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Antibodies against the extracellular virion (EV or EEV) form of vaccinia virus are an important component
of protective immunity in animal models and likely contribute to the protection of immunized humans against
poxviruses. Using fully human monoclonal antibodies (MAbs), we now have shown that the protective at-
tributes of the human anti-BS antibody response to the smallpox vaccine (vaccinia virus) are heavily dependent
on effector functions. By switching Fc domains of a single MAb, we have definitively shown that neutralization
in vitro—and protection in vivo in a mouse model—by the human anti-B5 immunoglobulin G MAbs is isotype
dependent, thereby demonstrating that efficient protection by these antibodies is not simply dependent on
binding an appropriate vaccinia virion antigen with high affinity but in fact requires antibody effector function.
The complement components C3 and Clq, but not C5, were required for neutralization. We also have
demonstrated that human MAbs against BS can potently direct complement-dependent cytotoxicity of vaccinia
virus-infected cells. Each of these results was then extended to the polyclonal human antibody response to the
smallpox vaccine. A model is proposed to explain the mechanism of EV neutralization. Altogether these
findings enhance our understanding of the central protective activities of smallpox vaccine-elicited antibodies

in immunized humans.

The smallpox vaccine, live vaccinia virus (VACV), is fre-
quently considered the gold standard of human vaccines and
has been enormously effective in preventing smallpox disease.
The smallpox vaccine led to the worldwide eradication of the
disease via massive vaccination campaigns in the 1960s and
1970s, one of the greatest successes of modern medicine (30).
However, despite the efficacy of the smallpox vaccine, the
mechanisms of protection remain unclear. Understanding
those mechanisms is key for developing immunologically
sound vaccinology principles that can be applied to the design
of future vaccines for other infectious diseases (3, 101).

Clinical studies of fatal human cases of smallpox disease
(variola virus infection) have shown that neutralizing antibody
titers were either low or absent in patient serum (24, 68). In
contrast, neutralizing antibody titers for the VACV intracellu-
lar mature virion (MV or IMV) were correlated with protec-
tion of vaccinees against smallpox (68). VACV immune glob-
ulin (VIG) (human polyclonal antibodies) is a promising
treatment against smallpox (47), since it was able to reduce the
number of smallpox cases ~80% among variola-exposed indi-
viduals in four case-controlled clinical studies (43, 47, 52, 53,
69). In animal studies, neutralizing antibodies are crucial for
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protecting primates and mice against pathogenic poxviruses (3,
7,17, 21, 27, 35, 61, 66, 85).

The specificities and the functions of protective antipoxvirus
antibodies have been areas of intensive research, and the me-
chanics of poxvirus neutralization have been debated for years.
There are several interesting features and problems associated
with the antibody response to variola virus and related pox-
viruses, including the large size of the viral particles and the
various abundances of many distinct surface proteins (18, 75,
91, 93). Furthermore, poxviruses have two distinct virion
forms, intracellular MV and extracellular enveloped virions
(EV or EEV), each with a unique biology. Most importantly,
MYV and EV virions share no surface proteins (18, 93), and
therefore, there is no single neutralizing antibody that can
neutralize both virion forms. As such, an understanding of
virion structure is required to develop knowledge regarding the
targets of protective antibodies.

Neutralizing antibodies confer protection mainly through
the recognition of antigens on the surface of a virus. A number
of groups have discovered neutralizing antibody targets of pox-
viruses in animals and humans (3). The relative roles of anti-
bodies against MV and EV in protective immunity still remain
somewhat unclear. There are compelling data that antibodies
against MV (21, 35, 39, 66, 85, 90, 91) or EV (7, 16, 17, 36,
66, 91) are sufficient for protection, and a combination of
antibodies against both targets is most protective (66). It
remains controversial whether antibodies to one virion form
are more important than those to the other (3, 61, 66). The
most abundant viral particles are MV, which accumulate in
infected cells and are released as cells die (75). Neutraliza-
tion of MV is relatively well characterized (3, 8, 21, 35). EV,
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while less abundant, are critical for viral spread and viru-
lence in vivo (93, 108). Neutralization of EV has remained
more enigmatic (3).

B5R (also known as B5 or WRI187), one of five known
EV-specific proteins, is highly conserved among different
strains of VACYV and in other orthopoxviruses (28, 49). B5 was
identified as a protective antigen by Galmiche et al., and the
available evidence indicated that the protection was mediated
by anti-B5 antibodies (36). Since then, a series of studies have
examined BS5 as a potential recombinant vaccine antigen or as
a target of therapeutic monoclonal antibodies (MAbs) (1, 2, 7,
17, 40, 46, 66, 91, 110). It is known that humans immunized
with the smallpox vaccine make antibodies against B5 (5, 22,
62, 82). It is also known that animals receiving the smallpox
vaccine generate antibodies against BS (7, 20, 27, 70). Further-
more, previous neutralization assays have indicated that anti-
bodies generated against B5 are primarily responsible for
neutralization of VACV EV (5, 83). Recently Chen at al.
generated chimpanzee-human fusion MAbs against BS and
showed that the MADs can protect mice from lethal challenge
with virulent VACV (17). We recently reported, in connection
with a study using murine monoclonal antibodies, that neutral-
ization of EV is highly complement dependent and the ability
of anti-BS MADs to protect in vivo correlated with their ability
to neutralize EV in a complement-dependent manner (7).

The focus of the study described here was to elucidate the
mechanisms of EV neutralization, focusing on the human an-
tibody response to B5. Our overall goal is to understand
underlying immunobiological and virological parameters that
determine the emergence of protective antiviral immune re-
sponses in humans.

MATERIALS AND METHODS

Ethics statement. Informed consent was obtained for all human work, and the
human studies were Institutional Review Board approved. All animal experi-
ments were conducted using Institutional Animal Care and Use Committee-
approved animal protocols.

Sera. Plasma samples from a nonimmune donor and a Dryvax-immunized
donor at 4 weeks postvaccination were stored at —80°C. Rabbit-anti-L1 sera
were generated by immunizing two rabbits with recombinant L1 protein as
described previously (7). Human plasma and rabbit sera were heat inactivated
prior to use to eliminate complement activity (56°C; 30 and 60 min, respectively).
Human VACV immune globulin (50 mg/ml VIG; Cangene Corp., Winnipeg,
Canada) was stored at —80°C.

Mice. KM mice were generated by crossbreeding double transchromosomic
mice and transgenic mice (50, 97). KM mice possess the human chromosome
fragments containing the entire human immunoglobulin heavy-chain locus and
the YAC transgene for 50% of the human immunoglobulin kappa light-chain
locus. KM mice are engineered to express neither endogenous immunoglobulin
heavy chain (WMT~/") nor kappa light chain (K™/7). KM mice are used to
obtain human monoclonal antibodies. Female BALB/cByJ mice (Jackson Lab-
oratory), 8 to 12 weeks of age, were used in all in vivo protection experiments.

Viruses. VACVyyz (Western Reserve) was used unless otherwise stated.
VACVp; was obtained from Stuart Isaacs (University of Pennsylvania). Re-
combinant VACVyi B5-green fluorescent protein (GFP) (VACV/B5-GFP) was
obtained from Bernard Moss (NIH) (104).

VACV MV stocks were grown on HeLa cells in D-10 (Dulbecco’s modified
Eagle medium plus 10% fetal calf serum plus penicillin-streptomycin-glutamine)
as described previously (7). Fetal calf serum used in all experiments was heat
inactivated (56°C, 30 min) prior to use to eliminate complement activity. Purified
VACVywg, VACV/B5-GFP, or VACV ypy stocks were made via centrifugation
through a sucrose cushion as described previously (7). Virus was stored at
—80°C.

EV stocks of VACV were prepared as described previously (7). Briefly, HeLa
cells were used, and the medium containing EV was harvested at 2 days after
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infection. Virus was isolated by centrifugation (450 X g, 8 min) twice to remove
cells. Clarified supernatant was used immediately or stored at 4°C for a maximum
of 3 to 4 weeks (1). Titers of EV VACVyy stocks (~5 X 10° PFU/ml) were
determined on VeroEG6 cells after 30 min of incubation in the presence of rabbit
anti-L1 antibodies (1:50 final dilution) to block MV present in the EV stock (1,
36, 98).

Generation of anti-B5 monoclonal antibodies. Recombinant BS protein (rB5)
was produced and purified as described previously (7). The sequence encoding
the extracellular domain of VACV B5 (amino acids 1 to 275) was amplified
by reverse transcription-PCR. The PCR amplification product of the
VACVyycpon sequence was identical to ACAM2000 B5 except at amino acid
positions 55 and 82, where the sequence was identical to the MVA and Lister BS
sequences.

KM mice were immunized subcutaneously with the rB5 protein plus adjuvant
and boosted by intravenous injection with the rB5 protein alone, similar to the
procedure described in reference 7. Spleens were harvested, and single-cell
suspensions were fused to a myeloma cell line (SP2/0-Ag14) (ATCC, Rockville,
MD) to generate hybridomas according to the procedure described previously
(7). Crude hybridoma supernatants were screened for BS specificity by using an
rBS enzyme-linked immunosorbent assay (ELISA). Cells from positive wells
were expanded and subjected to two to three rounds of limiting-dilution cloning
to obtain monoclonal antibodies. Antibodies were purified as described previ-
ously (7). The purified antibody concentration was determined by the Lowry
method. Quantitative ELISAs were performed as described previously (7).

Antibody gene cloning. Total RNA from hybridoma cells was isolated (RNeasy
mini kit; Qiagen) and used as a template in the rapid amplification of 5’ cDNA
ends (SMART-RACE kit; Clontech) (with SuperScriptII reverse transcriptase;
Invitrogen Corp., Carlsbad, CA) coding for the antibody heavy- and light-chain
variable domains. For MAb h104, these were cloned into the vector pCR-
BluntII-TOPO (Invitrogen) and then subcloned into the antibody expression
vectors NSKG1 and NSKG4PE (Biogen IDEC, Cambridge, MA) for expression
as an immunoglobulin G1 (IgG1) or IgG4PE isotype, respectively. G4PE is a
variant of human IgG4 that contains two mutations: Ser228Pro to prevent the
half-antibody formation (4) and Leu235Glu to reduce residual antibody-depen-
dent cellular cytotoxicity (ADCC) (87). The H104 IgG1 and h104 IgG4 antibod-
ies were expressed by transient expression in 293-F cells (Invitrogen) and were
subsequently purified from supernatants.

VACYV EV neutralization. Briefly, VeroE6 cells were used, and EV neutraliza-
tion was performed as described previously (7) using diluted antibody samples in
the absence or the presence of 10% (final concentration) sterile baby rabbit
complement (Cedarlane Laboratories, Ontario, Canada) as described previously
(7). Plasma was heat inactivated prior to use to eliminate complement function.
Rabbit anti-L1 (1:25 to 1:100, final concentration) was used to block the MV
present in the EV stock in all experiments. VACV EV supplemented with
anti-L1 antibody alone was regularly used in each assay with or without baby
rabbit complement as a negative control.

Comet-tail assays were performed using the VACV gy strain and 20
pg/ml of anti-B5 MAbs, 100 pg/ml of human VIG (the polyclonal human
antibody), or a 1/100 dilution of immune or nonimmune human plasma as
described previously (7).

VACY intranasal infection protection studies. Age-matched female BALB/c
mice were used in all experiments as described previously (7, 21, 91). Briefly, for
B5 monoclonal protection studies and isotype specificity of MAbs, mice were
treated intraperitoneally (i.p.) with 100 ug of the anti-BS MAb h101, h102, h106,
or h104 1 day before intranasal infection with 5 X 10* PFU VACVy. Control
mice received phosphate-buffered saline (PBS) alone or an irrelevant MAb.

Complement pathway. VeroE6 cells were seeded at 5 X 10° cells/well in
six-well Costar plates and used the following day (75 to 90% confluence). For
Fig. 6, human monoclonal antibodies against BS (h101 IgG1, h102 IgG1, or h106
1gG4; 10 pg/ml, final concentration) in D-10 medium were used in the absence
or the presence of 10% of normal human serum complement (NHS) or Clg-,
C3-, fB-, or C5-depleted human serum (Quidel, San Diego, CA). For Fig. 6D,
Clq-purified protein (10 pg/ml; Quidel, San Diego, CA) was used. A 100-pl
amount of MAb plus complement samples were incubated in an equal volume of
EV VACVyy (1:100 dilution plus a 1:50 final concentration of anti-L1 antibody)
for 30 min at 37°C in 5% CO,. EV plaque assays were performed as described
above. The percentage of EV neutralization activity loss was calculated accord-
ing to the following formula: 100 — [(PNyap = PNyab + cr-depteted)/(PNamab —
PNpiap + nms) X 100], where PNy, is the plaque count after treatment with
MAD alone, and PNyjap + cr-depletea 1S the plaque count after treatment with
MADb and complement component-depleted human sera; PNy;ap, + npgs s the
plaque count after treatment with MAb plus NHS.
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TABLE 1. Human anti-B5 monoclonal IgG binding affinities

Clone Isotype EC5y" (nM)
h101 IgG1 0.082
h102 IgG1 0.140
h103 I1gG4 14.25
h104 1gG3 0.476
h105 IgG1 0.203
h106 1gG4 0.186
h107 IgG1 1.317
h108 1gG2 2.731
h109 IgG1 9.0

“ ECs, halt maximal binding concentration.

Surface staining of B5. For the immunofluorescence assay, confluent mono-
layers of VeroE6 cells seeded in eight-well chambered cover-glass slides (Lab-
Tek; Nalge Nunc International, Rochester, NY) were infected overnight with 8
PFU/cell of VACV/B5-GFP. Infected cells were washed with PBS and then
blocked in 1% fetal bovine serum in PBS and subsequently incubated for 1 h at
room temperature with 10 pug/ml of a human anti-B5 monoclonal antibody
(h101). Cells were washed three times, and the anti-B5 antibody was detected
using donkey anti-human IgG antibody conjugated to allophycocyanin (Jackson
Immunoresearch, West Grove, PA) at a 1:200 dilution for 1 h at room temper-
ature, followed by fixation. Slides were examined using a Nikon Eclipse E1000
immunofluorescence microscope (Mariana).

The flow cytometry assay was carried out using the human anti-B5 MAb h101
(20 pg/ml) and a 1:100 dilution of allophycocyanin-conjugated donkey anti-
human IgG(H+L) antibody (Jackson Immunoresearch, West Grove, PA) to
detect the expression of BS on the surfaces of infected cells as described previ-
ously (7). Data were analyzed, and the mean fluorescence intensity of surface B5
expression was determined using the FlowJo software program.

Complement lysis assay. Vero E6 cell monolayers (1 X 10° cells/well) were
infected with VACVyy at a multiplicity of infection of 8 and incubated for 12 h
at 37°C in 5% CO,. Infected cells were washed twice and pretreated with D-10
medium with or without 10 pg/ml anti-B5S MAb h101, h102, or h104 IgGl1, IgG3,
or IgG4 isotype (final concentration), irrelevant MAD (antidinitrophenol [anti-
DNP] IgG1, IgG3, or IgG4 isotype), a 1/10 dilution of immune or nonimmune
human plasma, or 1 mg/ml of VIG for 30 min at 37°C in 5% CO,. After the
preincubation, cells were treated with plain Dulbecco’s modified Eagle medium
with or without 20% rabbit complement (final concentration) for 40 min at 37°C
in 5% CO,. Medium was removed, and cells were fixed and stained with 0.1%
crystal violet in 20% reagent alcohol. Representative areas in each well were
examined using a Nikon Eclipse E1000 microscope at magnification X40. Quan-
titation of cell numbers was carried out using the ImarisFile Converter 6.1.3
software program (2008; Bitplane AG).

Statistical analysis. Tests were performed using the Prism 4.0 or 5.0 software
program (GraphPad, San Diego, CA). Statistics were determined using a two-
tailed, unpaired ¢ test with 95% confidence bounds unless otherwise indicated.
Bar graph error bars are = 1 standard error of the mean (SEM). Statistical
analysis of mouse weight loss after intranasal infection with VACV i was done
by tabulating the weight nadir (30% for dead mice, which was the maximum
weight loss before euthanization) for each mouse, and the maximum weight loss
significance was calculated using a two-tailed, unpaired ¢ test without assuming a
normal distribution (Welch’s correction). Survival curve significance was calcu-
lated using Kaplan-Meier statistical analysis.

RESULTS

To facilitate a better understanding of neutralization of pox-
virus by human antibodies, we developed nine fully human
MADs against the BS5 protein, using transchromosomic KM
mice engineered to express human immunoglobulin. These
mice contain the full human immunoglobulin heavy-chain gene
locus and the majority of the kappa light-chain gene locus (50,
97). The mice are bred on an endogenous immunoglobulin
heavy chain knockout, kappa light chain knockout background,
eliminating all murine immunoglobulin production. Seven hu-
man anti-BS monoclonal antibodies obtained from KM mice
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were shown to have high relative binding affinities in the nano-
molar and subnanomolar range, and two antibodies displayed
low binding affinities (Table 1; Fig. 1).

EV neutralization in vitro by human anti-B5 MAbs was
complement dependent, and protection in vivo was affinity and
isotype dependent. Hybridomas selected in the primary rBS
ELISA screening were tested for EV neutralization potency.
Initially, we utilized the most commonly used in vitro EV
neutralization assay, comet tail inhibition, which measures a
reduction of VACV yp; spread in the culture supernatant (36,
60). This assay required high antibody concentrations for ef-
fective virus neutralization (20 pg/ml). Out of nine top anti-B5
human antibodies tested in this assay, only a single candidate
(h101) (Fig. 2A) showed strong inhibition, and two candidates
(h102) [Fig. 2A] and h108 [data not shown]) showed partial
inhibition. VIG or plasma from a human smallpox vaccinee
that had high anti-B5 IgG titers (data not shown) showed
complete inhibition of comet tail formation, while control hu-
man plasma or IgG1 or IgG3 MADb had no inhibitory effect on
comet tail formation (Fig. 2A and data not shown).

Direct EV neutralization with human MAbs alone was poor,
with maximal neutralization of ~20% even at high antibody
concentrations (Fig. 2B and 4B and D). This was consistent
with the literature showing the difficulty of neutralizing EV (7,
16, 17, 34, 36, 66, 67, 98, 99). Recently we developed a com-
plement-dependent EV neutralization assay that is convenient,
provides a high signal-to-noise ratio, and has biological rele-
vance since it accurately predicted protective capacities of mu-
rine MAbs against lethal VACV challenges in vivo (7). We
refer to this complement-dependent neutralization assay as a
“physiological EV neutralization assay.” The physiological EV
neutralization assay was applied to screen these B5-specific
human IgGs. This assay revealed four strongly neutralizing
antibodies: h101, h102, h104, and h105 (Fig. 2C) and one
antibody with partial activity (h108). Neutralization was ob-
served only among the high-affinity MAbs (clone h101, h102,
h104, or h105) and not the lower-affinity MADbs (clone h103 or
h109). Representative high-affinity monoclonal h102 potently
neutralized EV in a dose-dependent manner, with a 50%
plaque neutralization titer (PRNT5,) of 27 ng/ml (Fig. 2D).

Neutralization also correlated with isotype, since the IgGl
and IgG3 antibodies neutralized (clones h101, h102, h104, and
h105) and IgG4 did not (clone h106). IgG2 (clone h108) par-
tially neutralized EV. This is consistent with the effective com-
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FIG. 1. Binding affinities of human anti-B5 MAbs. Titration of
anti-B5S MADbs was done using rB5 ELISA. Data are representative of
three independent experiments. OD, optical density.

dRdnuHtios




12358 BENHNIA ET AL.

Control
plasma

Vaccinee
plasma

A No treatment

I,

J. VIROL.

h102

Control

B mAb alone c mAb + complement D 80
,» 100 ” o 70
g g 3 604
g g g
2 60 o 5 50
> > > 404
[$] o o
< 40 < < 30-
= > B
w20 11} < 20
w104
R | R EEEE S 0-— T T T
222822222 ¢ 2ge8e8geee2e¢9 10 1 0.1 0.01
Ttttk Tttt

Anti-B5 mAb (pg/ml)

FIG. 2. Complement-dependent human MADb neutralization of VACV EV. (A) Human anti-B5 MAbs, VIG, and immune human plasma
exhibited comet tail inhibition activity in vitro. Vero E6 cells were infected with VACV 5, and then cultured in the absence of antibody (no
treatment), with human VIG (100 pg/ml), with human plasma samples from a smallpox vaccine recipient or unvaccinated people (1/100 dilution),
with anti-B5S MAbs (20 pg/ml; h101 or h102), or with irrelevant MAb (20 pg/ml; IgG1). (B to D) VACV EV virion neutralization by human anti-B5
MADbs is dependent on complement. VACV EV neutralization activity of the full panel of monoclonal antibodies against BS at 10 pg/ml in the
absence (B) or the presence (C) of 10% rabbit complement. VACV EV alone (—) and an irrelevant human IgG1 MAbD plus EV (IgG1) were
negative controls. The dashed line indicates 50% neutralization based on VACV EV alone (B) or in the presence of complement without antibody
(C). (D) Titrated VACV EV neutralization activity of human anti-B5 MAb h102 (IgG1) in the presence of 10% of rabbit complement. The dashed
line indicates the plaque number of VACV EV in the presence of complement without antibody. All data are representative of three or more

experiments.

plement-fixing properties of human IgG1 and IgG3. Human
IgG2 fixes complement poorly, and human IgG4 is completely
unable to fix complement. The human IgG subclasses (IgG1,
IgG2, IgG3, and IgG4) have different hinge region sequences,
which determines the flexibility of the molecule, the accessi-
bility of the complement binding sites to C1q, and the ability to
fix and activate complement (73, 95).

Our findings show that MAb affinity, concentration, and
isotype can be correlated with virus neutralization activity in
vitro. Only complement-fixing MAbs with high affinity had the
ability to neutralize VACV EV in the presence of complement.

From the physiological EV neutralization assay, we pre-
dicted that only high-affinity anti-BS MAbs of the IgG1 or
1gG3, but not IgG4, isotype would be protective in vivo. To test
these predictions, we first tested high- and low-affinity anti-B5
IgG1 MADbs (h102 and h109, respectively) for in vivo efficacy
using the VACVyy intranasal challenge model with mice. This
is an established small-animal model for testing vaccinations
and therapeutic treatments related to human inhalation small-
pox (6, 7, 17, 66, 109). Here, mice were treated with individual
human anti-BS MAbs followed by a lethal dose of VACVyx
via intranasal challenge. As shown in Fig. 3A to C, mice treated
with low- affinity h109 human IgGl MAD lost weight after
infection similarly to untreated mice (Fig. 3A and B) and died
by day 8 postinfection (Fig. 3C). In contrast, the high-affinity
h102 human IgG1 MAb was highly protective (P < 0.004, h102
versus h109; P < 0.003, h102 versus PBS) (Fig. 3B). All h102-
treated mice survived (P < 0.02, h102 versus PBS; P < 0.004,
h102 versus h109) (Fig. 3C). Furthermore, in separate chal-
lenge experiments, we tested a high-affinity h106 IgG4 anti-
body that had shown no in vitro physiological EV neutraliza-
tion activity. Anti-B5 h106 IgG4 was not protective in vivo (P <
0.005, h106 versus h101; P >> 0.05, h106 versus PBS) (Fig. 3D).

Therefore, the physiological neutralization assay is a good pre-
dictor of efficacy of human antibodies in vivo, and the protec-
tive capacity of human antibody responses against VACV EV
is affinity and isotype dependent, reflecting the importance of
complement.

EV neutralization in vitro and protection in vivo by isotype-
switched human anti-BS MAbs. To formally test the impor-
tance of the Fc domain in VACV EV neutralization, we
switched the isotype of human anti-B5 monoclonal h104 from
IgG3 to either IgG1 or IgG4 by genetic engineering. These
three isotypes of MAb h104 displayed comparable high-affinity
binding to B5 (Fig. 4A; relative affinities for IgG1, IgG3, and
1gG4: 0.16 nM, 0.42 nM, and 0.19 nM, respectively), and none
of the h104 isotypes exhibited direct EV neutralization activity
in the absence of complement (Fig. 4B). The complement-
fixing IgG1 and IgG3 h104 MAbs possessed strong EV-neu-
tralizing activity in vitro (P < 0.0003 and P < 0.0004, respec-
tively; Fig. 4C). Anti-B5 IgG1 possessed a PRNT;, of 29 ng/ml
(Fig. 4D and E), and anti-B5 IgG3 exhibited comparable ac-
tivity in dose titrations (PRNTs, = 15 ng/ml). Importantly,
while MAb h104 IgG4 bound BS5 with high affinity, it did not
neutralize the virus (P >> 0.05; Fig. 4C and E), consistent with
the essential role of complement in EV neutralization and the
inability of IgG4 to fix complement.

Using the isotype-switched h104 clones, we then directly
tested which IgG isotype provided the best protection against
VACYV in vivo and whether the in vivo protection correlated
with in vitro complement-mediated neutralization. Mice
treated with anti-B5 h104 IgG1 lost no weight after lethal
challenge with VACVy (P < 0.0001 versus results with PBS
or h104 IgG4; P => 0.05 versus results with naive mice) (Fig.
5A and B), comparable to our results with h101 and h102 (Fig.
3). Strikingly, mice treated with anti-B5 h104 IgG4 lost weight
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FIG. 3. Protection against a lethal VACVy, infection. High-affin-
ity human anti-BS MAD (h102) exhibited protection in vivo. (A to C)
BALB/c mice were inoculated i.p. with 100 pg of anti-BS MAb (h102
or h109) or an equivalent volume of PBS. One day later, mice were
challenged intranasally with 5 X 10* PFU of purified VACV,y. Naive
mice were unchallenged (no infection; “Naive”). (A) Body weight was
tracked daily. Dotted lines indicate starting body weight (upper line) or
terminal body weight (bottom). (B) Weight loss nadirs for each group
are quantitated. (C) Survival after intranasal challenge. H102 MAb-
treated mice were protected from death compared to results for mock-
treated mice (P < 0.02, MAb h102 versus PBS) and compared to
results with low-affinity MAb h109 (P < 0.003). Group average = SEM
from one of three independent experiments is shown. (D) BALB/c
mice were inoculated i.p. with a high-affinity anti-B5 MAb (h101 or
h106) or PBS at day —1 and challenged intranasally with 5 X 10* PFU
of purified VACVyy at day 0. Maximum weight loss (%) is shown.
H101-treated mice exhibited no significant weight loss compared to
results for uninfected mice (P >=> 0.05) and were significantly better
protected than mice treated with h106 or given PBS treatment (P <
0.005 or P < 0.002, respectively; n = 5/group).

identically to mice given an irrelevant MADb (P >> 0.05 versus
results with irrelevant IgG1; P >> 0.05 versus results with PBS)
(Fig. 5B). In separate experiments, h104 IgG3 exhibited good
protection (P < 0.03 versus results with PBS) (Fig. 5C). Our
results demonstrate that the anti-BS MAb IgG1l and IgG3
isotypes are highly protective against EV and that human IgG4
has no measurable protective efficacy in vivo. The results cor-
relate well with in vitro complement-dependent EV neutral-
ization activity (Fig. 2B to D and 4B to E). These results
demonstrate that isotype and antibody effector functions can
be crucial components of protection against VACV EV and
that antibody binding by itself is insufficient for neutralization
and effective protection in vivo by these anti-B5 MADs.
Complement components involved in VACV EV neutraliza-
tion. Complement can be activated via three pathways: classi-
cal, alternative, and lectin. Given that complement-fixing hu-
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man IgG isotypes were required for VACV EV neutralization,
we examined which complement factors were involved by using
Clg-, C3-, C5- and fB-depleted human sera. Experiments re-
vealed a strong dependence on Clq (71% VACV EV neutral-
ization activity loss) and C3 (77% loss), whereas the absence of
fB or C5 had little effect on EV neutralization (Fig. 6A, left
panel). Human anti-B5 IgG4 had no neutralization activity
under any condition (h106; Fig. 6A, right panel). None of the
human anti-BS IgGs exhibited significant EV neutralization
activity in the absence of complement (Fig. 6B and C). Neu-
tralization by human IgG anti-B5 required Clq (Fig. 6A);
however, anti-BS h101 IgG1l was unable to neutralize EV
VACV when supplemented with purified Clq protein alone
(P < 0.02, results for Clq protein plus h101 versus results for
NHS plus h101) (Fig. 6D). The addition of purified Clq to
Clq- depleted human serum fully restored neutralization ac-
tivity, demonstrating that the purified Clq protein was fully
active (P < 0.006, results for Clg-depleted serum plus the Clq
protein plus h101 versus results for Clq-depleted serum plus
h101) (Fig. 6D). These experiments suggest that the primary
mechanism of neutralization was opsonization via coating of
the EV particles with antibody bound to Clq and subsequent
activation and fixation of complement C3, sterically preventing
EV from binding to cells (See Discussion and Fig. 10). Given
that C5 was dispensable (Fig. 6A), complement-mediated lysis
of EV viral particles (virolysis) did not appear to be a major
pathway of neutralization by human anti-B5 antibodies.
Complement-fixing BS antibodies mediated complement-de-
pendent cytotoxicity destruction of VACV-infected cells. Com-
plement can function in multiple ways, and we recently showed
that murine anti-B5 antibodies are effective at directing com-
plement-mediated destruction of VACV-infected cells, utiliz-
ing the membrane attack complex (7). EV are secreted from
the plasma membrane, and BS5 is expressed on the surface of
VACV-infected cells (7, 18, 49, 75, 93, 104). Human anti-B5
MADb h101 efficiently labeled B5 on the surface of VACV-
infected cells (Fig. 7A and B). We examined the ability of h104
IgG1, IgG3, or IgG4 to mediate complement-dependent cell
killing of VACV-infected cells. Treatment of infected cells
with complement alone had no effect (Fig. 7C). Treatment
with h104 IgG1, IgG3, or IgG4 alone also had no effect (Fig.
7D to G). In contrast, addition of anti-B5 h104 IgG1 (Fig. 7D)
or IgG3 (Fig. 7E) with complement resulted in rapid and
complete killing of VACV-infected cells (P < 0.0001, results
with IgG1 or IgG3 versus results with IgG4 or complement
alone) (Fig. 7H). Treatment with the non-complement-fixing
anti-BS h104 human IgG4 plus complement did not direct any
cell lysis, again highlighting the importance of the antibody
isotype in this antiviral function (P >> 0.05, IgG4 versus com-
plement alone) (Fig. 7F and H). Our finding here shows clearly
that human antibody-mediated killing of virus-infected cells
was specific. Killing was only observed in the presence of com-
plement-fixing anti-BS MAD, was dependent on the presence
of complement, was active only against virally infected cells,
and was completely absent when the MAb Fc domain was
switched to IgG4 even though anti-B5 IgG4 had identical spec-
ificity and affinity to B5 (Fig. 4A). These results and their
correlation with the other in vitro and in vivo data shown
indicate that anti-B5 antibody killing of VACV-infected cells
in vivo is likely an important protective mechanism of the
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anti-EV humoral immune response induced by the smallpox individuals immunized with DryVax (47). There is evidence
vaccine. that the ability of VIG to neutralize EV is due largely to the

Functional attributes of human polyclonal anti-B5 IgG from presence of anti-B5 IgG (5, 83). As shown in Fig. 8A, VIG
vaccinees. VIG is purified polyclonal human antibody from alone has only modest EV neutralization activity in vitro even
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FIG. 5. Anti-B5 protection in vivo is antibody isotype dependent. Anti-BS MAbs h104 IgG1 and h104 IgG3 were protective in vivo, while IgG4
was not protective. (A and B) BALB/c mice were inoculated i.p. with 100 pg of anti-B5 MAb h104 IgG1, h104 IgG4, a negative control human
MADb (anti-DNP IgG1) or PBS at day —1 and challenged intranasally with 5 X 10* PFU of purified VACVyy at day 0. Naive mice were
unchallenged (no infection; “Naive”). Weight loss kinetics for each group (A) and maximum weight loss (weight nadir) (B) are shown. Dotted lines
indicated the starting body weight (upper line) or terminal body weight (bottom line). H104 IgG1 isotype-treated mice exhibited no significant
weight loss compared to results for uninfected mice (P >=> 0.05) and were significantly better protected than mice treated with the h104 IgG4
isotype, human anti-DNP, or PBS (P < 0.0001; n = 6/group). The group average = SEM from one of two independent experiments is shown. (C) In
an independent experiment, BALB/c mice were inoculated i.p. with 100 g of the anti-B5S MAb h104 IgG3 isotype or PBS at day —1 and challenged
intranasally with 5 X 10* PFU of purified VACVy at day 0. Maximum weight loss (weight nadir) is shown. H104 IgG3 isotype-treated mice were
significantly better protected than mice treated with PBS (P < 0.03; n = 6/group). The group average = SEM from one of three independent
experiments is shown.
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protein. The addition of the Clq protein (10 pg/ml) to Clg-depleted
experiments. Error bars indicate the SEM in each group.

at very high concentrations (0.5 to 1 mg/ml). However, neu-
tralization by VIG was vastly improved by the presence of
complement (Fig. 8A). Comparable EV neutralization ac-
tivity was obtained using plasma from human smallpox vac-
cinees (Fig. 8B). Nonimmune human plasma had no activity
(Fig. 8B).

VIG was very effective at lysing VACV-infected cells in vitro
in the presence of complement (Fig. 9A and D). Plasma from
individual human vaccinees was also very efficient at killing
VACV-infected cells in the presence of the complement (Fig.
9B and E). Together, these results demonstrate the physiolog-
ical relevance of this study and that significant EV neutraliza-
tion activity (>90%) by human antibodies is observed only in
the presence of complement.

DISCUSSION

It is important to have a clear understanding of the immu-
nological mechanisms involved in the protection mediated by
the smallpox vaccine. Understanding those mechanisms is key
to developing immunologically sound vaccinology principles
that can be applied to the design of future vaccines. Antibodies
play a central role in protecting humans, primates, or mice
against pathogenic poxviruses (3, 5, 7, 8, 21, 23, 29, 61, 66, 91).

sera restored EV neutralization activity. Data are representative of three

The functions and specificities of the protective antibodies
have constituted an area of intensive research, and the mech-
anisms of poxvirus neutralization have been long debated.

EV neutralization has been a conundrum for decades. While
it has been demonstrated in multiple studies that antibodies
against BS antigen protect against a lethal intranasal VACV
challenge in animal models (7, 17, 34, 36, 66, 91) and antibod-
ies against B5 are present in human vaccinees (5, 22, 62, 82,
83), the mechanism(s) of protection have been unknown. Re-
cently we clarified several key features of protective murine
anti-B5 antibodies (7). The relationship between EV neutral-
ization by human monoclonal and polyclonal antibodies and
protection in vitro and in vivo remained unclear. We generated
a new panel of human anti-B5 MADbs to facilitate these studies.
These human MAbs can also potentially be used as human
therapeutic agents for protection against vaccinia virus, mon-
keypox virus, or variola virus.

Using three isotype-switched versions of the same antibody
(h104 IgG1, IgG3, and IgG4), we have demonstrated that only
the human IgG1 or IgG3 MADs neutralize VACV EV and the
neutralization is complement dependent. Only human MAbs
possessing complement-fixing Fc domains (IgG1 or IgG3) and
having high affinity had the ability to neutralize EV virions in
the presence of complement. Furthermore, only those MAbs
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FIG. 7. Human IgG1 or IgG3 anti-B5 antibodies are able to direct complement lysis of VACV-infected cells. (A) Vero E6 cell monolayers were

infected with VACVyr B5-GFP (green, multiplicity of infection = 8),

and surface expression of B5 (red) was determined 12 h postinfection by

surface staining with anti-B5 MAb h101 and immunofluorescence microscopy. (B) Surface expression of BS was tested (red filled curve) after
infection with VACV by surface staining of infected cells with anti-BS MAb and performance of flow cytometry. Uninfected cells, negative
control (black filled curve). (C to H) Anti-B5-directed complement lysis of infected cells. Virus-infected cells stained with crystal violet are shown
at magnification X40. VACV-infected cells were treated with media (C) (left) or 20% rabbit complement (+ C’) (C to F) (right) in the absence
(C) or presence (D to F) of anti-B5S MAb h104 isotypes. (G and H) Quantitation of live cell numbers (cells/image field) from experiment shown
in panels C to F. Destruction of VACV-infected cells was statistically significant in the presence of complement plus anti-B5 IgG1 or IgG3 isotype
versus results for anti-B5 IgG1 or IgG3 alone (P < 0.0001), complement alone (P < 0.001), or complement plus anti-BS IgG4 (P < 0.0001). No
killing was observed for anti-B5 IgG4 in the absence or presence of complement (P >=> 0.05). Error bars indicate the SEM in each group. One of

two independent experiments is shown.

were protective in vivo. Dramatically, human IgG4 anti-B5 of
the exact same epitope specificity showed no neutralization in
vitro or protection in vivo. Human IgG1 and IgG3 are potent
activators of the classical complement pathway, while I1gG4 is
incapable of activating the classical complement pathway (26,
54,73, 95, 105). Therefore, the antiviral effects of the antibod-
ies are heavily dependent on Fc-mediated effector functions
and are not simply dependent on binding an appropriate
VACYV virion antigen. These are the most definitive experi-

ments to date showing that antibody effector functions can be
key to protective immunity against EV. Our study further
shows the direct relevance to human immunology, both by
using human monoclonal antibodies and antibodies from
smallpox vaccine-immunized humans.

Interestingly, we observed that human anti-B5 IgG1 MAb
had an inhibitory effect on comet tail formation in vitro while
IgG3 and IgG4 anti-BS MADbs had no effect on comet tails
(data not shown). The comet tail reduction assay therefore
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appears to measure some complement fixation capacity, as well
as affinity, and possibly other attributes of immunoglobulins,
such as an ability to block virion release (98).

Mechanism of neutralization. A complete understanding of
virus neutralization by antibodies still remains challenging, and
several models for different viruses have been proposed (41,
55-57, 65, 72, 81, 107). A basic occupancy model posits that a
virion is neutralized at the point at which the surface antigens
are sufficiently coated with antibody, leading to inhibition of
viral attachment to target cells or interference with the entry/
fusion process (79). This model has successfully predicted neu-
tralizing antibody activities against many small viruses (33, 56,
65, 79, 81, 88). However, VACV is a very large virus. Further-
more, it does not appear to have a symmetrical surface made
up of regular repeating units. According to the basic occupancy
model of virus neutralization, we hypothesized that high/full
occupancy of the B5 protein on the virion surface by anti-B5
antibody should neutralize the virus (Fig. 10A). We found that
even high concentrations of anti-B5 IgG were insufficient to
neutralize the virus (Fig. 4D), indicating that the coating model
is not applicable to the EV of poxviruses. We postulated that
the coating model fails because EV escape direct neutraliza-
tion by anti-B5 IgG binding because the B5 protein is present
at relatively low density on the surface of EV and direct occu-
pancy of all BS binding sites is insufficient to fully cover the
surface of the virus (Fig. 10B). Therefore, the neutralization
activity of anti-B5 MADs is observed only when complement is
present (Fig. 10C). Alternatively, the double membrane of
poxviruses poses unique challenges for virus neutralization by
immunoglobulins and may be an important aspect of the com-
plement dependence of EV neutralization (67). Complement
plays important roles in antibody-mediated protection against
several viral infections (9, 14, 19, 42, 48, 71, 77, 92, 107). In the
present study, complement component depletion experiments
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FIG. 9. VIG or plasma from individual human vaccinees directs complement lysis of VACV-infected cells. (A to C) Virus-infected Vero E6
cells stained with crystal violet at magnification X40. VACV-infected cells were treated with VIG, plasma from a single human vaccinee (immune),
or nonimmune human plasma alone (A to C, left) or with complement (+ C') (A to C, right). (D and E) Quantitation of live cell numbers
(cells/image field) after cell lysis in the presence of VIG (D) or human plasma (E). Destruction of VACV-infected cells was highly statistically
significant in the presence of VIG plus complement (P < 0.02) or immune human plasma plus complement (P < 0.0006). No killing was observed
for nonimmune human plasma in the absence or presence of complement (P >=> 0.05; not significant). Error bars indicate the SEM for each group.

One of two independent experiments is shown.
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with Clq or C3 show that the classical pathway of the comple-
ment system is required for antibody-mediated neutralization
in vitro (Fig. 6). We propose in our neutralization model that
Clq increases the footprint of the immunoglobulin, occupying
a much larger surface area of the virion, sterically hindering
infection (Fig. 10C). Furthermore, covalent attachment of
many C3bs to the virion obstructs binding to target cells (Fig.
10C) (10, 79).

The EV neutralization model we propose (Fig. 10) also
posits that B5 is not essential for EV virion infectivity, since
our data show that saturating levels of anti-B5, presumably
occupying all BS proteins, still does not block the infectivity of
EV (Fig. 4D and 10B). This indicates that viral binding and
entry can be mediated by other EV virion antigens or compo-
nents.

High concentrations of some human anti-B5 antibodies ex-
hibited modest EV neutralization (=30%) in the absence of
the complement. This limited neutralization likely is via aggre-
gation and cross-linking of EV. This potential activity may
provide a modest degree of protection in vivo, as illustrated by
the non-complement-fixing human MAb h106 (Fig. 3). These
results are consistent with findings in the literature showing
that murine IgG1 antibodies can provide protection in vivo
against VACV (1, 2, 7). Alternatively, murine IgG1 does pos-
sess some antibody-dependent cell-mediated cytotoxicity
(ADCC) activity, such that the modest in vivo protection of
murine IgG1s may instead be due to ADCC effector function.

The in vitro complement-mediated VACV neutralization
assay is both a direct assay and a surrogate assay for in vivo
mechanisms of antibody protection against VACV. Since both
the human IgG1 and IgG3 subclasses are capable not only of
fixing complement but also of exerting effector functions
through binding Fc receptors, we cannot and do not exclude
ADCC as part of the protection mechanism in vivo (86). Our
data strongly suggest that the potent protective efficacy of
human anti-BS IgG1 and IgG3 MADs in vivo was due at least
in part to their ability to fix and activate complement. Further-

more, depletion of complement in mice abrogated most of the
protective efficacy provided by a murine anti-B5 MAb (7).
Recently Moulton et al. (76) showed that natural antibody
neutralizes ectomelia virus, the causative agent of mousepox,
in a complement-dependent manner via activation of both
classical and alternative pathways (76).

While C5-mediated virion destruction (virolysis) occurs in
some viral infections (equine arteritis virus, lymphocytic cho-
riomeningitis virus, Sindbis virus, and avian bronchitis virus
infections) (9, 84, 94, 107) and may occur with poxviruses,
virolysis is not necessary for VACV neutralization (7) (Fig. 6).
Moulton et al. also recently found that CS is not necessary for
ectomelia virus neutralization in vitro, suggesting that opso-
nization is the predominant mechanism of neutralization (76).
We have also shown that complement-mediated neutralization
of EV does not require the presence of anti-MV immunoglob-
ulin (7). This is consistent with the human antibody results
reported here. Interestingly, previous studies have demon-
strated C1 through C3 were responsible for enhancement of
IgG antibody-mediated neutralization of VACV MV in the
absence of virolysis, indicating that neutralization of both
VACV MV and EV virions may occur through the same path-
way in vivo (63). A similar mechanism has been proposed for
vesicular stomatitis virus (51, 63).

Human complement deficiencies are frequently associated
with autoimmune diseases such as systematic lupus erythema-
tosus, arthritis, and others (11, 12, 38, 64, 102, 103). There is
evidence that human complement deficiencies also result in
serious health problems after viral or microbial infection. C3
deficiency in humans typically results in recurrent pyogenic
bacterial infections (13, 32, 78). Several reports now indicate
that a genetic deficiency in Clq in humans results in an en-
hanced susceptibility to pathogens (15, 32, 96, 106), and if
individuals survive these infections, they develop lupus-like
autoimmune disease (12, 74, 80, 102, 103).

VACYV encodes the VACV complement control protein,
VCP (also known as C3L or WRO025), which binds C3b and
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C4b (58, 59, 89) and can also form a covalent heterodimer with
the EV surface protein A56 (37, 100). VCP is a known viru-
lence factor of VACV (58). VACVyy, Which expresses VCP,
was used in our in vitro and in vivo experiments. Therefore the
inhibitory effects of VCP are only partial and can be overcome.
The observation that VCP deletion VACV mutants have only
a moderate loss of virulence is consistent with these findings
(48).

Protective anti-EV antibodies in vaccinees. The smallpox
vaccine generates strong antibody responses to the EV form in
immunized humans, and the antibody responses are mostly
directed against the BS, A33, and A56 viral proteins (5, 22, 25,
62, 82, 83). Mice infected with VACV,, also generate strong
antibody responses against multiple EV proteins, and A33 or
B5 immunization can be protective in mice (7, 44, 45). The
complement-dependent EV neutralization findings using VIG
or plasma from human smallpox vaccinees (Fig. 8) are consis-
tent with the human anti-B5 MAb data presented (Fig. 2 to 6)
and consistent with the observation of anti-B5 antibody re-
sponses in human vaccinees (5, 83). However, our recent find-
ing that the redundancy and diversity of anti-MV neutralizing
antibody responses against multiple viral proteins are a defin-
ing characteristic of the human response to smallpox vaccina-
tion (8) may also apply to EV-neutralizing antibody responses.
We hypothesize that human vaccinees may also possess anti-
A33 and/or anti-A56 complement-dependent EV-neutralizing
antibodies. This would be consistent with studies that show
titers of anti-A33 and -A56 antibodies in human vaccinees (62,
83) and that a chimpanzee/human fusion MAb against A33 is
protective in vivo (16).

In summary, we show that human antibody neutralization of
VACYV EV virions is not simply dependent on antigen binding
but is actually heavily dependent on antibody effector func-
tions. Altogether, our results indicate that the complement
pathway is a crucial component of the success of the smallpox
vaccine in immunized humans.
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