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Passive antibody prophylaxis against human immunodeficiency virus type 1 (HIV-1) has been accomplished
in primates, suggesting that this strategy may prove useful in humans. While antibody specificity is crucial for
neutralization, other antibody characteristics, such as subclass, have not been explored. Our objective was to
compare the efficiencies of immunoglobulin G (IgG) subclasses from polyclonal human HIV immune globulin
(HIVIG) in the neutralization of HIV-1 strains differing in coreceptor tropism. IgG1, IgG2, and IgG3 were
enriched from HIVIG by using protein A-Sepharose. All three subclasses bound major HIV-1 proteins, as
shown by Western blot assay and enzyme-linked immunosorbent assay. In HIV-1 fusion assays using X4, R5,
or X4RS envelope-expressing effector cells, IgG3 more efficiently blocked fusion. In neutralization assays with
cell-free viruses using X4 (LAIL, IIIB), R5 (BaL), and X4R5 (DH123), a similar hierarchy of neutralization was
found: IgG3 > IgG1 > IgG2. IgG3 has a longer, more flexible hinge region than the other subclasses. To test
whether this is important, IgG1 and IgG3 were digested with pepsin to generate F(ab’), fragments or with
papain to generate Fab fragments. IgG3 F(ab’), fragments were still more efficient in neutralization than
F(ab’), of IgG1. However, Fab fragments of IgG3 and IgG1 demonstrated equivalent neutralization capacities
and the IgG3 advantage was lost. These results suggest that the IgG3 hinge region confers enhanced HIV-
neutralizing ability. Enrichment and stabilization of IgG3 may therefore lead to improved HIVIG preparations.
The results of this study have implications for the improvement of passive immunization with polyclonal or
monoclonal antibodies and suggest that HIV-1 vaccines which induce high-titer IgG3 responses could be

advantageous.

Passive immune globulin therapy has been successfully used
to prevent infection with a variety of viruses, including varicel-
la-zoster virus, measles virus, hepatitis A virus, hepatitis B
virus, cytomegalovirus, respiratory syncytial virus, and rabies
virus (14, 15, 31, 43). Primate studies in vivo have suggested
that human immunodeficiency virus (HIV) infection might be
preventable by anti-HIV antibodies (1, 2, 4, 20, 36). A prepa-
ration of antibodies against HIV could potentially be useful in
the prevention of maternal-fetal transmission or for post-nee-
dle stick prophylaxis, such as in cases of accidental inoculation
of health care personnel. To this end, several polyclonal prep-
arations of immune globulin manufactured from plasma of
HIV-positive persons with high antibody titers have been de-
veloped and used in primate and human prophylaxis and treat-
ment studies. Prevention of oral, vaginal, and intravenous HIV
type 1 (HIV-1) transmission by passive antibody therapy was
demonstrated in primates by using polyclonal and/or neutral-
izing monoclonal antibodies (MAbs). Polyclonal anti-HIV im-
munoglobulins protected chimpanzees against low-dose HIV-1
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infection and provided additive prophylaxis against vaginal and
intravenous infection of primates treated concurrently with
anti-HIV MAbs (13, 25-27, 33). Complete abrogation of mu-
cosal infection of neonatal macaques has been achieved by
using combinations of MAbs (1). In vivo neutralization mech-
anisms are not well defined but may include prevention of
initial infection and prevention of viral transfer from dendritic
cells to activated T cells (16).

In women with HIV-1 infection and in children with ad-
vanced infection, anti-HIV antibody preparations decreased
p24 antigenemia and resulted in delayed in vitro virus propa-
gation, although CD4 counts and viral loads were minimally
affected (23, 41). A preparation of human HIV immune glob-
ulin (HIVIG) was tested for the prevention of maternal-fetal
transmission in a pivotal study (42). While HIVIG and a pla-
cebo showed no statistically significant differences, there was a
lower-than-expected transmission rate because zidovudine was
given to both treatment groups. HIVIG has not been studied
for prophylaxis after accidental exposure to HIV. Thus, the
benefit of polyclonal anti-HIV preparations in different pro-
phylactic settings remains an open question.

Since partial protection was conferred by HIVIG in many
primate studies, a more detailed examination of the immuno-
globulin properties associated with neutralization is warranted.
While antibody specificity for HIV-1 is essential, one in vitro
study using a cloned human variable region of an anti-HIV
antibody linked to either the y1 or the y3 constant region has
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suggested that the neutralizing activity against a laboratory-
adapted strain of HIV-1 is enhanced by the IgG3 constant
region (5). In addition, one of the most broadly cross neutral-
izing human MAbs (MADb 477-53-D) specific for V3 is of the
IgG3 isotype (17, 18). If, indeed, a particular IgG subclass can
improve the neutralizing activity of anti-HIV-1 antibodies, it
may be useful to develop polyclonal or monoclonal prepara-
tions with those characteristics. This goal could be achieved by
vaccination with appropriate adjuvants or by molecular engi-
neering of MAbs. To further examine this question, we sepa-
rated IgG subclasses from a commercially manufactured
HIVIG. We compared the abilities of human antibody sub-
classes IgG1, IgG2, and IgG3 to bind to HIV-1 antigens and to
mediate viral neutralization. We found that all three subclasses
exhibited binding to solid-phase HIV-1 antigens, with HIVIG
and IgG1 showing the greatest binding by enzyme-linked im-
munosorbent assay (ELISA). However, IgG3 was superior to
IgG2 and IgGl in blocking HIV-1 envelope-mediated cell fu-
sion and in neutralization of cell-free virus. F(ab) fragments of
IgG3 generated by papain digestion lost their increased efficacy
compared to F(ab) of IgG1, while 1gG3 F(ab'), fragments
generated by pepsin digestion retained their enhanced fusion-
inhibiting activity compared to that of IgG1l F(ab’), These
results suggest that the unique structure of the IgG3 hinge
region is a major contributor to its enhanced HIV-1-neutral-
izing capacity.

MATERIALS AND METHODS

HIVIG preparations. HIVIG was obtained through the National Heart, Lung,
and Blood Institute repository with the kind assistance of Luiz Barbosa of the
National Heart, Lung, and Blood Institute and Mark Cosentino. HIVIG was
manufactured by North American Biologicals, Inc. (Boca Raton, Fla.), from the
plasma of >100 HIV-positive donors with high anti-p24 antibody levels and CD4
counts of > 400/pl who were clinically healthy. Two separate lots (HIVIG-113
and HIVIG-114) were used for these studies. Manufacturing was performed in
accordance with good manufacturing practices. Before fractionation, plasma was
treated with tri-n-butyl phosphate and 1% Tween 80 to inactivate HIV-1. Im-
munoglobulin G (IgG) was purified by using a Cohn-Oncley fractionation pro-
cedure, followed by QAE-50 Sephadex. The final preparation was formulated as
a 5% solution in normal saline that was sterile and nonpyrogenic (9). High-
pressure liquid chromatography analysis showed <3% fragmentation and <1%
aggregates in the two lots used for these studies.

Intravenous human respiratory syncytial virus immune globulin (RSVIG) was
used as a control immunoglobulin in all experiments. RSVIG is a commercial
preparation manufactured by Massachusetts Public Health Biological Laborato-
ries (Boston, Mass.). Like HIVIG, RSVIG is prepared by using a modified
Cohn-Oncley fractionation procedure, which also includes a solvent-detergent
step to inactivate viruses. RSVIG is obtained from plasma of healthy donors with
high titers of antibodies against respiratory syncytial virus. The final preparation
is a sterile 5% solution.

IgG subclass separations. IgG subclass separation was performed by pH
gradient elution from a protein A affinity column as adapted from the method of
Duhamel et al. (11). Recombinant protein A-conjugated Sepharose beads (rPro-
tein A-Sepharose Fast Flow; Amersham Pharmacia Biotech AB, Uppsala, Swe-
den) were packed into a 1.5-cm-diameter column to a bed height of 14 cm and
equilibrated with Mcllvaine’s citrate-phosphate buffer, pH 6.5 (0.2 M Na,HPO,
titrated to the desired pH with 0.1 M citric acid and preserved with 0.1% sodium
azide). HIVIG or RSVIG (0.25 g/run at a concentration of 50 mg/ml) was
applied to the column after dialysis into the equilibration buffer. Column flow
was controlled by a Bio-Rad Biologic HR fast protein liquid chromatography
(FPLC) system, which permits a programmable admixture of buffers to flow
through the column at low pressures and a constant rate. Fractions of 8 ml were
collected when the 4,4, (0.5-cm path length) was greater than 0.1. Typically, a
two-step gradient was run by programming the admixture of two buffers at pHs
6.5 and 3.5 (buffers A and B, respectively). The first step was 55 to 70% buffer B
in a 200-ml volume, and the second step was 70 to 85% buffer B in a 50-ml
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volume. The flow rate was held at 0.33 ml/min throughout the run. IgG3 does not
bind to protein A and was therefore present in the flowthrough; IgG2 was eluted
at pHs 4.70 to 4.55, and the majority of IgG1 eluted at pHs 4.50 to 3.70, although
there was some tailing at lower pHs. Small amounts of IgG4 were present in both
the IgG1 and IgG2 fractions. Because no further separation was attainable, the
gradient was steepened after the main IgG1 peak began to elute. The column was
regenerated with 1 column volume of 0.1 M citric acid and re-equilibrated with
buffer A between separations.

1gG3 fractions from the early flowthrough from multiple FPLC runs were
pooled. Since IgG1- and IgG2-containing fractions overlapped, tubes containing
substantial proportions of both subclasses were discarded. To determine the
enrichment of the individual fractions, as well as the final pooled fractions, an
ELISA for each subclass was performed by using a human IgG subclass detection
kit in accordance with the manufacturer’s instructions (Central Laboratory of
The Netherlands Red Cross Blood Transfusion Service; obtained through Ac-
curate Chemical, Westbury, N.Y.). Pooled fractions were concentrated by ultra-
filtration (Millipore, Bedford, Mass.) of stirred cells. The subclass-enriched prep-
arations were dialyzed against phosphate-buffered saline (PBS), and protein
concentrations were determined by measuring the A4,g.

HIV-1 ELISA. HIVIG subclasses were tested for binding to HIV antigens by
using a commercial kit which included a combination of HIV-1 viral lysate (SF2)
and recombinant HIV-1 envelope antigen produced in Escherichia coli (t(LAV
EIA; Genetic Systems, Redmond, Wash.). The HIVIG subclasses were diluted to
a concentration of 40 pg/ml and serially diluted fivefold. The protocol was
followed in accordance with the manufacturer’s instructions, and the A,s, was
read. Additionally, ELISA plates coated with purified gp120 protein (SF2; Chi-
ron Corp.) or V3 peptide were used for binding assays.

HIV-1 immunoblotting. A commercial kit, the Novapath HIV-1 Immunoblot
kit (Bio-Rad, Hercules, Calif.) was used in accordance with the manufacturer’s
instructions. Briefly, total HIVIG and HIVIG subclasses were incubated with
membrane strips on which HIV-1 proteins were blotted after separation by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. All IgG subclasses
were added at a concentration of 0.40 mg/ml and incubated for 30 min at room
temperature. After washing of the strips, anti-human IgG conjugated to alkaline
phosphatase was added, the mixture was incubated for 10 min, and the reaction
was developed with a 5-bromo-4-chloro-3-indolylphosphate—nitroblue tetrazo-
lium substrate.

HIV-1 envelope-expressing recombinant vaccinia viruses for fusion inhibition
studies. A recombinant vaccinia virus expressing the HIV-1 envelope derived
from RS strain JR-FL (vCB28) (3) was obtained from Christopher Broder
(Uniformed Services University of the Health Sciences, Bethesda, Md.). Recom-
binant vaccinia viruses expressing the X4 envelope (IIIB), vVPE16 (12), and X4R5
(dual tropic envelope), v89.6 (6), were obtained from the laboratory of Bernard
Moss (National Institute of Allergy and Infectious Diseases, National Institutes
of Health [NIH]). A recombinant vaccinia virus expressing the bacterial B-ga-
lactosidase gene, vSC8 (from the laboratory of Bernard Moss, NIH), was used as
a negative control in all of the experiments. In addition, the human lymphoid cell
line TF228.1.16, which stably expresses the HIV ITIB/BH10 (X4) envelope (22),
was used in the fusion assays.

Fusion inhibition assays. CD4~ cell line 12E1 was infected with the HIV-1
envelope-expressing recombinant vaccinia viruses at 10 PFU/cell overnight. En-
velope-expressing 12E1 cells or TF228.1.16 (IIIB/BH10 envelope) cells were
mixed (1:1) with the PM1 cell line (a CD4" CXCR4" CCR5™ derivative of the
Hut 78 cell line that is susceptible to infection by both X4 and RS strains) (24).
HIVIG subclasses were added at different concentrations to the envelope-ex-
pressing effector cells and incubated for 1 h at 37°C, and then the PMI1 target
cells were added. The numbers of multinucleated syncytia were scored at various
times after initiation of cocultures (peak syncytium numbers were usually ob-
served between 3 and 5 h). All groups were plated at two or three replicates, and
all experiments were repeated at least three times. Fifty percent infective doses
(IDs,) were calculated by using linear regression with GraphPad Prism software.

HIV-1 strains and virus neutralization assays. HIV-1 viral stocks IIIB (X4
strain) and BaL (RS5 strain) were obtained from the AIDS Research and Ref-
erence Reagent Program (McKesson HBOC BioServices, Rockville, Md.), the
dual-tropic primary isolate DH123 was obtained from Malcolm Martin (National
Institute of Allergy and Infectious Diseases, NIH) (35), and the primary isolate
LAI strain was obtained from Keith Peden (DVP, OVRR, Food and Drug
Administration). The BaL and DH123 viral stocks were propagated and their
titers were determined in phytohemagglutinin-activated peripheral blood lym-
phocytes, and the titer of the IIIB strain was determined on H9 cells by the
method of Reed and Muench (34). Viral neutralization by different HIVIG
subclasses was conducted as described by Shibata et al. (37). The virus strains
were preincubated with the control (RSVIG) or with HIVIG subclasses (three-
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FIG. 1. Separation of antibody subclasses from polyclonal immune globulin preparations by FPLC. RSVIG and HIVIG were run under
identical conditions, and the graphs indicating the protein concentrations of the elution-fractions are superimposed. IgG3 protein was present in
the initial flowthrough, as indicated. Upon application of a gradually diminishing pH gradient, IgG2 was eluted, followed and partially overlapped

by IgG1. OD, optical density.

fold dilutions, starting at 4 mg/ml) for 30 min at 37°C. Ten-microliter volumes of
virus-antibody mixtures (containing 100 50% tissue culture-infective doses
[TCIDs5,]) were added to a 96-well-plate containing PM1 cells (5 X 10* cells/well,
five replicates per group). The plates were washed extensively after 3 days to
remove residual virions and HIVIG (including anti-p24 antibodies). Every sec-
ond day thereafter, the supernatants were removed and the cultures were sup-
plemented with fresh medium. Virus production was determined by measuring
p24 in the supernatants with ELISA kits (NEN Life Sciences Products Inc.,
Boston, Mass.). Virus neutralization by the different HIVIG subclasses is ex-
pressed either as percent inhibition of p24 production at a given concentration of
antibodies (usually based on day 9 to 14 p24 assays) or as the 50% neutralization
titer against 100 TCIDs, of DH123 as described by Shibata et al. (37).

Preparation of HIVIG subclass Fab and F(ab’), fragments. IgG1 and IgG3
from HIVIG subclasses (2 to 7 mg/ml) in PBS containing 20 mM EDTA and 20
mM L-cysteine were incubated with papain (Sigma, St. Louis, Mo.). Preliminary
studies determined the optimal conditions for complete subclass digestion into
Fab fragments. As has been previously reported, IgG3 is much more sensitive to
proteinases and complete digestion could be observed after brief exposure to this
enzyme, whereas higher concentrations of papain and longer digestion periods
are required for the other subclasses (45). IgG3 was digested with papain at 20
pg/ml for 1 h at 37°C. IgG1 was digested with papain (50 pg/ml) for 24 h at 37°C.
The reactions were terminated with 50 mM iodoacetamide for 30 min at room
temperature, and the products were dialyzed overnight into PBS. To remove
residual intact molecules and Fc fragments, the reaction mixtures were passed
through a protein G-Sepharose column (Amersham Pharmacia Biotech), which
was prewashed with 0.1 M citric acid, pH 3, and equilibrated in PBS. Samples
were loaded onto the column, and the flowthrough was collected. The column
was washed with 2 ml of PBS, and the wash fraction was combined with the
flowthrough. Samples were analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis to determine their purity and then concentrated with an
Amicon concentrator (Millipore). By using goat anti-human IgG Fc-specific
antibodies in binding assays, it was determined that the IgG-Fab preparation
contained no contaminating Fc fragments or intact IgG molecules.

For pepsin digestion, IgG1 and IgG3 preparations (7 mg/ml) were dialyzed
into acetate buffer (pH 4.0) for 4 h. Protein concentration was determined after
dialysis, and pepsin (Sigma) was added at an enzyme-antibody concentration
ratio of 1:20. The reaction mixture was incubated for 1 h at 37°C, and the
digestion was terminated by adding 2 M Tris base until a pH of 8.0 was attained

(approximately 0.2 ml/reaction mixture). The reaction mixtures were dialyzed
overnight into PBS. For removal of residual intact molecules and Fc fragments,
each reaction mixture was passed through a protein G-Sepharose column (Am-
ersham Pharmacia Biotech) as described for Fab fragments. The purity of the
final preparations was assessed by high-pressure liquid chromatography.

RESULTS

Enriched IgG subclasses from HIVIG display similar HIV
antigen-binding profiles. HIVIG subclasses were enriched by
using a protein A-Sepharose column (Fig. 1). IgG3, which does
not bind to protein A, was recovered in the early flowthrough.
IgG2 and then IgG1 were eluted by using a diminishing pH
gradient. The amount of IgG3 was lower and that of IgG1 was
higher than would be expected from HIVIG manufactured
from normal donors. These results confirm subclass distribu-
tions reported for previous lots and reflect skewing of the IgG
subclass distribution seen in HIV patients (9). The elution
fractions were assayed individually and pooled to obtain opti-
mal enrichment of each subclass (Table 1). The small amounts
of IgG4 can be attributed to the use during manufacturing of

TABLE 1. Purity of enriched pooled subclass fractions®

Fraction % 1gG1 % 1gG2 % 1gG3 % 1gG4
IgG1 94.7 4.7 0 0.6
1gG2 10 89.4 0 0.6
1gG3 0 0 100 0

“ Collection tubes from FPLC were tested by ELISA for the presence of all
four IgG subclasses. HIVIG lot 113 is shown here; results for lot 114 were
similar.
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a QAE Sephadex column, which is known to remove IgG4 due
to the unique charge properties of this subclass (38).

To determine whether all of the subclasses bound multiple
HIV antigens, enriched subclass fractions were compared with
unfractionated HIVIG for binding in a commercial HIV-1
Western blot assay. Identical viral bands were recognized by all
three subclasses and by the original, unfractionated HIVIG
from which the subclasses were derived (Fig. 2A). To compare
subclass binding to solid-phase antigens more quantitatively,
IgG subclasses and HIVIG were also tested in ELISAs using
HIV-1 lysate (SF2)-LAV envelope antigen. Binding of un-
separated HIVIG was used as an internal reference in order to
demonstrate that the subclass separation process did not result
in a significant reduction in the binding capacity of the immu-
noglobulins. While all of the IgG subclasses displayed binding
to HIV-1 antigens in an ELISA, the rank order of binding was
IgG1 = HIVIG > IgG3-1gG2 (Fig. 2B). No significant binding
to HIV-1 proteins was observed with RSVIG. In addition,
binding to plates coated with either purified gp120 or V3 pep-
tide was determined by ELISA. Again, a similar pattern of
binding was observed, as depicted in Fig. 2 (data not shown).

HIV fusion inhibition and neutralization by HIVIG sub-
classes. Several important HIV-neutralizing epitopes on the
viral envelope are noncontinuous and conformation depen-
dent. Such conformational epitopes are often lost when HIV
antigens are processed for solid-phase assays such as ELISA
and Western blot assay. Therefore, functional assays, rather
than binding assays, are more accurate predictors of anti-HIV
antibody activity in vivo (25, 36). Fusion of HIV gp120/41
envelope protein with cells expressing CD4 and the appropri-
ate coreceptors is the essential first step in HIV entry into cells.
A syncytium assay, which measures the fusion between HIV-1
envelope-expressing effector cells and target cells expressing
CD4-chemokine receptors, is a surrogate assay for cell-to-cell
HIV-1 transmission. The abilities of total HIVIG and HIVIG
IgG subclasses to inhibit fusion were tested by coincubating
cells expressing either R5-dependent, X4-dependent, or dual-
tropic envelope protein with PM1 target cells that express CD4
and both CCR5 and CXCR4. The IgG preparations were
added to the envelope-expressing cells for 60 min prior to the
mixing of effector and target cells. Syncytium formation, an
indicator of cell fusion, was assessed 3 to 6 h after effector-
target cell mixing at a 1:1 ratio. Interestingly, among the
HIVIG subclasses, 1gG3 displayed superior inhibition of X4-,
R5-, and X4-R5 (dual-tropic)-mediated envelope fusion (Fig.
3A to C). The IDs, of IgG3 were 3.5-, 5.7-, and 3-fold lower
than those of IgG1 for inhibition of fusion with X4, RS, and
X4RS5 envelope-expressing cells, respectively. The overall abil-
ity to inhibit R5-mediated syncytium formation was less than
for X4 envelope-expressing cells, as previously reported for RS
viruses (12).

Neutralization of infection with cell-free HIV is also an
important measure of antibody potential to prevent infection.
The ability of HIVIG subclasses to inhibit viral infection was
tested by preincubation of antibodies with HIV strain BaL
(R5) or IIIB (X4) or a primary isolate, DH123 (X4RS5), fol-
lowed by addition of the virus-antibody mixtures to PM1 cells.
p24 antigen production was measured at various time points as
a marker of the extent of productive infection. Again, IgG3
anti-HIV antibodies were found to be more effective than
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FIG. 2. HIVIG subclass binding to viral antigens. (A) Binding of
unfractionated HIVIG and HIVIG subclasses (or the RSVIG control)
to an immunoblot of HIV antigens. The same amount of protein was
incubated with each strip. Intact HIVIG and all three subclasses bound
to the same bands similarly. (B) Unfractionated HIVIG and HIVIG
subclasses demonstrate quantitative differences in binding to HIV ly-
sate by ELISA. Serial dilutions of antibody preparations were applied
to HIV lysate-coated ELISA plates and developed in accordance
with the manufacturer’s instructions. The control immune globulin,
RSVIG, did not exhibit binding. Similar results were obtained by using
ELISA plates coated with viral envelope (SF2) and V3 peptide (not
shown). O.D.,s, optical density at 450 nm.

1gG1, IgG2, and HIVIG in neutralizing IIIB and BaL (Tables
2 and 3). Neutralization of primary HIV isolates, as opposed to
laboratory strains, is believed to be a more relevant predictor
of in vivo virus neutralization. Attenuation of infection with
the primary isolate, DH123, by HIVIG subclasses was deter-
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FIG. 3. Inhibition of HIV-1 envelope-mediated fusion by HIVIG
and HIVIG subclasses. Serial dilutions of antibody preparations were
added to envelope-expressing cells for 1 h prior to addition of PM1
target cells. Fusion was assessed 3 to 6 h later. Fusion inhibition was
compared to that of a control culture without IgG additives, which
defined 0% inhibition. RSVIG was used as a negative control. Results
are expressed as micromolar concentrations to account for the slightly
greater molecular weight of 1gG3. (A) HIV IIIB (X4) envelope-me-
diated fusion inhibition using TF228 cells. The ID5, (micromolar) were
as follows: HIVIG, 0.18; I1gG1, 0.21; IgG2, 0.37; 1gG3, 0.06. (B) HIV-1
BaL (R5) envelope-mediated fusion inhibition using vCB28-infected
12E1 cells. The IDs, (micromolar) were as follows: HIVIG, 1.2; IgGl,
4.0; IgG2, 73.2; 1gG3, 0.7. (C) HIV-1 89.6 (X4R5)-mediated envelope
fusion inhibition using vaccinia virus strain 89.6-infected 121E1 cells.
The ID5, (micromolar) were as follows: HIVIG, 1.2; IgG1, 1.75; 1gG2,
4.2; 1gG3, 0.6. The experimental results shown are representative of at
least two fusion inhibition assays for each envelope.

mined after 13 days of infection of PM1 cells at 100 TCIDs,,
(Table 4). The dose of antibody preparation that inhibited p24
antigen production by 50% was 23- to 26-fold lower for IgG3
than for HIVIG, IgG1, and IgG2. Taken together, these results
consistently show that IgG3 antibodies from HIVIG are more
efficacious in neutralizing HIV-1 in vitro.

J. VIROL.

TABLE 2. Neutralization of HIV IIIB (X4, T-tropic virus)“

IgG added p24 concn (ng/ml) % Inhibition
Virus alone 339 =87
Total RSVIG 361 + 103 0
Total HIVIG 258 £ 23 24
HIVIG IgG1 206 = 143 39
HIVIG IgG2 404 =32 0
HIVIG IgG3 33 +22 90

“ RSVIG or HIVIG subclasses (lot 113) were incubated with virus stocks (100
TCIDs) for 30 min at 37°C prior to addition to PM1 cells. The final concentra-
tion of each antibody was 80 wg/ml. p24 antigen was measured on day 9. The data
shown are the mean * the standard deviation of five replicate wells. The results
shown are representative of two experiments. Similar results were observed on
day 11 of culture.

The enhanced syncytium inhibition by IgG3 depends upon
the presence of an intact hinge region but not Fc. A possible
explanation for the superior neutralization activity of IgG3 is
that it has a greater content of neutralizing paratopes than do
the other subclasses. Alternatively, the unique structural prop-
erties of the IgG3 protein may contribute to its greater effec-
tiveness. The structure of IgG3 differs from that of the other
subclasses in that human IgG3 has a long hinge region, con-
sisting of 11 disulfide bonds, compared to only 2 disulfide
bonds in IgG1 and 4 in IgG2 and IgG4. The distance between
the Fab and Fc domains is therefore greater in IgG3 than in
the other subclasses. This long hinge region permits the Fab
arms to move more freely away from each other, since steric
hindrance from the more distant Fc portion is diminished (7,
10, 21, 28). It has been theorized that enhanced hinge region
flexibility allows more opportunity for antibodies to bind di-
valently to virions and cells expressing multivalent epitopes at
certain densities (7, 21). It has also been suggested that certain
murine subclasses exhibit noncovalent cooperative binding to
each other via Fc, thus increasing their functional avidity for
antigens, although this has not been demonstrated for human
antibody subclasses (19). To test whether the Fab, hinge, or Fc
region is responsible for the increased IgG3 neutralizing abil-
ity, IgG3 and IgG1 preparations were digested with either
papain or pepsin. Fab monomers were tested for syncytium-
inhibiting activity and compared with the uncleaved antibodies.
Binding studies by flow cytometry indicated an about fivefold
reduction in the binding of Fab fragments to 89.6-expressing
12E1 cells, compared to intact antibodies (data not shown). As
expected, the fusion inhibition capacities of both IgG1 and
IgG3 Fab were reduced compared to that of the intact divalent
antibodies, as evidenced by the marked shifts in the fusion
inhibition curves and the 1Dy, (Fig. 4). Importantly, the IgG3
Fab did not have a superior fusion inhibition capacity com-

TABLE 3. Neutralization of BaL (RS, M-tropic virus)‘

IgG added p24 concn (ng/ml) % Inhibition
Virus alone 402 = 16 0
Total HIVIG 209 = 13 48
HIVIG IgG1 156 + 14 61
HIVIG IgG2 211 =20 48
HIVIG IgG3 74 £ 8 82

“ p24 antigen was measured on day 11 after infection. Virus was added at 100
TCIDsg/well, and the final concentration of each antibody was 80 pg/ml. The
data shown are the mean * the standard deviation of five replicate wells.
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TABLE 4. Neutralization of primary isolate DH123

Ig D5, (png/ml)
Total HIVIG ...ttt 51.9
IgG1 55.5
TG 2ttt 60.8
IgG3 2.3

“The IDs, of each subclass was determined after 13 days of infection of PM1
cells with DH123 at 100 TCIDs,. The IDs, was determined by the method of
Reed and Muench (34).

pared to IgG1l Fab fragments. Similar results were obtained
with Fab fragments from two different HIVIG lots, with cells
expressing either the IIIB (X4) or the 89.6 (R5) envelope.
These results argue against the possibility that IgG3 from
HIVIG has more or better paratopes against HIV-1 than does
IgG1.

To determine whether an intact hinge region structure or
the presence of Fc provides the advantage to IgG3, both IgG1
and IgG3 from HIVIG (lot 113) were digested with pepsin,
which removes the Fc but not the hinge region. The resulting

A)
757——1gG3 Virus strain: 89.6

—— IgG1
——1gG3(Fab)
50-—— IgG1(Fab)

T T T
-3 -2 -1 o - 1

% Inhibition

[
o
|

Log Antibody Concentration (M)

B)

757——1gG3
—o—1gG1
—— IgG3(Fab)

501—s— IgG1(Fab)
2. /
2 K 0

T
-3 B

Virus strain; [11B

% Inhibition

Log Antibody Concentration ( pM)

FIG. 4. Fab monomers of IgG1 and IgG3 from HIVIG have similar
syncytium-inhibiting abilities. Fab monomers generated by papain di-
gestion were tested for the ability to block fusion by viral envelopes.
Fab fragments were compared to the intact IgG preparations from
which they were derived. (A) X4RS strain 89.6. The IDs, (micromolar)
were as follows: IgG1, 1.9; IgG3, 0.53; IgG1 Fab, 6.6; [gG3 Fab, 8.2.
(B) X4 strain IIIB. The IDs, (micromolar) were as follows: 1gG1, 1.7;
1gG3, 0.18; IgG1 Fab, 9.0; IgG3 Fab, 9.0. The results shown are for lot
113. The same results were obtained in experiments using lot 114 IgG
Fab fragments.
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TABLE 5. Syncytium inhibition (89.6 envelope) by intact
IgG versus F(ab'), and Fab®

IDs, (nM)
HIVIG B —— 1gG1/1gG3 ratio
IgG1 IgG3
Intact 1,200 267 4.5
F(ab’), fragment 920 260 3.5
Fab fragment 5,600 4,800 1.2

“12E1 cells were infected overnight with recombinant vaccinia virus express-
ing the envelope of dual-tropic HIV-1 strain 89.6 at 10 PFU/cell. Envelope-
expressing cells were preincubated for 60 min with HIVIG subclasses, either
intact or after enzymatic digestion into Fab and F(ab’), fragments. The cells
were then mixed with PM1 target cells at a 1:1 ratio in triplicate, and syncytia
were scored after 4 h of incubation at 37°C. The number of syncytia in control
RSVIG-treated cultures was 437 *= 49 (mean * standard deviation). ID5, were
derived from linear regression analyses of fusion inhibition values at multiple
doses of each Ig preparation.

F(ab"), fragments were compared to intact HIVIG antibodies
and to each other for the ability to block fusion mediated by
the dual-tropic 89.6 envelope (Table 5) and the IIIB envelope
(data not shown). In replicate experiments, IgG3 F(ab’), was
better able to prevent syncytium formation than was IgGl
F(ab’),, as evidenced by the 3.5-fold lower IDs, of IgG3
F(ab’),. As before, when intact molecules were compared, the
1gG3 IDs,, was four- to fivefold lower than that of IgG1 anti-
bodies.

Similar experiments were conducted with cell-free viruses
DH123 and LAI. Again, it was found (Table 6 and data not
shown) that both uncleaved and F(ab'), fragments of IgG3 had
a lower IDs, than IgG1 (G1-to-G3 IDs, ratios of 5.0 and 5.2,
respectively). The IDs, of the Fab fragments was higher for
both subclasses, and no IgG3 advantage was observed for Fab
fragments (Table 6).

Overall, these results strongly suggest that the enhanced
ability of IgG3 in HIVIG to neutralize HIV can be attributed
to the longer heavy-chain hinge region and not the Fab or Fc
portion of this subclass.

DISCUSSION

Passively transferred antibodies against HIV-1 can prevent
infection in primates. However, the qualitative nature of opti-
mal HIV-1-neutralizing antibodies has yet to be determined.
Clearly, the specificity of the binding sites is critical and effec-
tive antibody prophylaxis in primate models has been achieved
with mixtures of several broadly reactive MADs targeting

TABLE 6. Neutralization of virus strain DH123 with intact
HIV IgG versus F(ab’), and Fab“

IDso (1M) .
HIVIG _— 1gG1/1gG3 1D, ratio
IgG1 1gG3
Intact 254 51 5.0
F(ab’), fragment 187 36 52
Fab fragment 1,520 1,520 1.0

¢ HIV-1 strain DH123 (100 TCIDs5,) was preincubated with HIVIG subclasses,
either intact or after enzymatic digestion into F(ab’), and Fab fragments. IDs,
were determined 11 days after infection of PMI1 cells. ID5, were determined by
the method of Reed and Muench (34) and converted to micromolar concentra-
tions based on the sizes of the fragments [150 kDa for intact molecules, 100 kDa
for F(ab'),, and 50 kDa for Fab fragments].
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known neutralizing epitopes in gp120 and gp41 (1, 25-27). In
several experiments, polyclonal HIVIG preparations were
added to mixtures of MAbs with an added benefit (25-27). The
structural properties of antibodies which are different for each
subclass may influence their functional affinity for antigens (7,
21). The long hinge region of IgG3 permits enhanced flexibility
of the Fab arms, thus permitting better divalent binding to
multivalent epitopes spaced at a certain range of distances
from each other (10, 21). Studies of murine and human anti-
bodies have shown that epitope density can affect functional
affinity (8). Fc regions also differ among subclasses, and it has
been theorized that mouse IgG3 Fc regions tend to aggregate
with one another, thereby facilitating the binding of more
antibodies to a multivalent antigenic surface (19). In the present
study, we sought to determine whether a particular IgG sub-
class, isolated from a polyclonal preparation of HIVIG, was
more effective in in vitro virus neutralization assays. IgG3 had
enhanced activity compared with IgG1 and IgG2 in HIV-1
envelope-based fusion assays that are commonly used as a
surrogate for cell-to-cell viral transmission. In addition, more
efficient neutralization of several HIV-1 strains (both X4 and
RS5), including the primary isolate DH123 (X4RS5), by IgG3
was observed. Interestingly, solid-phase binding assays were
not predictive of the higher neutralization efficiency of HIVIG
IgG3. Important conformational epitopes may be lost when
viral antigens are bound to a solid phase, such as ELISA plates,
or on Western blots. In these assays, binding only indicates the
overall presence of anti-HIV antibody and is not an indicator
of function. However, in flow cytometric cell-binding assays
(using 12E1 cells expressing several different HIV-1 enve-
lopes), no differential binding was found with any of the IgG
subclasses (data not shown). In summary, none of the binding
assays used in our study were predictive of the superior neu-
tralizing capacity of IgG3.

The increased anti-HIV-1 activity of IgG3 was lost when Fab
fragments were generated, suggesting that the IgG1 and IgG3
polyclonal Fab fragments have similar affinities for neutralizing
epitopes. This is not surprising, since HIVIG is made from the
plasma of more than 100 infected individuals from different
regions of the United States and therefore it is unlikely that
fine specificities could account for the observed differences
among subclasses. The functional affinity of the intact antibod-
ies seems to differ among the subclasses, and this difference
appears to depend upon the unique structure of the IgG3
molecule. This conclusion is in agreement with previous work
by Cavacini et al., who prepared HIV-1-neutralizing MAbs
with identical Fab regions fused to IgG1 and IgG3 constant
regions. They showed that genetically engineered IgG3 MAb
F105 (specific for a discontinuous epitope in the CD4-binding
site) had superior neutralizing ability against some laboratory-
adapted strains of HIV-1 compared to IgG1, despite their
identical antigen-binding regions (5). The precise structural
advantage of I1gG3 could be due to enhanced Fab arm flexi-
bility or to a hypothetical greater tendency to self-aggregate via
Fc. F(ab"), fragments containing the hinge but not the Fc
portion were generated to distinguish these possibilities. When
IgG1 and IgG3 F(ab’), were compared, IgG3 maintained its
superior neutralization activity (three- to fivefold lower IDs)
that was similar to or better than that of the intact molecule
(Tables 5 and 6). Thus, the presence of the hinge region, in the
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context of a bivalent molecule, was required and sufficient for
the higher fusion inhibition activity of IgG3.

It is important to determine whether IgG3 antibodies also
demonstrate enhanced anti-HIV-1 activity in vivo. Such a find-
ing would have several implications. It is already apparent for
vaccines and for prophylaxis that the breadth of neutralizing
antibody specificities must be extensive and that no single MAb
is likely to be fully effective. Improvement of functional affinity
may further enhance the efficacy of antibodies. If IgG3 anti-
bodies have better in vivo function, it may prove useful to
engineer MAbs with the IgG3 heavy chain. In addition to
passive immunization, prophylactic vaccines could be envi-
sioned which utilize adjuvants that favor the generation of
IgG3 antibodies. Normally, IgG3 accounts for only 5 to 10% of
plasma IgG. Polyclonal HIVIG preparations could also be
improved, since enrichment for IgG3 is simply achieved by the
use of protein A columns. However, the use of IgG3 mono-
clonal and polyclonal preparations would also require certain
considerations and concessions to this unique isotype. Because
of its long hinge region, IgG3 is more susceptible to degrada-
tion by plasma proteases and it has a half-life of only 7 days
(29). In contrast, the other subclasses exhibit a half-life of 23
days (29). For the same reasons, IgG3 preparations must be
carefully manufactured so that trace amounts of contaminating
serum proteases are removed. Avoidance of manufacturing
steps which affect IgG3 structure, such as the use of B-propio-
lactone for viral inactivation, would be important (39, 40).
None of the viral neutralization assays described here con-
tained complement. However, IgG3 is the most effective com-
plement-fixing antibody subclass (30). Complement-mediated
lysis of virus-infected cells is also an important mechanism of
defense against HIV-1, and this could confer an additional
advantage in vivo (32, 44).

Overall, these studies indicate that IgG3 from polyclonal
HIVIG has enhanced anti-HIV-1 activity compared to that of
IgG1 and IgG2. Future studies will focus upon determining
whether this advantage is retained in vivo. If in vivo studies
confirm these results, strategies which favor IgG3 may provide
a new approach for improving HIV vaccines and passive im-
munotherapy with MAbs or polyclonal antibodies.
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