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CD4-immunoglobulin G2 (IgG2) is a fusion protein comprising human IgG2 in which the Fv portions of both
heavy and light chains have been replaced by the V1 and V2 domains of human CD4. Previous studies found
that CD4-IgG2 potently neutralizes a broad range of primary human immunodeficiency virus type 1 (HIV-1)
isolates in vitro and ex vivo. The current report demonstrates that CD4-IgG2 protects against infection by
primary isolates of HIV-1 in vivo, using the hu-PBL-SCID mouse model. Passive administration of 10 mg of
CD4-1gG2 per kg of body weight protected all animals against subsequent challenge with 10 mouse infectious
doses of the laboratory-adapted T-cell-tropic isolate HIV-1, ,;, while 50 mg of CD4-IgG2 per kg protected four
of five mice against the primary isolates HIV-1; g and HIV-1,,,,. In contrast, a polyclonal HIV-1 Ig fraction
exhibited partial protection against HIV-1, ,; at 150 mg/kg but no significant protection against the primary
HIV-1 isolates. The results demonstrate that CD4-IgG2 effectively neutralizes primary HIV-1 isolates in vivo
and can prevent the initiation of infection by these viruses.

CD4-immunoglobulin G2 (IgG2) is a heterotetramer con-
sisting of two chains of a CD4-human IgG2 heavy-chain fusion
protein and two chains of a CD4-human kappa light-chain
fusion protein (1). In each case, the V1 and V2 domains of
human CD#4 replace the Fv portions of the antibody chain. This
molecule is being developed for the prophylaxis and therapy of
human immunodeficiency virus type 1 (HIV-1) infection. Since
CD4 is the high-affinity receptor for HIV-1, CD4-IgG2 has the
potential to bind and neutralize all strains of the virus and to
minimize the potential for the development of resistant HIV-1
strains. CD4-IgG2 was designed with four gp120 binding sites
in order to have a higher avidity for HIV-1 virions or infected
cells than monomeric soluble CD4 or dimeric CD4-heavy-
chain constructs. In addition, it incorporates the heavy chain of
human IgG2 to minimize the possibility of enhancing infection
though Fc or complement receptor binding (1).

Several studies have demonstrated that CD4-IgG2 potently
neutralizes primary HIV-1 isolates (1, 5, 21). Using a standard
in vitro neutralization analysis with 28 primary HIV-1 isolates
from different international clades of the virus, including 12
from clade B, it was found that CD4-IgG2 neutralized all
strains with median 50% inhibitory concentrations (ICs,) of
6.2 pg/ml (B-clade isolates) and 4.8 wg/ml (non-B clade iso-
lates) (21). These in vitro data were extended by the demon-
stration that CD4-IgG2 effectively neutralized unpassaged pri-
mary HIV-1 isolates in viremic plasma samples taken from six
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HIV-1-infected individuals (an ex vivo assay) (5). In this study,
25 pg of CD4-IgG2 per ml reduced the HIV-1 titers in plasma
samples from all donors by between 5- and 625-fold.

The present report focuses on the in vivo efficacy of CD4-
IgG2 using the hu-PBL-SCID mouse model, in which severe
combined immunodeficiency mice were injected with human
peripheral blood lymphocytes and can be infected with HIV-1
(17). Previously, we reported that BAT123, a murine mono-
clonal antibody directed against the V3 loop of HIV-1; o, can
protect hu-PBL-SCID mice from challenge with this virus
strain (20). However, primary isolates of HIV-1 were not sen-
sitive to neutralization by BAT123 in vitro, and the antibody
did not offer protection against primary isolates in vivo in
hu-PBL-SCID mice (7). More recently, we showed that a po-
tent neutralizing human monoclonal antibody, b12, can protect
hu-PBL-SCID mice from challenge with both primary and
T-cell-line-adapted strains of HIV-1 (6). We now demonstrate
that CD4-IgG2 also neutralizes several strains of HIV-1, in-
cluding two primary isolates in vivo, by using the hu-PBL-SCID
mouse model.

Reconstitution of hu-PBL-SCID mice was performed as de-
scribed previously (7). Briefly, CB.17 scid/scid mice were in-
jected intraperitoneally (i.p.) with 20 X 10° freshly isolated
normal human peripheral blood mononuclear cells (PBMC)
suspended in 0.5 ml of phosphate-buffered saline. Two weeks
after PBMC transfer, reconstitution was confirmed by analysis
of the mouse sera for the presence of human Ig with an
enzyme-linked immunosorbent assay (ELISA) kit (SangStat,
Menlo Park, Calif.). Only human Ig-positive mice were used
for pharmacokinetic and protection studies.

Prior to HIV-1 challenge experiments, the pharmacokinetics
of CD4-1gG2 were examined. CD4-1gG2 was produced in Chi-
nese hamster ovary cells using expression vectors, cell culture,
and purification methods described previously (1). The protein
was injected i.p. into three hu-PBL-SCID mice at a dose of 10
mg/kg of body weight, and blood samples were obtained from
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FIG. 1. Minimum protective dose of CD4-IgG2 against HIV-1; ; infection.
CD4-IgG2 at various doses from 0.01 to 10 mg/kg was injected i.p. into hu-PBL-
SCID mice 1 h before HIV-1; 5; inoculation (10 MIDs). The result for control
mice treated with 10 mg of HulgG per kg is indicated by the solid star. Virus
recovery was assessed at sacrifice after 3 weeks. The number of mice in each
treatment group is as follows: 0.01 mg/kg, 8; 0.1 mg/kg, 10; 1 mg/kg, 10; and 10
mg/kg, 9.

the tail veins at intervals up to 14 days following administra-
tion. The levels of CD4-IgG2 in serum were measured by
ELISAs. A mean peak serum CD4-IgG2 concentration of 112
wg/ml was obtained 6 h postinjection, and the terminal half-life
of CD4-IgG2 was approximately 29 h, which is similar to the
result previously obtained in rabbits (1).

Three HIV-1 isolates were used in the challenge studies:
HIV-1, 4, a laboratory strain of HIV-1 adapted to grow in trans-
formed T-cell lines (2); HIV-1,;_csp, @ molecularly cloned
primary HIV-1 isolate (12), and HIV-1,p, a primary isolate
from an acute seroconvertor (16). CD4-IgG2 neutralizes HIV-
1par HIV-1;k_csp, and HIV-1,6 with in vitro ICyys of 0.4,
9.9, and 17.7 pg/ml, respectively (1). Virus stocks were pre-
pared from the supernatants of infected PBMC. Briefly, cell-
free virus was harvested on days 5 to 7 from acutely infected
phytohemagglutinin-stimulated PBMC. Virus stocks were ti-
trated for infectivity in hu-PBL-SCID mice, expressed as the
50% mouse infectives dose (MIDs,) per milliliter.

Protection experiments were performed with groups of four
to eight mice which received either CD4-IgG2 or HulgG, a
polyclonal human IgG fraction purified from an HIV-1-sero-
negative donor, 1 h prior to inoculation with 10 MIDy, of the
appropriate HIV-1 strain. Mice were sacrificed 3 weeks after
viral challenge, and cells were recovered from peritoneal la-
vage and spleen as previously described (11, 20). The presence
of infectious HIV-1 was determined by coculturing peritoneal
lavage cells (2 X 10°) and spleen cells (5 X 10°) with 2 X 10°
phytohemagglutinin-activated peripheral blood lymphocytes
from HIV-1-seronegative donors in an end-point dilution cul-
ture (10-fold serial dilutions) (9, 10, 20). Cocultures were mon-
itored weekly over 4 weeks for the presence of HIV-1 p24 core
antigen in the culture supernatant with a commercial ELISA
kit (Abbott). Cultures were considered positive for HIV-1 if
a single sample contained >1,000 pg of p24 per ml or if two
consecutive samples contained >200 pg of p24 per ml. The
positive well containing the fewest spleen cells was taken as the
end point, and the viral titers were expressed as tissue culture
infectious doses per 10° cells. The statistical significance of
differences between experimental groups of mice was calcu-
lated by the paired-sample Student ¢ test (Wilcoxon signed-
ranks test) or the two-sample (independent groups) Student
t test (Wilcoxon rank sum test). The experiments were per-
formed at least twice with similar results.

Initially, the ability of CD4-IgG2 to protect hu-PBL-SCID
mice against challenge by HIV-1, ,; was tested, as this T-cell-
line-adapted strain is more sensitive to neutralization in vitro
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by CD4-IgG2 than are the primary HIV-1 isolates. Doses of
CD4-1gG2 ranged from 0.01 to 10 mg/kg, while control mice
received 10 mg of HulgG per kg. The results are shown in Fig.
1. Partial protection was observed at doses from 0.01 to 1 mg
of CD4-1gG2 per kg, with complete protection at 10 mg/kg.
HulgG provided no protection when administered at 10 mg/kg.

Having demonstrated protection against the laboratory-
adapted strain of HIV-1, CD4-IgG2 was tested for its ability to
protect hu-PBL-SCID mice challenged with the two primary
isolates, HIV-1;x_csr and HIV-1, 4. Higher concentrations of
CD4-1gG2 are required to neutralize these isolates in vitro
compared with HIV-1 4, so doses of 10 and 50 mg of CD4-
IgG2 per kg were used for the in vivo protection studies. The
results are provided in Fig. 2. At the 10-mg/kg dose level,
CD4-IgG2 protected 67% (four of six) of mice challenged with
HIV-1;i_csr but was ineffective in mice challenged with HIV-
1ape- However, at the higher dose (50 mg/kg), CD4-IgG2
protected 80% (four of five) of the mice challenged with either
primary HIV-1 isolate. In contrast, all control mice treated
with 50 mg of HulgG per kg became infected and the differ-
ence between the treatment and control groups was statistically
significant (P = 0.01).

Based on the pharmacokinetic analysis, the doses of CD4-
IgG2 that protected the majority of mice from HIV-1 infection
(1 mg/kg for HIV-1, 4, and 50 mg/kg for HIV-1,5_~gp or HIV-
1ape) should result in concentrations in serum at 6 h post-
administration that are 30- to 60-fold greater than the in vitro
ICys for each isolate. This is in agreement with the BAT123
antibody study, where protection against HIV-1; ; infection of
hu-PBL-SCID mice required a concentration in serum 50-fold
greater than the in vitro 1C,, of BAT123 for this viral strain
(7). These results indicate that protection against infection in
the hu-PBL-SCID mouse model is a stringent test of in vivo
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FIG. 2. Protection by CD4-IgG2 against infection by primary isolates of
HIV-1. CD4-1gG2 or HulgG antibody at doses of 10 or 50 mg/kg was injected i.p.
into hu-PBL-SCID mice which were then inoculated with 10 MIDs, of HIV-1, ¢
or HIV-1;r_csg. Virus recovery was assessed at sacrifice after 3 weeks. TCID50,
50% tissue culture infective doses.
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TABLE 1. Protection by HIVIG against HIV-1 infection
of hu-PBL-SCID mice

No. (%) of mice infected following

HIV-1 isolate treatment with®:

HulgG HIVIG
LAI 4/5 (80) 2/6 (33)
JR-CSF 3/4 (75) 4/5 (80)
AD6 2/2 (100) 4/6 (67)

“ Mice were treated with 150 mg of HIVIG or HulgG control per kg 1 h before
HIV-1 inoculation (10 MIDs,) and virus infection was assessed at sacrifice 3
weeks later.

neutralizing capability, presumably because 100% of virus in-
fectivity must be neutralized to prevent infection of the animal.

For comparison with CD4-IgG2, we tested HIVIG, an HIV-
1 Ig fraction prepared from human plasma selected for high
titers of HIV-1 neutralizing antibodies that was provided by
Linda Andrus (New York Blood Center, New York, N.Y.)
(13, 19). This HIVIG preparation was administered at 150
mg/kg to hu-PBL-SCID mice challenged with HIV-1, ,;, HIV-
1;r.csp> and HIV-1, 6 by the standard procedures described
above. At this dose, HIVIG protected 67% (four of six) mice
challenged with HIV-1, 4, but exhibited no significant protec-
tion against the two primary isolates (Table 1). The results
obtained with HulgG and HIVIG against the primary HIV-1
isolates were not significantly different (P > 0.05).

Igs have been used successfully for the therapy and prophy-
laxis of infections by several viruses including rabies virus,
cytomegalovirus, hepatitis B virus, varicella-zoster virus, and
respiratory syncytial virus (8). Monoclonal antibodies are also
being developed for several of these indications. For antibody-
based molecules to be effective against HIV-1 infection, it is
important that they effectively neutralize primary isolates of
the virus in vivo. Previous studies have demonstrated that
antibodies to HIV-1 can protect against infection by T-cell-
line-adapted strains of HIV-1 in several animal models of in-
fection (4, 7, 18). However, T-cell-line adapted strains are
abnormally sensitive to neutralization in vitro by sera from
infected donors or recombinant gp120 vaccinees, soluble CD4
and antibody preparations (3, 14, 15). In addition, many of the
antibodies tested in these studies neutralized only a limited
range of HIV-1 strains in vitro, based on their specificity for
variable domains on the HIV-1 envelope glycoprotein such
as the V3 loop (4, 7). A more-recent study, however, has
demonstrated that a broadly neutralizing human monoclonal
antibody is similar to CD4-IgG2 in its ability to protect hu-
PBL-SCID mice from infection by both primary isolates and
T-cell-line-adapted strains of HIV-1 (6).

The current study demonstrates protection against primary
HIV-1 isolates in vivo by CD4-IgG2. Previously, we showed
that CD4-IgG2 broadly neutralizes primary HIV-1 isolates
in vitro and ex vivo (1, 5, 21). We have now demonstrated
that CD4-IgG2 protects hu-PBL-SCID mice against direct
challenge with primary HIV-1 isolates as well as a T-cell-line-
adapted strain of the virus. The results also suggest that CD4-
IgG2 would be more effective than HIVIG in preventing
HIV-1 infection in humans, as CD4-IgG2 but not HIVIG pro-
tected against primary HIV-1 isolates in vivo. The dose of
CD4-1gG2 required to achieve protection in the hu-PBL-SCID
mouse model corresponds to a concentration of the molecule
in serum considerably in excess of that required to achieve
90% neutralization in vitro. It is not known if the protective
dose in the hu-PBL-SCID mouse would translate to an effec-
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tive human dose on a milligram-per-kilogram basis. One can-
not predict the pharmacokinetic or efficacy profile of CD4-
IgG2 in humans based solely upon the results in hu-PBL-SCID
mice. It is, however, encouraging that protection was demon-
strated in a model system where the additional components of
bioavailability, distribution, and pharmacologic decay of the
reagent are operative. These important parameters that may
affect whether HIV-1 infection occurs are not addressed in a
simple tissue culture system.

Future studies will analyze the efficacy of CD4-IgG2 in an-
imal models of HIV-1 postexposure prophylaxis and therapy.
Clinical trials with the molecule in HIV-1-infected adults and
children are also planned.
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