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The extracellular virion form (EV) of vaccinia virus (VACV) is essential for viral pathogenesis and is difficult to neutralize with
antibodies. Why this is the case and how the smallpox vaccine overcomes this challenge remain incompletely understood. We
previously showed that high concentrations of anti-B5 antibodies are insufficient to directly neutralize EV (M. R. Benhnia, et al.,
J. Virol. 83:1201-1215, 2009). This allowed for at least two possible interpretations: covering the EV surface is insufficient for
neutralization, or there are insufficient copies of B5 to allow anti-B5 IgG to cover the whole surface of EV and another viral re-
ceptor protein remains active. We endeavored to test these possibilities, focusing on the antibody responses elicited by immuni-
zation against smallpox. We tested whether human monoclonal antibodies (MAbs) against the three major EV antigens, B5, A33,
and A56, could individually or together neutralize EV. While anti-B5 or anti-A33 (but not anti-A56) MAbs of appropriate iso-
types were capable of neutralizing EV in the presence of complement, a mixture of anti-B5, anti-A33, and anti-A56 MAbs was
incapable of directly neutralizing EV, even at high concentrations. This remained true when neutralizing the IHD-]J strain, which
lacks a functional version of the fourth and final known EV surface protein, A34. These immunological data are consistent with
the possibility that viral proteins may not be the active component of the EV surface for target cell binding and infectivity. We
conclude that the protection afforded by the smallpox vaccine anti-EV response is predominantly mediated not by direct neu-
tralization but by isotype-dependent effector functions, such as complement recruitment for antibodies targeting B5 and A33.

he smallpox vaccine, live vaccinia virus (VACV), has been out-

standing in controlling smallpox disease, since it has led to the
complete eradication of wild smallpox (variola virus) from the
world via massive vaccination campaigns of the World Health
Organization 40 years ago (1). VACV is considered a gold stan-
dard of human vaccinology and one of the greatest successes of
modern medicine (1, 2). Unfortunately, smallpox is still consid-
ered a danger due to the potential use of smallpox as a biological
weapon (3-7), which could spread rapidly through a susceptible
population. In addition, related pathogenic poxviruses are a con-
cern, highlighted by the monkeypox outbreak that occurred in the
United States (8, 9). The smallpox vaccine affords substantial pro-
tection against monkeypox as well as smallpox (10-13).

Orthopoxviruses (vaccinia, variola/smallpox, and monkey-
pox), which are large, double-stranded DNA viruses with overall
dimensions of approximately 360 by 270 by 250 nm, are unusual
because their morphogenesis consists of the generation of at least
two distinct virion forms with distinct biology: intracellular ma-
ture virions (IMV; referred to as MV) and extracellular enveloped
virions (EEV; referred to as EV) (14—17). The most abundant viral
particles are MV, which accumulate in infected cells until lysis and
are released as free virus (18-20). Some MV particles are wrapped
in additional membrane and leave the infected cells by exocytosis
as a double membraned EV form. EV particles, while less abun-
dant, are critical for virulence in vivo due to their importance in
viral dissemination and spread within the host (17, 19-23). Im-
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portantly, EV possess nonoverlapping antigens with MV (14, 17,
19, 20, 24). EV contain 5 known outer surface antigens: A33 (25),
A34 (26), A36 (27), A56 (28), and B5 (29). A36 extrudes only 2
amino acids (aa) out of the membrane and instead has a large
luminal domain that is important for actin tail formation (17, 30,
31). Early expression of proteins A33 and A36 affects virion repul-
sion and rapid spread (22). Deletion of genes needed for actin tail
formation results in decreased virus spread or infectivity (16).
Inhibition of F13, a membrane-bound luminal protein of EV in-
volved in EV morphogenesis, is highly effective at stopping or-
thopoxvirus infections in vivo in an animal model (32-34).

The lipid membrane composition also contributes to the
infectivity of VACV MV and is well characterized (15, 35-39).
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The lipid components of EV outer membrane are mostly sphin-
gomyelin and phosphatidylserine (PS), with smaller amounts of
phosphatidylinositol (15). However, the role of the EV lipid mem-
brane in the infectivity of EV is not well characterized due to the
fragility of the EV. Recently, it was shown that serum protein Gas6
binding to PS enhances the infectivity and entry of EV particles
(40).

The detailed immunologic mechanisms through which small-
pox vaccination mediates efficient protection remain unclear and
need to be understood in order to consolidate principles that can
be applied to future vaccine development against other infectious
diseases (41). Neutralizing antibodies (Abs) elicited by immuni-
zation with the smallpox vaccine provide protection to humans
(20, 42—-46). B cell responses against both EV and MV forms of
VACV can be important components of protective immunity in
animal models and likely contribute to the protection of immu-
nized humans against orthopoxviruses (20, 42, 47). Neutralizing
Abs against EV have been of particular interest, given the essential
role of EV for viral pathogenesis (47-51). Animals receiving the
smallpox vaccine raise Abs against B5 and/or A33 surface antigens
(10, 49, 52, 53). Humans also make Abs against B5 and/or A33
after vaccination (43, 54-57).

Previous findings regarding EV neutralization have shown
the difficulty of EV neutralization. Early studies showed that
protection in vivo in mouse models could be mediated by an-
ti-B5 or anti-A33 Abs, but it was difficult to correlate those
results with in vitro activities of the Abs against EV (20, 42, 58).
It was later shown that polyclonal antibodies (PAbs) against
A33 in the presence of anti-MV Abs and complement reduced
the infectivity of EV (59).

The basic coating/occupancy model of Ab-mediated neutral-
ization states that any Ab that binds to a viral surface antigen with
sufficient affinity and high occupancy of available surface sites on
the virion can neutralize viral infectivity by coating the entire viral
surface and thereby blocking viral attachment to host cells (60). As
this model applies to a range of viral pathogens (61-66), we ini-
tially presumed that it would also be an accurate model for VACV
EV particles. However, this model does not apply to VACV EV
even at saturating Ab levels against B5 antigens (48, 49). Instead,
protective efficacy of anti-B5 MAbs strongly correlated with com-
plement-dependent neutralization of EV by opsonization and the
ability to kill VACV-infected cells in the presence of complement
(48,49, 51). Virolysis is a second mechanism of EV particles in the
presence of anti-A33 Abs and complement (67). In addition, sev-
eral studies of the serological responses induced by smallpox vac-
cine have shown human Ab responses against other EV proteins
(55, 57, 68), but the functional value of those responses has not
been well defined. We therefore endeavored to more deeply ex-
amine the human and murine Ab responses against multiple EV
antigens and assess their functionality to understand the underly-
ing immunobiological and virological parameters that determine
protective immunity.

MATERIALS AND METHODS

Ethics statement. Informed consent was obtained for all human work,
and the human studies were institutional review board (IRB) approved.
All human samples were identified prior to use.

Sera. Human plasma samples from a nonimmune donor and nine
Dryvax-immunized donors from 1 to 10 months postvaccination were
stored at —80°C. Rabbit-anti L1 sera were generated by immunizing rab-
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bits with recombinant L1 protein as described in reference 44. Rabbit
anti-A33 PAb (NR-628) was produced by immunization of rabbits with
recombinant A33R protein (rA33) and was obtained through the NIH
Biodefense and Emerging Infections Research Resources Repository,
NIAID, NIH (BEI Resources, Manassas, VA) from R. J. Eisenberg and
G. H. Cohen (69). Human plasma and rabbit sera were heat inactivated
prior to use to eliminate complement activity (56°C for 30 and 60 min,
respectively).

Viruses. MV of the Western Reserve strain (VACVyy), the Interna-
tional Health Department-] (VACVyyp;) strain, or VACVyy B5-green
fluorescent protein (VACV/B5-GFP) stocks were grown on HeLa cells in
D-10 (Dulbecco’s modified Eagle medium [DMEM], 10% fetal calf serum
[FCS], penicillin, streptomycin, and glutamine) as described previously
(49). FCS used in all experiments was heat inactivated (56°C, 30 min)
prior to use to eliminate complement activity. Purified VACV,, VACV;-
HpJ, or VACV/B5-GFP stocks were made via centrifugation through a
sucrose cushion as described previously (44). Virus was stored at —80°C.
VACVx was used unless otherwise stated.

EV stocks of VACV WR or IHDJ strains were prepared using HeLa
cells grown in D-10, and the medium containing EV was harvested at 2
days after infection as previously described (49). Clarified supernatant
was used immediately or stored at 4 to 8°C for a maximum of 3 to 4 weeks
(70). The titers of EV VACV,yy stocks (~5 X 10> PFU/ml) and EV
VACV yyp, stocks (6 X 10° PFU/ml) were determined on Vero E6 cells in
the presence of rabbit anti-L1 Abs to block contaminating MV or dam-
aged EV present in the EV stock as previously described (49). The percent-
age of undamaged EV was, on average, 52%.

Recombinant VACV proteins. Recombinant B5 protein (rB5) was
produced using Trichoplusia ni High-Five BTI-TN-5b1-4 (Tn5) insect
cells infected with the B5 recombinant baculovirus and purified as estab-
lished previously (49). B5 is also known as B5R or WR187. rA33 protein
was produced and purified comparably to methods described previously
in the literature (71).

Human monoclonal antibodies. Human anti-B5 MAbs (h101 and
h102) were generated as described previously (48). Human anti-A33
MADs were generated from modified vaccinia Ankara (MVA)-vaccinated
donors using memory B cell electrofusion methods (72). Acquisition of
human blood samples was approved by the Vanderbilt University IRB.
Peripheral blood mononuclear cells (PBMCs) were isolated with His-
topaque 1077 (Sigma) and Epstein-Barr virus (EBV) transformed in 384-
well plates (Nunc) in the presence of 2.5 pg/ml CpG ODN 2006 (Invivo-
gen), 10 wM Chk2 inhibitor II (Sigma C3742), and 1 ug/ml cyclosporine
(Sigma). Supernatants from wells containing EBV-transformed lympho-
blastoid cell lines were screened for binding activity by enzyme-linked
immunosorbent assay (ELISA) against rA33 protein. Positive wells were
fused with HMMAZ2.5 myeloma cells. Human hybridomas secreting anti-
bodies specific for rA33 protein were selected, and the purified human
anti-A33 MAbs were produced in culture. We generated two fully human
anti-A33 MAbs of the IgG1 isotype, designated VV80 and VV22.

Human anti-A56 MADbs were selected from a human Fab phage dis-
play library and subsequently cloned into expression vectors and ex-
pressed in stable CHO cells (73).

Murine monoclonal antibodies. Murine anti-B5 MAbs (clones B126
and B96) were generated as described previously (49).

Mouse anti-A33 MAb NR-565 (similar to VMC-34) was obtained
through the NIH Biodefense and Emerging Infections Research Resources
Repository, NIAID, NIH (BEI Resources, Manassas, VA) from R. J. Eisen-
berg and G. H. Cohen. The mouse B cell hybridoma was generated by the
fusion of the SP2/0 myeloma cell line with splenocytes, and NR-565 was
purified from B cell hybridoma using ammonium sulfate precipitation
and size-exclusion chromatography.

Murine anti-A33 MADb (KA10 IgG2a isotype) was generated from a
mouse immunized with VACV as described previously (74). Additional
unpublished VACV-specific MAbs, including 12D4.1 (IgG1), were gen-
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erated similarly. A33 specificity was first determined by the techniques
described in reference 74) and then by rA33 ELISA.

Gene sequences of heavy- and light-chain variable regions of MAbs.
Total RNA from 5 X 10° murine hybridoma cells (12D4.1 and KA10) and
CHO cell lines specific for A56 (WR2 and ES1) was isolated using an
RNAeasy Minikit according to the manufacturer’s instructions (Qiagen).
First-strand ¢cDNA and PCR amplification were produced using a
OneStep reverse transcription-PCR (RT-PCR) kit (Qiagen). The cycling
profile used for the first-strand PCR was 1 cycle of 30 min at 50°C and 15
min at 95°C; 40 cycles of 30 s at 94°C, 30 s at 56 to 60°C (depending on
specific primers), and 55 s at 72°C; and 1 cycle of 10 min at 72°C with a
cool down at 4°C. Second-strand PCR was performed using heavy-chain
primer 5'MsVHE, 3'Cyl (IgGl) outer, 3'Cy2c (IgG2a) outer, or 3'Cy3
(IgG3) outer according to the isotype. Light-chain kappa primers used
were 5'mVkappa and 3'mCk (75). PCR products were verified by gel
electrophoresis, with ~500-bp products for heavy chains and ~450-bp
products for light chains. PCR fragments were purified using the
QIAquick PCR purification kit (Qiagen) and sent for sequencing (5'-
primer extension using light- and heavy-chain-specific primers). Se-
quences include only V-D-J regions for heavy chains and V-] regions for
light chains. Ab germ line origin was inferred by analyzing sequences
using the V-Quest service of the InMunoGeneTics information system
(http://www.imgt.org) (76).

The antibody genes for the human hybridomas VV22 and VV80 were
analyzed similarly. The antibody genes were cloned molecularly from
mRNA isolated from the biologically cloned hybridoma cell lines using
previously described primer sets (77) into pGEM-T Easy vector (Pro-
mega), sequenced by Sanger technique using vector-specific primers, and
analyzed using IMGT.

EV neutralization. Briefly, Vero E6 cells were seeded at 1.5 X 10°
cells/well into 24-well Costar plates (Corning Inc., Corning, NY) and used
the following day for EV VACVyyy, or EV VACV ) neutralization assay
as described previously (49), using diluted Ab, human plasma, or treated
human plasma samples (as described below for the blockade assay) in the
absence or the presence of sterile baby rabbit complement (Cedarlane
Laboratories, Ontario, Canada) as described previously (49). Ten percent
complement (final concentration) was used for all experiments with the
exception of the combination Ab experiments, where 1% complement
(final concentration) was used instead. Rabbit anti-L1 (1:25 to 1:100, final
concentration) was used to block the MV present in the EV stock (58, 70,
78) unless explicitly stated otherwise (e.g., see Fig. 2C and 3F). EV alone or
supplemented with anti-L1 Ab was regularly used in each assay with or
without complement as negative controls.

MADb or PADb samples were used at 10 pg/ml (final concentration) or
1/100 (final dilution), respectively, unless otherwise stated. Ab samples
with or without complement (10% final concentration) then were incu-
bated at 37°C in an equal volume (50 pl) of EV VACV,y (1:100 to 1:400
dilution from stock) unless otherwise indicated and supplemented with
rabbitanti-L1 Abs for 60 min, with the exception of the experiment shown
in Fig. 2C and 3F. In Fig. 2G or 5G, mouse or human MAb samples (10
pg/ml, final concentration) with or without anti-mouse or anti-human
IgG Ab samples, respectively (secondary antibody [2° Ab] at 10 wg/ml
final concentration), and with or without complement (10% final con-
centration) were incubated with an equal volume (50 pl) of EV VACV .
In all experiments with serial dilutions, 2-fold dilutions of PAb (1/10
starting final dilution) or MAD (40 pg/ml, starting final concentration)
samples were used. In titration experiments, 50% EV neutralization
was calculated based on sigmoidal dose-response nonlinear regression
(Prism 5.0).

To assess complement-independent VACV EV neutralization in the
presence of secondary antibodies (see Fig. 6), VACV EV samples (plus
anti-L1) were added to MAb samples with or without goat anti-mouse or
anti-human IgG Ab samples (2° Ab at 10 pg/ml final concentration) and
with or without donkey anti-goat IgG Ab samples (3° Ab at 10 pg/ml final
concentration) at 37°C and 5% CO,.
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Comet tail inhibition assay. Vero E6 cells were seeded at 5 X 10°
cells/well into 6-well Costar plates and infected the following day with
VACViyp; (20 to 60 PFU/well) for 60 min at 37°C and 5% CO,. Human
anti-A56, mouse anti-A33, or irrelevant IgG1 MAbs at 20 pg/ml or naive
rabbit serum or rabbit anti-A33 Abs at 1/100 dilution, which was present
in the medium throughout the culture, was used to inhibit the comet tail
formation as described previously (79, 80).

ELISA. rA33 ELISA or rB5 ELISA was done as described previously
(49). For the blockade experiment, human plasma samples and rB5, rA33,
or rB5 plus rA33-treated plasma samples were screened for B5 or A33
reactivity using rB5 ELISA or rA33 ELISA. The secondary Ab was strepta-
vidin-horseradish peroxidase-conjugated mouse anti-human IgG (Hy-
bridoma Reagent Laboratory, Baltimore, MD). The ECs, the half-satura-
tion binding concentration of the Ab corresponding to 50% maximum
optical density, for each individual anti-A33 MADb was determined by
sigmoidal dose-response nonlinear regression with a variable slope
(Prism 5.0).

Blockade of anti-EV-specific antibodies. Human plasma samples
(1/10 final dilution) or anti-B5 MAD clone h101 (10 jg/ml final concen-
tration) in a volume of 10 pl was preincubated with rB5 protein (10 pg)
for 2 h at room temperature in a 50- .l total volume. Samples were then
used to test the efficacy and specificity of the blockade of anti-B5 Abs in a
VACV EV neutralization assay. The plaque numbers were quantified, and
50% plaque reduction was calculated from VACV EV with anti-L1 alone,
with or without rB5, or with or without complement. A33 was assayed
with the same strategy. The method used to quantify the percentage of
VACYV EV neutralization at a single plasma/Ab sample dilution before and
after the blockade of Abs against B5, A33, or both proteins was according
to the formula (PNV — PNS)/PNV X 100, where PNV is the average
number of plaques by VACV, with or without complement and PNS is
the average number of plaques in the presence of each experiment sample
with or without complement. Treated and untreated samples in the pres-
ence of complement were then compared to obtain the percent reduction
in neutralization activity.

Protein synthesis and proteome arrays. VACV protein microarrays
were produced and used as described previously (54). Secondary Ab was
Cy3-conjugated goat anti-human IgG gamma chain Fc region-specific
immunoglobulin (Jackson ImmunoResearch). Signal strength was quan-
tified as the total fluorescence intensity at 532 nm (TFl.;,) of each spot.
Background signal was subtracted using relevant matched control sam-
ples (e.g., rapid translation system [RTS] translation reaction without
plasmid or with buffer alone), and background-subtracted signal was con-
verted to the final IgG relative units (RU) via 10~ ® transformation.

Surface staining of VACV-infected cells. Vero E6 cell monolayers
were infected with VACV/B5-GFP for 12 h at a multiplicity of infection
(MOI) of 5 at 37°C and 5% CO,. A33 or A56 expression then was tested
with human anti-A33 (clones VV22 and VV80) or anti-A56 (clones ES1
and WR2) MADs at 20 pg/ml by flow cytometry as described previously
(48). An irrelevant IgG1 Ab was used as a negative control of EV surface
expression. The secondary Ab was donkey anti-human IgG (H+L) allo-
phycocyanin (APC; Jackson ImmunoResearch, West Grove, PA) used ata
1:100 dilution. To determine the relative affinity of human anti-A56
MADs, a fluorescence-activated cell sorting (FACS)-based ELISA strategy
was used as described previously (49). The EC,, the half-saturation bind-
ing concentration of the Ab corresponding to 50% maximum mean flu-
orescence intensity (MFI) for each individual anti-A56 MADb, was deter-
mined using Prism.

Immunofluorescence (IF) assay. Confluent monolayers of Vero E6
cells seeded in 8-well chambered cover glass slides (Lab-Tek; Nalge Nunc
International, Rochester, NY) were infected overnight with 8 PFU/cell of
VACV/B5-GFP. A56 surface expression was detected with human anti-
A56 Abs and using donkey anti-human IgG Ab conjugated to APC (Jack-
son ImmunoResearch, West Grove, PA) at 1:200 dilution as described in
reference 48. Slides were examined using a Nikon Eclipse E1000 IF micro-
scope (Mariana).
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Mapping the epitope for KA10. The plasmids for expressing the fu-
sion of glutathione S-transferase (GST) and A13 were constructed by PCR
amplifying the viral gene from WR DNA and cloning the PCR fragment
into pGEX6P-1 (GE Healthcare Life Sciences). The expression of the fu-
sion proteins in Escherichia coli BL21 was induced with isopropyl-beta-p-
thiogalactoside (IPTG; Invitrogen). For Western blot analysis, the bacte-
ria were lysed via sonication in SDS-PAGE sample buffer, and the clarified
cell lysates were directly used in Western blot analysis.

Virion surface area calculations. A vaccinia virus virion is a cylinder
with approximate dimensions of 360-nm height by 130-nm radius (20,
81-84); this gives a surface area of 400,239 nm?. The virion mass is 5 X
107"% gand is 90% protein, therefore 4.5 X 10~ "?g/virion. H3 is approx-
imately 3% of total mass (85), thus 4.5 X 10~ g X 0.03 = 1.4 X 10~ '°g
H3/virion. The total, given the size of H3, comes to 2,276 H3 molecules
per virion. IgG at 1 pg/ml is 6.25 nM.

Statistical analysis. Tests were performed using Prism 4.0 or 5.0
(GraphPad, San Diego, CA). Statistics were done using two-tailed, un-
paired ¢ tests with 95% confidence bounds unless otherwise indicated. For
Fig. 4C, a Newman-Keuls test was used for multiple comparisons. Bar
graph error bars are =1 standard error of the means (SEM).

RESULTS

To understand the immunobiology of the smallpox vaccine, we
have been studying the mechanisms of poxvirus neutralization. In
our recent studies on EV virion neutralization, we showed that
high concentrations of anti-B5 Abs are insufficient on their own to
neutralize VACV EV (438, 49). This allowed for two possible inter-
pretations: covering the virion surface is insufficient for neutral-
ization, or B5 is insufficiently abundant to allow anti-B5 IgG to
cover the full EV surface, leaving another viral receptor protein
exposed and active. These possibilities have central implications
for the physiological mechanisms of poxvirus neutralization in
vivo and likely have major implications for other infectious agents.
Vaccinia virus is a large virus with an approximate surface area of
400,000 nm?, and it is not clear if Abs against a given antigen or
multiple antigens could cover sufficient surface area of the virion
to neutralize the virus by coating. An Ig molecule has a footprint of
approximately 300 nm” (86). It would take ~1,300 IgG molecules
to cover the virion surface (see Materials and Methods for detailed
calculations). Is this reasonable? In vitro, under normal neutraliz-
ing AD assay conditions and with a MAb with a reasonable affinity
of 1 nM, approximately 90% occupancy is obtained at 1 pg/ml.
Therefore, if the antigen is present at sufficient density, the criteria
for neutralization by occupancy will be fulfilled. We do not know
the abundance of B5 or other proteins on the surface of EV, be-
cause the fragility of the virions precludes biochemical purifica-
tion. However, MV particles are durable and the abundance of
MYV surface proteins has been calculated based on mass spectro-
photometry (85, 87), and MV and EV are of comparable size. H3
is an abundant MV surface protein, as determined by mass spec-
trometry, and calculations provide a rough estimate of 2,300 H3
molecules on the surface of each MV virion. We estimate that it
takes ~1,300 IgG molecules to cover more than half of the surface
area of a vaccinia virion. If B5 protein is present at fewer than
1,300 copies per virion (or less than ~60% of the level of the
highly abundant H3 protein), then the criteria for neutralization
by coating will not be fulfilled and the virus may escape direct
neutralization. Conceptually, it is also possible that the EV surface
antigens are not uniformly distributed, and “patchiness” of
different receptors in different regions of the surface enhances
resistance to neutralization. Therefore, the occupancy model of
neutralization may not apply to EV particles. To test these pos-
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sibilities, we examined antibodies against multiple EV virion
proteins and combinations of antibodies.

Human anti-B5 antibodies are not the only specificity medi-
ating EV neutralization. B5 is a known target of human Ab re-
sponses, and anti-B5 Ab responses are known to be protective in
animal models (20, 42). Plasma samples from nine human donors
who had received the smallpox vaccine were tested for EV neutral-
izing Abs. Untreated human plasma samples alone exhibited min-
imal EV neutralization activity in the absence of complement (Fig.
1A) . Addition of complement to mimic physiological conditions
(48, 49) resulted in efficient EV neutralization by plasma from all
donors (Fig. 1B). All donors had anti-B5 IgG responses (Fig. 1C
and data not shown). To determine whether B5 is the only EV
neutralizing Ab target in immunized humans, we blocked anti-B5
Ig in the human plasma samples using an excess of rB5. B5 Abs
were completely blocked after rB5 adsorption of human plasma
(9310 100%) (Fig. 1D and E and data not shown), but other VACV
Ab specificities were unaffected (Fig. 1E and data not shown). Asa
control, the impact of rB5 blocking on the human anti-B5 MAb
h101 was tested. One hundred percent loss of neutralization was
observed (P < 0.0001 for h101, rB5, and complement versus h101
and complement; Fig. 1F). From the panel of nine donors, block-
ade of anti-B5 IgG resulted in near-complete loss of EV neutral-
ization activity in plasma from four donors (donors a, d, f, and h)
(Fig. 1G), demonstrating that anti-B5 neutralizing Abs were the
immunodominant EV neutralizing Ab response in these vaccin-
ees. Somewhat surprisingly, blockade of B5 Abs had only a mod-
erate effect on VACV EV neutralization activity of plasma from
four other donors (b, ¢, g, and i), resulting in only 28, 23, 15, and
18% loss of virus neutralization activity, respectively (P < 0.0001
for donorsiand gand P < 0.0004 for donors b and ¢) (Fig. 1B and
G), suggesting these donors primarily had complement fixing EV
neutralizing Abs against other EV antigens. Donor e had an inter-
mediate phenotype, with 48% loss of EV neutralization activity
after B5 blockade (P < 0.005).

A33 is another prominent EV antigen known to be a target of
protective Ab responses in mouse models (50, 58, 88). We there-
fore screened each donor for the presence of anti-A33 IgG using
rA33 protein ELISA. Most vaccinees had a substantial Ab response
to A33, with the exception of donor a (Fig. 1H). There was not a
direct correlation between the magnitude of the anti-A33 IgG and
the B5-independent EV neutralization activity, leaving the role of
the human anti-A33 IgG uncertain in complement-mediated EV
neutralization. Furthermore, in most individuals both anti-B5
and anti-A33 IgG are present. This raised the question of why EV
was not neutralized in the absence of complement.

Complement and isotype-dependent murine anti-A33 MAb
neutralization of EV. As a first step to examining if the human
anti-A33 Ab response is functional for EV neutralization, we stud-
ied the capacity of rabbit and murine Abs to neutralize EV by
complement-dependent and -independent processes. We exam-
ined rabbit anti-A33 PAbs (NR628) using direct and complement
EV neutralization assays. NR628 exhibited weak direct EV neu-
tralizing activity in vitro (PAb with EV VACV) (Fig. 2A and B) but
showed strong neutralization in the presence of the complement
(P < 0.002 for NR628 versus NR628 and complement) (Fig. 2A)
in a dose-dependent manner (Fig. 2B). EV neutralization assays
are regularly performed in the presence of anti-MV IgG to elimi-
nate contaminating MV and damaged EV (EV/MYV) particles in
EV stocks (58, 70, 78). Experiments shown in Fig. 2A, B, F, and G
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FIG 1 Human anti-B5 antibodies are not the only specificities mediating EV neutralization. VACV EV neutralization activity of plasma samples in the absence
of complement (A) or the presence of complement (C') (B). (C and D) Quantitation of anti-B5 IgG in untreated plasma (C) or in plasma after blocking with 10
g of rB5 protein (D) from vaccinated human donors (lanes a to i) or a nonimmune human donor (Non imm). An IgG signal level of 2 relative units (RU) was
selected as a stringent cutoff (dashed line), establishing 98% specificity (see Materials and Methods). (E) VACV viral protein microarrays. B5 protein spots (red
box) in untreated plasma from an individual immunized with the smallpox vaccine (human plasma, left) and B5-treated plasma (human plasma + rB5, right).
B5 protein is also present in row 12, spot 4. The C3L spot was not printed on the left panel, row 11, spot 8. (F) VACV EV neutralization activity after rB5 blockade
ofanti-B5 MAbh101 at 10 pg/ml. (G) VACV EV neutralization activity of plasma samples after the blockade of anti-B5 antibodies in the presence of complement.
VACV EV alone (A) or plus complement (B and G) were negative controls (—). Dashed lines in panels A, B, F, and G indicate 50% of the plaque numbers of
VACV EV with or without complement. *, P < 0.005; **, P < 0.0004; ***, P < 0.0001. Error bars indicate SEM under each condition. All data are representative
of two or more experiments. (H) Quantitation of anti-A33 binding IgG in plasma from donors by recombinant A33 protein (rA33) ELISA. Data are represen-

tative of two independent experiments. OD, optical density. An IgG signal level of 0.2 was selected as the cutoff (dashed line).

were all performed in the presence of anti-L1 IgG to eliminate MV
and damaged EV virions. Previously, we demonstrated that an-
ti-MV IgG has no effect on EV neutralization measured by anti-B5
MAbs when using fresh, undamaged EV stocks (48, 49). To deter-
mine whether the anti-MV IgG was influencing the EV neutral-
ization being measured for anti-A33 PAbs, neutralization assays
were performed in the absence of anti-L1 IgG, with or without
complement (Fig. 2C). The neutralization activity was compara-
ble in the absence of anti-MV IgG (98%) (Fig. 2C). This differs
from a previous study (59). Rabbit anti-A33 PAbs were efficient at
inhibiting comet tail formation in the absence of exogenous com-
plement (Fig. 2D).

February 2013 Volume 87 Number 3

Sequence analysis of murine anti-A33 MAbs to the germ line
showed that 12D4.1 and KA10 clones originate from the same
inferred immunoglobulin heavy-chain variable (IGHV) precur-
sor gene allele, IGHV7-3*02 (Fig. 2E). The variable light-chain
sequence for 12D4.1 and KA10 is IGKV1-110%01. Murine anti-
A33 MADbs NR565, 12D4.1, and KA10 were tested for functional
activity against EV. IgG1 anti-A33 MAbs NR565 and 12D4.1 ex-
hibited weak complement-mediated neutralization activity (Fig.
2F). This was consistent with the well-characterized lack of com-
plement recruitment by murine IgG1 Abs. Anti-A33 MAb KA10
belongs to the IgG2a isotype. However, epitope mapping revealed
that KA10 binds to A33 at aa 2 to 24, which is contained within the
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FIG 2 Complement and isotype dependence of murine anti-A33 MADb neutralization of VACV EV. (A to C) VACV EV neutralization by anti-A33 rabbit PAbs
is dependent on complement. (A) VACV EV neutralization activity of rabbit PAbs against A33 (NR628) at 1/100 dilution in the absence or the presence of
complement. VACV EV alone and a naive rabbit serum (rabbit serum) were negative controls. (B) Titrated VACV EV neutralization activity of NR628 in the
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squares) or plus complement (open squares). The dashed line indicates the plaque numbers of VACV EV in the presence of complement without antibody.
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luminal domain of A33 (data not shown). In summary, the anti-
A33 MAD tested, which was able to fix complement (KA10), is not
able to neutralize because it binds an epitope on the luminal do-
main, while the remaining antibodies have diverse specificities but
are not able to fix complement.

To determine if the murine anti-A33 MAbs specific to the ect-
odomain of A33 failed to neutralize only due to their inability to
recruit complement, we tested EV neutralization activity of
NR565 in the presence of complement-fixing anti-murine IgG
Abs. As shown in Fig. 2G, NR565 MADb exhibited complement-
mediated EV neutralization in the presence of complement-re-
cruiting Fc regions (P < 0.01 for NR565 and complement versus
NR565 with 2° Ab IgG and complement) (Fig. 2G). An isotype
control had no effect, as expected (the P value was not significant).
These data indicate that anti-A33 MAb NR565 binds to A33 on the
EV surface but is incapable of neutralizing the virus without com-
plement recruitment by the Fc domain.

Neutralization of EV by human anti-A33 MAbs. Human
MAbs were developed by electrofusion generation of hybridomas
using memory B cells from MVA-vaccinated donors. Two hybrid-
omas, VV80 and VV22, were identified that produced IgG1 spe-
cific for rA33 protein by ELISA (Fig. 3A) (IgG1 is the most abun-
dant human IgG isotype and is complement fixing). Both human
MAbs bound A33 on the surface of VACV-infected cells (Fig. 3B),
indicating that they are specific for the ectodomain of native A33
on the EV surface. Clone VV22 had a higher rA33 relative binding
affinity (ECs, of 0.11 nM) than clone VV80 (ECs, of 83 nM)
(Fig. 3A). Sequence analysis of human anti-A33 VV22 and VV80
clones revealed that they originated from separate germ lines,
IGHV3-33*01 and IGHV3-74*02, respectively (Fig. 3C).

The higher-affinity MAb VV22 exhibited complement-depen-
dent EV neutralization (Fig. 3D). The lower-affinity MAb VV80
exhibited no complement-mediated EV neutralization (Fig. 3D).
This is consistent with a requirement for high affinity to success-
fully neutralize the virus in vitro and for protection in vivo, as was
seen for human anti-B5 MAbs (48). Dose titrations showed that
high-affinity MAb VV22 had a 50% plaque neutralization titer
(PRNTS;,) of 4.55 pg/ml (Fig. 3E). Those assays were done in the
presence of anti-MV IgG to eliminate contaminating MV particles
or damaged EV particles in EV stocks. Given our previous work
with anti-B5 MAbs (48, 49) and the anti-A33 PAD results dis-
cussed above (Fig. 2), anti-A33 EV neutralization assays were per-
formed in the absence of anti-L1 IgG (Fig. 3F). The complement-
dependent EV neutralization activity of human anti-A33 MADb
VV22 was similar irrespective of the presence or absence of
anti-MV IgG (80 and 89%, respectively) (Fig. 3D and F). Human
anti-B5 MAb h102 shows neutralization activity similar to that of

Neutralization of Vaccinia Virus EV

human anti-A33 MADb (VV22) in the presence or absence of an-
ti-MV IgG (Fig. 3D and F). These data support a model where
human anti-A33 or anti-B5 Abs can neutralize EV in the presence
of complement via opsonization of the EV particle surface.

The combined effects of human A33 and B5 MAbs against
EV. Saturating amounts of anti-B5 MAb are insufficient to neu-
tralize EV in the absence of complement (Fig. 1 and references 48
and 49). We postulated that the coating model fails and EV escape
direct neutralization by anti-B5 IgG, because direct occupancy of
all B5 binding sites is insufficient to fully cover the surface of the
virus, and alternative receptors are sufficient for infectivity when
B5 is blocked. The data in Fig. 2 and 3 and references 50 and 59
indicate that A33 is also dispensable for infectivity of EV when
blocked by anti-A33 Abs. Are B5 and A33 compensating for each
other as EV receptor proteins? We tested this hypothesis by at-
tempting to directly neutralize EV with a combination of human
MAbs against both A33 and B5 (h102 plus VV22). EV neutraliza-
tion by the combination was modest, with maximal neutralization
of 36%, even at high Ab concentrations (20 wg/ml each MAb)
(Fig. 4A). The neutralization observed with the combination of
the anti-A33 and anti-B5 Abs may be due to agglutination of EV,
aggregating the particles. Irrelevant IgG1 anti-DNP MAbs at the
same concentration showed no effect (Fig. 4B). The efficiency
of anti-B5 plus anti-A33 MAD neutralization was substantially
increased upon adding a low concentration of complement
(Fig. 4A).

The role of polyclonal anti-A33 Ig in vaccinated humans.
Anti-B5 Abs were the primary EV neutralizing Ab in donors a, d,
f, and h (Fig. 1). However, plasma from vaccinees b, ¢, e, g, and i
showed a less dominant role for anti-B5 Abs. We therefore tested
the role of anti-A33 Abs from those donors in complement-de-
pendent EV neutralization. Anti-A33 Ig was blocked by preincu-
bation of plasma samples with an excess of free rA33 protein. The
blockade of anti-A33 Abs was specific and effective (80, 68, 61,47,
and 52% for donors b, ¢, e, g, and i, respectively). Blockade of
anti-A33 Abs alone resulted in undetectable or modest reductions
in the EV neutralization activity of the plasma from the five do-
nors (17, 0, 36, 7.5, and 0.5%, respectively) (Fig. 4C). Blockade of
B5 Abs alone again had a moderate effect on the EV neutralization
activity, in agreement with Fig. 1G. We then blocked the plasma
with a combination of rA33 and rB5 (Fig. 4C). Donor i gave results
comparable to those for blocking anti-B5 Abs alone, which was
consistent with the lack of an effect of blocking anti-A33 Abs alone
in this donor. Samples from donors b, ¢, e, and g exhibited an
additive effect of blocking both anti-A33 and anti-B5 Ig (61, 52,
71, and 58%, respectively). Therefore, anti-A33 Abs do signifi-
cantly contribute, in combination with anti-B5 Abs, to comple-

(C) VACV EV neutralization by anti-A33 PAD is independent of anti-MV Abs. VACV EV neutralization activity of NR628 at 1/100 dilution with or without
complement in the absence of anti-L1 Ab. VACV EV with and without complement (—) were negative controls. (D) Rabbit anti-A33 PAD exhibited comet tail
inhibition activity in vitro. Absence of Ab, no treatment; N628, anti-A33 PADb; naive rabbit serum, rabbit serum. Data in panels B and D are representative of two
independent experiments. (E) Sequence analysis of heavy- and light-chain variable regions of murine anti-A33 MAbs (12D4.1 and KA10). Framework (FR) and
CDR regions are shown. (F and G) VACV EV neutralization is dependent on complement and anti-A33 MADb isotype. (F) Neutralization activity of purified
murine anti-A33 MADbs (12D4.1, KA10, and NR565) in the presence of anti-L1 Abs and in the absence (left) or the presence (right) of complement. Murine
anti-B5 MAbs B126 (IgG2a) and B96 (IgG1) were used as controls for neutralization activity in each panel. Anti-DNP (IgG1) and VACV EV with or without
complement (—) were negative controls. (G) VACV EV neutralization activity of mouse anti-A33 MAD IgGl1 isotype (NR565) in the absence (left) or the
presence (middle) of complement-fixing anti-mouse PAb (2° Ab IgG) with or without complement. Murine anti-B5 MAb B126 (IgG2a) was used as a positive
control. Human anti-DNP MAD (isotype control) at 10 pg/ml with or without 2° Ab IgG with or without complement was used as a negative control (right). 2°
ADb IgG with or without complement also was used as a negative control. Error bars indicate SEM under each condition. The dashed line indicates 50% of the
plaque numbers of VACV EV with or without complement in panels A, C, F, and G. All data are representative of three or more experiments.
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FIG 3 Neutralization of EV by human anti-A33 MAD with effector function. (A) Titration of fully human anti-A33 IgG1l MAbs (VV22 and VV80) by rA33
ELISA. Human anti-DNP was used as a negative control. OD, optical density. (B) Cell surface expression of A33 on VACV-B5-GFP-infected cells detected by
human anti-A33 MAbs VV22 (red line curve) and VV80 (green line curve) using flow cytometry. Anti-DNP MAb was the negative control (gray line curve). Data
are representative of three independent experiments. (C) Sequence analysis of heavy-chain variable regions of human anti-A33 MAbs (VV22 and VV80).
Framework (FR) and CDR regions are shown. (D and E) VACV EV virion neutralization by fully human anti-A33 MAbs. (D) VACV EV neutralization activity
of human anti-A33 isotype IgGl MAbs (VV22 and VV80 clones) in the presence of anti-L1 Abs with or without complement. (E) Titrated VACV EV
neutralization activity of human anti-A33 MAbs VV22 (closed squares) and VV80 (open circles) in the presence of anti-L1 Abs with or without complement.
Human anti-DNP MAD (open squares) and EV VACV (closed diamonds) with or without complement were used as negative controls. Data in panel D are
representative of two experiments, each of which was done in the presence of anti-L1. Data are represented as plaque numbers. (F) VACV EV neutralization
activity of human anti-A33 MAbs with or without complement and in the absence of anti-L1 Abs. Human anti-B5 MAb clone h101 (IgG1) was used as the
positive control in each experiment. Human anti-DNP MAb (IgG1) and VACV EV with or without complement (—) were used as a negative control. The dashed
line indicates 50% of the plaque numbers of VACV EV with or without complement in panels D and F. Error bars indicate SEM under each condition. All data
in panels D and F are representative of three or more experiments.
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FIG 4 Combined effect of human A33 and B5 against EV virion and the
impact of anti-A33 Ab in smallpox-vaccinated humans. (A) VACV EV neu-
tralization activity of the fully human MAbs against B5 (h102) and A33 (VV22)
at 20, 10, or 1 pg/ml of each MAb in the absence or presence of 1% comple-
ment. (B) Irrelevant human IgGl MAb and EV (anti-DNP) at 40, 20, or 2
pg/ml were negative controls with or without complement. Data are repre-
sented as plaque numbers. The dashed line indicates 50% of the plaque num-
bers of VACV EV with or without complement. (C) VACV EV neutralization
activity (%) of plasma from donors (b, ¢, e, g, and i) in the presence of com-
plement and after the blockade of anti-A33 or anti-B5/A33 Abs with 10 pg of
rA33 or rB5/rA33 proteins. *, P < 0.05. The dashed line indicates 50% of
neutralization activity. Error bars indicate SEM under each condition. All data
are representative of two independent experiments.

ment-mediated EV neutralization in a number of vaccinees. Cu-
riously, we were unable to completely abrogate EV neutralization
by blocking anti-A33 and anti-B5 Abs together. This finding sug-
gested that either the blockade was incomplete or that additional
EV neutralization targets exist.
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Effect of human anti-A56 MAbs on EV neutralization. We
hypothesized that the anti-B5- and anti-A33-independent EV
neutralization activity observed in approximately half of the vac-
cinees was due to anti-A56 or anti-A34 Abs. Several studies of the
serological responses induced by smallpox vaccine have shown
human Ab responses against A56 antigen (55, 57, 68). However,
no evidence is available that Abs against A56 can neutralize EV or
provide protection in vivo. We identified two human anti-A56
MADs (ES1 and WR2; see Materials and Methods) and examined
their properties. Native A56 expression was detected on VACV-
infected cells by IF staining (Fig. 5A) and by flow cytometry (Fig.
5B and C). WR2 exhibited good relative binding affinity to native
A56 (ECs, of 1.23 nM), while ES1 possessed lower binding capac-
ity (70.94 nM) (Fig. 5C). Sequence analysis of human anti-A56
MAbs, ES1 and WR2 clones, revealed that they originated from
the different but related germ line V genes IGHV1-69*02 and
IGHV1-69710, respectively (Fig. 5D).

We tested the EV neutralizing capacity of human anti-A56
MADs. Both clones failed to neutralize EV at 10 or 20 wg/ml in the
absence or presence of complement (Fig. 5E). The two human
anti-A56 MAbs exhibited moderate reduction of comet formation
at 20 pg/ml (Fig. 5F). Given that anti-A56 MAb WR2 recognized
native A56, was a complement binding isotype, and had high-
affinity binding, why was EV neutralization not observed? It has
been reported that A56 binds the complement control protein
VCP, and VCP can protect cells from complement-mediated lysis
(89, 90). It is possible that VCP also affects complement recruit-
ment to EV (91, 92). The inability of anti-A56 MAb WR2 to neu-
tralize EV therefore may be due to competition with VCP on the
virion and inability to fix and activate complement. We reasoned
that coating the EV virion with anti-A56 MAb and then a second
layer of anti-human IgG PAb would restore complement sensitiv-
ity (Fig. 5G). EV neutralization with human anti-A56 MAbs plus
2° Ab and complement was poor, with maximum neutralization
of ~29% (Fig. 5G). As a positive control, anti-A33 MAb plus
secondary PAbs exhibited good neutralization activity in the pres-
ence of complement (P < 0.003 for anti-A33 plus 2° Ab versus
anti-A33 plus 2° Ab and complement) (Fig. 5G). Therefore, while
vaccinated humans do produce Ab responses against A56, it does
not appear that anti-A56 Abs are significant contributors to EV
neutralization in the human immune response to the smallpox
vaccine. The lack of activity may be due to anti-A56 Abs (i) rec-
ognizing epitopes located such that complement cannot be re-
cruited appropriately, (ii) binding A56 on the surface of VACV-
infected cells but not A56 on fully mature released EV, or (iii)
being inhibited by proximity to VCP.

Testing the impact of increasing Ig footprints on EV. The
coating model of neutralization posits that a virion is neutralized
at the point at which the surface of the virion is sufficiently covered
to block accessibility to the target cell. We have found that high-
affinity MAbs of any single specificity, B5, A33, or A56, are unable
to directly neutralize EV in the absence of complement. We rea-
soned that perhaps all three proteins serve as redundant viral re-
ceptors. We further reasoned, as a corollary of this hypothesis, that
each of these antigens must be at a low enough density on the
surface of EV that saturating amounts of Ab against one specificity
(e.g., A33) do not sterically block the accessibility of the other EV
surface proteins (e.g., B5 and A56). If this hypothesis is correct,
expanding the footprint made by anti-EV Ig of a given specificity
may block accessibility of all EV surface proteins and result in

jviasm.org 1577

1sanb Aq 2T0Z ‘ST AInC uo /6o wse’1Aly:dny woly papeojumod


http://jvi.asm.org
http://jvi.asm.org/

Benhnia et al.

o)
(@)

A

FACS ELISA
VACV B5 GFP ES1 WR2 " SELIS
- ?, ( 3200
i 3 | . 2800
O ‘ 8T
= ““ | {:‘E 2400
31 5T 2000
% © 2 1600
J e
EN < 9 1200
w |/ L0
o \ €2 800
® \ <o 400
_ .
T ™ T ™ T "
surface A56 10 10 10 10 10 10
Human mAb (ng/ml)
D FR1 CDR1 FR2 CDR2 FR3 CDR3
I L 1 1T i 11 1
10 20 30 40 50 &0 70 80 %0 100 110
IGHV1-69°02 - - -QVQLYV -QSGAEVEKPGSSVEKVSCEASGGTIFSSY TISHNVROAPGOGLENMGRIIPILGIANYAQKFQGRVTIITADXSTSTAYMELSSLRSEDTAVYYCAR - - - - - - - - - -
ES1 VHESFEVQLLEQSGAEVEKPGSSVEVSCRASGG - - - - YT ISWVRQAPGQOGLEWILGRIIPILN IANYAQKFQGRVTITADRSATSSYMELSNLTSEDTAVYYCARAVRGLGAFDYV
IGHV1-69°10 QVQLV -QSGAEVKKPGSSVEVSCKASGOTFSSYAISHVROQAPGOGLEWNGGIIPILG IANYAQKFQGRVTITADKSTSTAYMELSSLRSEDTAVYYCAR - - - - - - - - - - - - - -
WR2_10 -VQLLEQSGAEVRKPGSSVEVSCKASGOTFNSSAISHVROAPGQGLEWNGGIIPILGVANYAQKFQGRVTIIAADKSTSTVYNELSSLRSEDTAVYFCARGVLRGVITGSAFDI
FR1 CDR1 FR2 CDR2 FR3 CDR3
I L 1 1M 1/ 1
10 20 30 40 50 60 70 80 S0
16Kv3-20+01 EIVEEQ sPOT LSS POERAE LECRAS oS vsEs yLANYQ o KPOONPRE LT v 628 s 101 P DRFSESGSETDFTLTE s LEPEDFA vEYCOo¥GEsS P - -
PDR12 EIVLTQAPGTLSLSPGERATFSCRSSHSIRSRRVRWYQHKPGQAPRLVIHGVSNRASGISDRFSGSGSGTDFTLTITRVEPEDFALYYCQVYGASSYT
E mAb (10 pg/ml) mAb (20 pg/ml)
P<0.002 P <0.0005
804 — 804 -
c 604 g 60
- o
3 40 § 401
s $
& 20 @ 20
E 0-
EV VACV + + o+ o+ o+ o+ o+ 4+ EV VACV + + + + o+ o+ o+ o+
Anti-A56 (WR2) - - + + - - - Anti-A56 (WR2) - - + + - - -
Anti-A56 (ES1) - - - + o+ - - Anti-A56 (ES1) - - - - + + - -
Anti-B5 (h101) - - - - - - + + Anti-B5 (h101) - - - - - - + +
Cc' - + - + -+ + C' -+ - + - + - +
F G Human anti-A56 mAb + 2° Ab ControlmAb + 2° Ab
No treatment Control IgG1
= = 120- n.s. 120-
n.s.
P<0.003
P 1004 @ —
=1 3
g 807 g
o o
> y >
g * g
> 40 >
@ @
204
0 0
EV VACV + + + + + + EV VACV + + + + + +
Anti-A56 (WR2) + + - - - - Anti-A33 mAb + + - - - -
Anti-A56 (ES1) - - + + - . Anti-DNPmAb - - + + - -
(o3 - + - + - + c' - + - + - +

FIG 5 Human anti-A56 MAbs have no effect on EV neutralization. (A to C) Vero E6 monolayers cell were infected with VACV-B5-GFP (green), and surface expression
of A56 (red) was determined 12 h postinfection by surface staining with human anti-A56 MADb ES1 or WR2 and performing immunofluorescence (A) or flow cytometry
(B and C). Surface expression of A56 was tested after infection with VACV-B5-GFP by surface staining infected cells with human anti-A56 MAb ES1 (red curve) or
anti-DNP MAD (control; gray curve). (C) MFI of cell-based ELISA, quantitating surface-bound anti-A56 MAbs to VACV infected cells. Data are representative of three
independent experiments. Irrelevant human MAb (anti-DNP, IgG1) was used as a negative control. (D) Sequence analysis of heavy-chain variable regions of human
anti-A56 MAbs (WR2 and ES1). Framework (FR) and CDR regions are shown. (E) Human anti-A56 MAbs do not neutralize VACV EV. VACV EV neutralization
activity of human anti-A56 MAbs (ES1 and WR2) with or without complement in the presence of anti-L1 Abs. Complement-fixing human anti-B5 MAb h101 (IgG1)
was used as a positive control in each experiment. (F) Comet tail plaque inhibition. Shown are the absence of Ab (termed no treatment) or presence of anti-A56 MAbs
(ES1 and WR2) or irrelevant MAb (control IgG1). Data are representative of two independent experiments. (G) Addition of complement-fixing anti-human IgG at 10
pg/ml (left) to human anti-A56 MAbs does not improve the neutralization of VACV EV. VACV EV neutralization activity of mouse anti-A33 MAb (NR565) in the
absence or presence of complement-fixing anti-mouse IgG at 10 wg/ml with and without complement were control Abs (right). Irrelevant human MADb (anti-DNP,
IgG1) was used as a negative control (right). The dashed line indicates 50% of the plaque numbers of VACV EV with or without complement. Error bars indicate SEM
under each condition. All data in panels E and G are representative of three or more experiments.
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FIG 6 Expanding the footprint of single-specificity MAb does not result in EV
neutralization. (A to C) VACV EV neutralization activity of mouse anti-B5
MADbs (B96, IgG1), mouse anti-A33 MAbs (NR565, IgG1), or human anti-A56
MAbs (ES1 or WR2, IgG1) at 10 pg/ml alone (A), in the presence of species-
specific anti-Ig secondary antibodies (B), or in the presence of secondary and
tertiary anti-Ig antibodies (C). EV alone (—) and human anti-DNP IgGl
(“IgG1”) were negative controls. Data are representative of two independent
experiments. The dashed line indicates 50% of plaque numbers of VACV EV
with or without complement. Error bars indicate SEM under each condition.

neutralization of EV. Amplification of the footprint of anti-A56 or
anti-A33 MAbs with secondary anti-Ig Ab (2° Ab) did not result in
EV neutralization (Fig. 6A and B). Amplification of the footprint
of anti-B5 MAD gave the same result (Fig. 6A and B). Given that
complement component C1q has three times the molecular mass
of an Ig molecule and has an extended footprint, we then tested
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whether the additional mass of a tertiary anti-Ig (3° Ab) would
facilitate direct neutralization of EV by anti-A33, -A56, or -B5
MAbs. No EV neutralization was observed even in the presence of
3°Ig (Fig. 6C).

Effects of Abs against multiple EV antigens simultaneously.
As a complementary approach, we hypothesized that simultane-
ously coating EV with Abs specific to multiple antigens may ac-
complish direct neutralization if each of the three receptors are
functionally redundant. Saturating concentrations of Abs against
A33 and B5 together were unable to neutralize EV (Fig. 4). We
therefore tested a combination of MAbs against all three targets.
Saturating amounts of anti-A33, -A56, and -B5 together exhibited
no consistent neutralization of EV (Fig. 7A and B). In contrast, the
combination of Abs can neutralize EV at 1.2 pg/ml of each MAb
upon the addition of only a small amount of exogenous comple-
ment (1%) (Fig. 7A). Anti-A56 Abs do not contribute in combi-
nation with anti-B5 and -A33 Abs to mediated EV neutralization
even in the presence of 1% complement (Fig. 7C and E).

A34 is the fourth and final known EV transmembrane protein
with an ectodomain. Is A34 functioning as a cell binding receptor
in the absence of available B5, A33, and A56? To test this possibil-
ity, we made use of VACV ;. The THD]J strain of VACV has a
mutation in the A34 gene resulting in defective A34 (93). Abs
against A33 and B5 give comparable neutralization activity using
both strains of VACV (Fig. 7G and H). Anti-A56 MAbs failed to
neutralize EV virion independent of the strain of VACV (Fig. 7G
and H). We tested whether a combination of MAbs against A33,
B5, and A56 antigens could neutralize EV in the absence of a
functional A34. No direct neutralization of VACVyyp; in the pres-
ence of anti-A33, -B5, and -A56 MAbs was found (Fig. 71 and J).
The combination of MAbs exhibited neutralization of VACV
upon the addition of a small amount of exogenous complement,
comparable to the results with VACV,, which possesses an in-
tact A34 gene (Fig. 71). In summary, we were not able to demon-
strate that the coating model of neutralization holds for EV by
targeting all known EV protein surface antigens.

DISCUSSION

We have been studying the mechanism of poxvirus neutralization
in order to understand how the smallpox vaccine provides such
effective protection to immunized humans. The EV virion of
VACYV is essential for viral pathogenesis and is difficult to neutral-
ize. Given the general agreement in virology of the basic coating/
occupancy model for neutralization of a range of viral pathogens
(60, 64), this model was expected to be accurate for neutralization
of VACV EV particles. However, the published literature on an-
ti-B5 Abs does not easily fit the model. We suggested at least two
possible interpretations: (i) the occupancy model is fundamen-
tally unsound for larger pathogens, and (ii) the surface of an EV
particle has restricted coverage by B5 and other functionally re-
dundant receptors are present. In this study, we therefore hypoth-
esized that blocking one or more additional EV proteins would
result in direct neutralization of EV. We explored this problem by
asking a series of questions. Do high-affinity MAbs of any single
specificity directly neutralize EV? Does a combination of MAbs
against B5 and A33 inhibit EV infectivity? Does expanding the
footprint made by anti-EV Ig of a given specificity, with 2° or 3°
Abs, result in neutralization of the EV? Does simultaneously coat-
ing EV with saturating amounts of Abs specific to multiple anti-

jviasm.org 1579

1sanb Aq 2T0Z ‘ST AInC uo /6o wse’1Aly:dny woly papeojumod


http://jvi.asm.org
http://jvi.asm.org/

Benhnia et al.

A VACV wr B VACV \wr
Anti (A33-A56-B5) Anti (A33-A56-B5) + C' (1%) Control IgG1 ControlIgG1 + C' (1%)
0 123 123 13
o o o o
3 3 3 3
o o o o
.4 8 S 8
Q. Q. Q. Q.
> > > >
g E g E
> > > >
> > > >
[} 1] 1] 1]
0 030612 255 10 20 0 030612 255 10 20 0 09193875 15 30 60 0 09193875 15 30 60
mAbs (pg/ml each mAb) mAbs (pg/ml each mAb) Anti-DNP (pg/ml) Anti-DNP (pg/ml)
C Anti (A33-B5) Anti (A33-B5) + C' (1%) D Control IgG1 Control IgG1 + C' (1%)
40 40 40 40
3 ] 23 123
S 0 S S 30 3 a0
o o o o
L] K4 kS S
=% Q Q. o
> 20 > > 20 > 20
g - g 2 - 2
2 10 < = 10 2 10: i
@ @ @ @
0 0 0
0 1 10 20 40 0 1 10 20 40 0 2 20 40 80 0 2 20 40 80
mAbs (ug/ml, each mAb) mAbs (ng/ml, each mAb) Anti-DNP (pg/ml) Anti-DNP (ug/ml)
E Anti (A33-B5-A56) Anti (A33-B5-A56) + C' (1%) F Control IgG1 Control IgG1 + C' (1%)
0 40 40 40
0 0 0 [
S 30 ] 3 30 3 30
T T T T
o o © o
o o o o
> 20 > > 20 > 20
g : g g : g
= 10 2 = 10 < 10: i [
@ @ @ @
] o 0 0
0 1 10 20 40 0 1 10 20 40 0 3 30 60 120 0 3 30 60 120
mAbs (ng/ml, each mAb) mAbs (ug/ml, each mAb) Anti-DNP (ug/ml) Anti-DNP (ug/ml)
G VACV wr H VACV 11Dy
mAb mAb +C' mAb mAb +C'
1204 1204 P20/0002 1001 100
P<0.0001 mrm P<0.003
g g 1004 g 8 80 P<0.007
3 3 3 3
T T god T T
s s s S 6o
o o o o
> > 60 > >
2 g R < 2 40
> > 404 S S -l
@ @ @ @
20
= N © = © £ — - N © = ©o g — - N © = ®© g - N © = © £ —
£ o £ o - oz 3 Z o
zZ 3 2 o =z 2 z2 2
F] o a 2
-3 o - -3
© © ] ©
4 14 4 o
I VACV |uDJ J VACV |uDJ
Anti (A33-A56-B5) Anti (A33-A56-B5) + C' (1%) Control IgG1 Control IgG1 + C' (1%)
%3 123 %3 123
o o o o
3 3 3 3
o o o o
© © © o
2 =2 ° 2
> > > >
g g g g
> > > >
> > > >
1] 1] 1] 1]
0 030612 25 5 10 20 0 030612 255 10 20 0 09193875 15 30 60 0 09193875 15 30 60
mAbs (ug/ml each mAb) mAbs (pg/ml each mAb) Anti-DNP (pg/ml) Anti-DNP (pg/ml)

1580 jvi.asm.org Journal of Virology

1sanb Aq 2T0Z ‘ST AInC uo /6o wse’1Aly:dny woly papeojumod


http://jvi.asm.org
http://jvi.asm.org/

gens accomplish direct neutralization of EV? Direct neutralization
of EV was not observed in any instance.

Previously, we found that comet tail inhibition occurs with
human anti-B5 Abs (48) and with both mouse IgG1 and IgG2a
anti-B5 MADs irrespective of isotype (49). Our data show strong
inhibition of comet tail formation using antibodies against A33
and moderate inhibition with antibodies against A56. However,
the comet tail assay is not predictive of in vivo efficacy. The comet
tail inhibition assay measures the reduction of VACV cell-to-cell
spread mediated by EV, but probably only EV before it has been
released from the surface of a cell (i.e., cell-associated enveloped
virus [CEV]). The comet tail inhibition assay predicts that MAbs
of any single specificity (B5, A33, or A56) would be protective in
vivo as the MAbs were effective or moderately effective at comet
tail inhibition in vitro. However, it has been shown that mouse
IgG1 comet tail-inhibiting MAbs against B5 do not protect in vivo
against VACV (49) and, in contrast, that human IgG3 protective
MADs against B5 do not inhibit or partially inhibit comet tail
formation (48). Given that both mouse IgG1 and IgG2a MAbs can
function in comet tail inhibition, as do anti-A56 MAbs, it seems
likely that the comet tail assay predominantly functions by an
aggregation-type cross-linking mechanism, whereby the Abs bind
to target antigen on neighboring CEVs on the surface of infected
cells and reduce the release of CEV as EV. We therefore consider
that the comet tail assay has minimal relevance, whereas the EV
plaque reduction assay that measures the complement-mediated
EV neutralization activity of free EV is highly predictive of in vivo
protection.

It was surprising to find that the combination of anti-A33,
-A56, and -B5 together exhibited no consistent direct neutraliza-
tion of EV (Fig. 8A, model I). Combined with our findings here,
the observation that C1q with C3 is required but C5 is not (48, 67)
indicates that blocking the EV proteins is insufficient to neutralize
EV, and that additional activities are required. C3 is covalently
attached to targets and is reactive to a wide range of chemical
moieties, including lipids. The fact that anti-A33, -A56, or -B5 Abs
individually were unable to neutralize EV even in the presence of
2° or 3° Igs appears conceptually similar to the finding that Clq
plus anti-B5 MAD was insufficient to neutralize EV (48, 49). Our
findings support a model where anti-A33 or anti-B5 Abs can neu-
tralize EV in the presence of complement, independent of an-
ti-MV Abs, via opsonization of the EV particle surface (Fig. 8).
These findings provide indirect evidence that surface proteins are
not the required infectious component of EV, leaving open the
possibility that EV membrane lipids directly mediate adhesion
and the initial events leading to VACV fusion with the target cell.
Full fusion with the host cell requires revealing the intricate VACV

Neutralization of Vaccinia Virus EV

entry-fusion complex contained in the MV membrane (15, 18,
19). The fragility of the outer lipid envelope of EV particles may be
due to limited abundance of proteins in the membrane, the bio-
physical properties of the lipid components, like sphingomyelin
and PS, the fact that the two lipid membranes (the outer mem-
brane and the internal MV membrane) are in direct apposition, or
a combination of all three factors. Sparse proteins on the exterior
of the EV particle could result in large areas of naked membrane
and a fluid surface similar to that of HIV, making it very difficult
for antibodies to neutralize the virus (94-96). In addition, the
macropinocytic mechanism of endocytosis also may play an im-
portant role in EV infectivity (97).

Alternatively, it is possible that the lack of direct neutralization
of EV observed here is because A34 is still functional and plays a
role in infectivity, even though the IHD]J strain contains a mutated
A34 with no known function. Another possibility is that the occu-
pancy model fails because orthopoxviruses have somehow
evolved to successfully infect target cells even when only a very
small percentage of viral protein receptor molecules are available.
The viruses may also possess an unknown evasion mechanism.

Without direct neutralization, Ab-mediated protection against
the EV form of VACV depends on effector functions of the im-
munoglobulins. Anti-EV antibodies can utilize a range of effector
functions to accomplish protection. Our data support a promi-
nent role for complement-mediated opsonization that is depen-
dent on C3 and Clq (48, 49). Complement-mediated opsoniza-
tion, without virolysis, has also been shown to be the predominant
complement-mediated mechanism of neutralization for other vi-
ruses, including ectromelia virus, influenza virus, West Nile virus,
mumps virus, paramyxovirus simian virus 5, and vesicular stoma-
titis virus (98-105). Isaacs and colleagues have shown that anti-
A33 in combination with complement (Clq and C5) efficiently
mediates EV destruction (67). Complement-dependent virolysis
is also effective against other families of viruses (106-110). It is
also possible for complement to disrupt the EV outer membrane
but not inner membrane and allow access of anti-MV Abs to neu-
tralize the virus, as shown by experiments in which EV neutraliza-
tion was dependent on the concurrent presence of anti-MV Abs
(59). However, our data show that under the complement condi-
tions used here, anti-B5 or anti-A33 Abs can mediate neutraliza-
tion in the absence of anti-MV Abs. Together these data show that
EV opsonization, stepwise neutralization (release of MV and then
neutralization of MV), and EV virolysis are all available mecha-
nisms of EV neutralization. It is possible that differences in the
density of B5 and A33 on the surface of EV result under conditions
where antibodies against A33 may not be able to recruit sufficient
Clqand C3 to completely opsonize an EV particle (58), revealing

FIG 7 Simultaneously coating EV virion with human MADbs specific to multiple antigens, B5, A33, and A56, is insufficient for neutralization of EV from the WR
or IHD-]J strain. VACV EV neutralization activity of human anti-A33 (VV22), A56 (WR2), and B5 (h101) IgG1 MAbs, starting at 20 w.g/ml of each MAb and then
using 2-fold serial dilutions, against VACV EV of the WR (A) or IHD-] strain (I) with or without a small amount of complement (1%) was determined. (B and
J) Irrelevant human MAD (anti-DNP, control IgG1), starting at 60 ug/ml and then 2-fold serial dilution, in the presence of VACV EV WR (B) or IHD-] strain (J)
with or without complement (1%). All data are representative of three or more experiments. (C to F) VACV EV neutralization activity of human anti-A33 (VV22)
and B5 (h101) MAbs IgG1 (C) in combination with human anti-A56 (WR2) (E), starting at 40 pg/ml of each MADb, against VACV EV of WR with or without
complement (1%). (D and F) Irrelevant human MAb (anti-DNP; control IgG1), starting at 80 or 120 wg/ml, in the presence of VACV EV with or without
complement (1%). The data are representative of one independent experiment. (G and H) VACV EV neutralization activity of human anti-A56 MAbs in the
presence of anti-L1 Abs against the VACV, (G) or VACV yy; strain (H) with or without complement (10%) in each experiment. Mouse anti-B5 MAb B126
(IgG2a) and rabbit anti-A33 PAbs (NR628) were used as positive controls. VACV EV alone (—) and an irrelevant human IgG1 MAD plus EV (IgG1) were negative
controls. The dashed line indicates 50% of the plaque numbers of VACV EV with or without complement. Error bars indicate SEM under each condition. All data
are representative of two independent experiments.
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FIG 8 Mechanism of EV neutralization. (A) Models of VACV EV neutralization. Schematic diagrams of potential virion neutralization pathways. B5, A33, and
A56 are drawn in green, blue, and gray, respectively. An unknown hypothetical EV surface antigen is drawn in cyan. Abs in model I are anti-B5, anti-A33, and
anti-A56. Abs in model II are anti-B5 and anti-A33. Complement (C") components include C1q and C3. Model I is the basic occupancy model. MAbs against
three exposed EV antigens, B5, A33, and A56, could completely coat the functional antigens on the virion surface and subsequently neutralize the virus. This
model failed. Direct occupancy of B5, A33, and A56 with Abs is insufficient to block infection of targets cells. VACV EV escape of neutralization by anti-B5,
anti-A33, and anti-A56 Ab binding may be due to limited abundance of each antigen on the surface of EV, resulting in a lack of blocking of an unknown EV
surface protein still able to facilitate infection. Alternatively, the infectious component of the virion surface is lipid and there is insufficient viral protein on the
surface for the anti-VACV Abs to cover the surface, leaving the fusogenic membrane accessible. Model II shows complement-assisted single-specificity or
two-specificity anti-EV MADbs coating VACV EV via opsonization. Antibody-mediated protection against VACV EV is dependent on activation of complement
Clq via the Fc domain of the immunoglobulin and covalent attachment of C3 to the lipid outer membrane of the virus. (B and C) The presence of anti-MV Abs
in EV stock is not necessary for EV neutralization. Schematic diagrams of potential virion neutralization pathways. EV and damaged EV (EV/MV) particles are
presented in EV stock. B5 and A33 are drawn in cyan and gray, respectively. L1 or H3, as an MV protein, is drawn in green. The Abs were anti-B5 and anti-A33.
Complement (C') components included C1q and C3. (B) MAbs against one or two exposed EV antigens, B5 and/or A33, could completely coat the functional
antigens on EV and EV/MV and subsequently neutralize EV in the presence of complement components Cl1q and C3. (C) MAbs against one or two exposed EV
antigens, B5 and/or A33, could completely coat the specific antigens on EV and EV/MV, and anti-MV Abs coat a specific antigen on the surface of EV/MV
particles. Subsequently, the addition of the complement enhances the neutralization of EV and EV/MV particles.

the value of C5-dependent membrane attack complexes as a sec-
ondary mechanism of EV neutralization. There is also clear evi-
dence that anti-EV antibodies can be protective through addi-
tional effector mechanisms in vivo, including complement-
mediated killing (CDC) of vaccinia virus-infected cells (48, 49)
and binding to Fcy receptors (67).

These findings indicate that vaccines based on protective anti-
bodies do not necessarily need to elicit antibodies that can accom-
plish direct neutralization of the virus. Furthermore, these find-
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ings suggest that our understanding of EV biology is insufficient to
explain how EV binds to and initiates infection of target cells.
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