-
sters where NS1 abundance also corre-
lates with disease severity (21). It seems
highly probable that the same holds true
for other flavivirus infections as well.

In the normal host, potentially neuro-
invasive WNV faces the interactive
mechanisms of the innate and adaptive
immune systems. In mice, WNV appears
to be susceptible to all three comple-
ment pathways, i.e., classical, lectin, and
alternative, through the influence of
individual complement activation com-
ponents on adaptive immune responses
and possibly by direct virolysis (22).
Importantly, there is evidence that com-
plement deficiencies, especially in two
critical elements of alternative pathway
activation, factor B (fB) and factor D
(fD), lead to earlier WNV invasion of
the mouse central nervous system (23).
A key event in the alternative pathway
(24) is the interaction between co-
valently surface-bound C3b (the conver-
gence subunit molecule of the three
complement pathways), fB, and fD that
together generate the alternative path-
way C3 convertase, C3bBb. Uninter-
rupted cleavage of serum C3 by C3bBb
amplifies the amount of C3b available
for deposition on cell membranes, lead-
ing, through subsequent steps, to
assembly on the target cell membrane of

the C5b-9 membrane attack complex
(Fig. 1). Set into motion, and if un-
checked, the activated alternative
pathway consumes its components and
threatens host tissues. Glycoprotein
factor H (fH) is the predominant circu-
lating regulator of the alternative
pathway of complement activation (25).
Its chief function is to protect innocent
bystander host cells from collateral
damage in the course of complement
activation, and a number of progressive
human microangiopathies have been
linked to specific fH mutations and se-
quence polymorphisms. fH, having no
intrinsic enzymatic activity, acts in con-
cert with the circulating serine protease
factor I (fI) to irreversibly inactivate
newly formed C3b, the pivotal initiator
of the terminal complement cascade
that leads to formation of the mem-
brane attack complex (C5b-9).

The novel finding of Chung et al. (9)
originated in the course of preparing
WNV recombinant NS1 for monoclonal
antibody development (26). A �150-
kDa protein was copurified with rNS1 if
FBS was present in the system. Suspi-
cion that the protein might be a ligand
for NS1 led to its identification as bo-
vine complement fH, and further tests
revealed the same propensity of NS1 to
bind to human fH. After confirming
that fH bound to NS1, Chung et al. (9)
established that the NS1–fH complex
accelerated C3b digestion by fI in solu-
tion and that NS1 had no intrinsic co-
factor activity. They then demonstrated
the very same effect on Chinese hamster
ovary (CHO) cells that displayed recom-
binant NS1 in amounts equivalent to
those found on WNV-infected cells.
Here, fH engaged by cell surface NS1
accelerated the breakdown of C3bBb
convertase so that C3b deposition was
preferentially reduced in the NS1 trans-
fectants, and consequently, so was the
formation of the terminal C5b-9 mem-
brane attack complex (Fig. 1). The
alternative pathway complement amplifi-
cation loop mechanism was thereby sig-
nificantly retarded by NS1 expression,
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and, very likely, WNV-infected cells also
would be protected from alternate com-
plement pathway-mediated damage in
the same way.

A number of bacterial and fungal
pathogens evade complement-dependent
phagocytosis by binding fH, but viruses
usually evade immunological defenses
either by escape mutations in the case
of RNA viruses whose replication is un-
edited or by deceptions that involve hi-

jacking and altering host genes of the
humoral and cellular immune system in
the case of some large DNA viruses
(27). The finding by Chung et al. (9)
that fH binding by a viral protein (WNV
NS1) interferes with C3b function has
not been previously recognized as a
mechanism of immune evasion by any
viruses. It will be immediately important
to find out whether their discovery ap-
plies to other flavivirus family members,

especially in cell types known to support
replication of specific f laviviruses in
vivo, such as cells of nervous or liver
tissue, and cells of monocyte/macro-
phage lineage that are likely to be the
earliest site of flavivirus replication af-
ter insect bite. In view of the large
amounts of circulating NS1 early in
flavivirus infection, it also would be in-
teresting to see whether soluble NS1
deposited on uninfected cells will be-
have in the same fashion with respect to
fH as NS1 displayed on transfected (or
naturally infected) cells. If so, NS1
would then appear to perform double
duty by enhancing infection of flavi-
virus-susceptible cells (16) and then, as
the results of Chung et al. (9) might sug-
gest, by defending them against the
action of activated complement. A key
question that arises from their findings
is how they might relate to NS1 as the
target of protective antibodies. Earlier
work from the same laboratory linked
the activity of some strongly protective
anti-WNV NS1 monoclonal antibodies
to host Fc� receptor (Fc�R) function,
although at least one antibody conferred
solid protection in Fc�R and C1q (clas-
sical complement pathway)-deficient
mice (26). In light of Chung et al.’s (9)
current findings, it seems reasonable to
speculate that protective anti-NS1 anti-
bodies might also operate by blocking
fH attachment to NS1. More complete
understanding of NS1–fH interactions
and their consequences will require
knowledge of their respective topogra-
phies at the atomic level. This knowledge
will further inform us of how protective
anti-NS1 antibodies work and may well
offer insight into the NS1–fH complex
as a potential target for antiviral drug
treatment, which currently does not exist
for any insect-borne flavivirus disease.
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Fig. 1. Possible effects of cell surface NS1-complexed fH on alternative complement pathway (AP)
activation. (Box 1) The normal AP amplification loop. Interactions between cell surface-bound C3b, fB, and
protease factor D generate the C3bBb convertase that amplifies C3b production, which finally leads to
C5b-9 membrane attack complex (MAC) formation and cell membrane damage. (Box 2) Recruitment of fH
by NS1 disrupts C3bBb convertase assembly and function. (Box 3) In addition, fH, acting with protease fI,
cleaves cell surface-bound C3b to produce the functionally inactivated form of C3b, iC3b. The net result
of events in boxes 2 and 3 is inhibition of MAC formation. (A comprehensive summary of alternative
complement pathway activation is found in ref. 24.)
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