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Neutralizing antibodies may have critical importance in immunity against human immunodeficiency virus type 1 (HIV-1) infec-
tion. However, the amount of protective antibody needed at mucosal surfaces has not been fully established. Here, we evaluated
systemic and mucosal pharmacokinetics (PK) and pharmacodynamics (PD) of 2F5 IgG and 2F5 Fab fragments with respect to
protection against vaginal challenge with simian-human immunodeficiency virus-BaL in macaques. Antibody assessment dem-
onstrated that 2F5 IgG was more potent than polymeric forms (IgM and IgA) across a range of cellular and tissue models. Vagi-
nal challenge studies demonstrated a dose-dependent protection for 2F5 IgG and no protection with 2F5 Fab despite higher vagi-
nal Fab levels at the time of challenge. Animals receiving 50 or 25 mg/kg of body weight 2F5 IgG were completely protected, while
3/5 animals receiving 5 mg/kg were protected. In the control animals, infection was established by a minimum of 1 to 4 transmit-
ted/founder (T/F) variants, similar to natural human infection by this mucosal route; in the two infected animals that had re-
ceived 5 mg 2F5 IgG, infection was established by a single T/F variant. Serum levels of 2F5 IgG were more predictive of sterilizing
protection than measured vaginal levels. Fc-mediated antiviral activity did not appear to influence infection of primary target
cells in cervical explants. However, PK studies highlighted the importance of the Fc portion in tissue biodistribution. Data pre-
sented in this study may be important in modeling serum levels of neutralizing antibodies that need to be achieved by either vac-
cination or passive infusion to prevent mucosal acquisition of HIV-1 infection in humans.

Neutralizing antibodies are thought to have critical importance
in protective immunity against human immunodeficiency

virus type 1 (HIV-1) infection and may be particularly effective if
present at mucosal portals of infection (1). This is supported by a
growing number of in vivo studies demonstrating that passively
infused human anti-HIV-1 neutralizing antibodies are able to
protect nonhuman primates (NHPs) from intravenous or muco-
sal simian HIV (SHIV) challenge infection (2–7). Furthermore,
additional studies demonstrate that topical application of neutral-
izing monoclonal antibodies is sufficient to provide protection
against vaginal SHIV challenge (8–10). However, the amount of
antibody following passive infusion or vaccination needed at mu-
cosal surfaces to prevent infection has not been fully established.
The growing number of increasingly potent, broadly neutralizing
monoclonal antibodies isolated from serum of a small percentage
of HIV-1-infected individuals is driving interest in their potential
prophylactic use, either systemically or topically. To date, most
isolated neutralizing antibodies are of the monomeric IgG isotype
(11–15). However, this might not fully represent antibodies at
mucosal surfaces where polymeric secretory IgA (sIgA) has also
been associated with virus neutralization (16). Furthermore, the
observation that the modest protective efficacy of the Thai RV-144
vaccine trial (31%) (17) did not correlate with neutralizing re-
sponses suggests that mechanisms other than neutralization con-
tribute to mucosal protection (18).

The 2F5 monoclonal antibody was originally isolated as an
IgG3 isotype and subsequently class switched to IgG1 to facilitate
production (19). 2F5 IgG recognizes an epitope on the mem-
brane-proximal external region (MPER) of gp41, neutralizing
�60% of viral isolates (14, 20). Unlike many neutralizing antibod-

ies that bind directly to gp120, 2F5 is unable to target the untrig-
gered prefusion state of the functional envelope trimer, as its
known epitope within the MPER is either poorly exposed or inac-
cessible (21). Thus, a two-step model for 2F5 binding has been
proposed (22) where 2F5 initially attaches to the viral membrane
through low-affinity, reversible hydrophobic interaction via its
long CDR H3 loops. Following CD4 and coreceptor engagement,
the HIV envelope then undergoes a cascade of structural rear-
rangements, triggering the prehairpin intermediate form of gp41
that allows insertion of the fusion peptide into the target cell mem-
brane and facilitating membrane fusion. In this two-step model,
the 2F5 epitope becomes accessible only on exposure of the pre-
hairpin intermediate. Prepositioning of 2F5 IgG on the viral mem-
brane through initial hydrophobic interaction is thought to po-
tentiate subsequent binding to its epitope in the prehairpin
intermediate, preventing or destabilizing further structural rear-
rangements required for fusion and thereby delivering effective
neutralization (22–24).

However, 2F5 IgG expresses a number of antiviral functions
beyond classical neutralization that might contribute to mucosal
protection. Previous studies have demonstrated that 2F5 IgG can
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provide potent Fc-mediated inhibition of HIV infection of anti-
gen-presenting cells prevalent in mucosal tissues, including mac-
rophages, dendritic cells (DCs), and Langerhan’s cells. Although
initially thought to be mediated by phagocytosis and degradation
of opsonized viral particles (25–27), more recent data have sug-
gested that binding to Fc�RI provides a kinetic advantage for ac-
cessing partially cryptic epitopes, such as that recognized by 2F5
that is independent of phagocytosis (28). Additional Fc-mediated
activity includes antibody-dependent cellular cytotoxicity
(ADCC) (29) and antibody-dependent cellular viral inhibition
(ADCVI) (8), potentially leading to killing of infected cells. Here,
the efficiency of recognition is likely enhanced by the accessibility
of the 2F5 epitope on noncleaved immature envelope as expressed
on budding particles (30). In addition, both monomeric 2F5 IgG
and polymeric 2F5 IgA have been shown to interfere with HIV-1
epithelial transcytosis in vitro, a proposed mechanism of HIV-1
penetration across mucosal epithelium in vivo (31, 32).

Here, we initially assessed the antiviral activity of 2F5 in three
different isotype forms, monomeric IgG, dimeric IgA, and poly-
meric IgM, in a range of in vitro cell and ex vivo tissue models
designed to mimic different aspects of mucosal transmission.
Based on these studies, 2F5 IgG was selected for passive infusion
studies in a rhesus macaque vaginal challenge study. To study the
importance of the Fc portion of IgG in retention and distribution
at mucosal surfaces, we compared the systemic and mucosal phar-
macokinetics (PK) of infused 2F5 IgG and Fab following intrave-
nous infusion. Subsequently, we investigated the relative protec-
tive role of 2F5 IgG and Fab against vaginal SHIV-BaL challenge.

MATERIALS AND METHODS
Antibodies and tissue. Human monoclonal antibody 2F5, in its three
different isotype forms (IgG, IgA, and IgM), and the Fab fragment of 2F5,
used for initial in vitro studies, were kindly provided by Polymun Scien-
tific, Austria. As non-HIV-1-specific antibody controls, commercially
available purified human IgA, human IgG, human IgM (Sigma, United
Kingdom), and human IgG Fab (Abcam, United Kingdom) were used.
Human cervical tissue was obtained from consenting patients undergoing
therapeutic hysterectomy at St. George’s or Kingston Hospital (London,
United Kingdom) according to guidelines of the local Research Ethics
Committee.

Production of recombinant monoclonal antibody 2F5 IgG and Fab
antibodies for passive infusion. Monoclonal antibody 2F5 expression
constructs and recombinant monoclonal 2F5 IgG1 and Fab antibodies
were generated using the methods described by Liao and Nicely (33, 34).
Briefly, DNA sequences encoding the variable region of the heavy and
light chains of monoclonal antibody 2F5 (35) were reconstructed using
amino acid sequences from the Protein Data Bank (PDB; code 1TJG,
molecules H and L) and the published DNA sequence (36) and were de
novo synthesized (Blue Heron, Bothell, WA) (33). Full-length and Fab
IgG1 heavy-chain gene and kappa-chain gene expression constructs were
generated and cloned into pCDNA3.1�/Hygro (Invitrogen, Carlsbad,
CA) (33, 34) for production of recombinant monoclonal antibody 2F5
IgG and Fab antibodies. Recombinant monoclonal antibody 2F5 IgG and
Fab antibodies were produced in CHO cells transduced using the same
2F5 IgG and Fab constructs expressed in recombinant retrovirus (Catal-
ent, Somerset, NJ) and purified by using a protein A column.

Cell and virus culture. PM-1 T cells (kindly provided by the NIH
AIDS Research & Reference Reagent Program) cultured in complete
RPMI (Sigma, United Kingdom) were used to grow HIV-1BaL. The 50%
tissue culture infectious dose (TCID50) of the virus was determined as
described previously (37). Peripheral blood mononuclear cells (PBMCs)
for infectivity assay were obtained from leukocyte cones (NHS Blood and
Transplant, Wakefield, United Kingdom). Leukocytes were separated by

Histopaque (Sigma, United Kingdom) gradient centrifugation. Before
HIV-1 infection, PBMCs were activated with 5 �g/ml phytohemaggluti-
nin (PHA) (Sigma, United Kingdom) in complete RPMI. After 2 days the
culture medium was replaced with fresh medium supplemented with 5
�g/ml PHA and 200 U/ml interleukin-2 (IL-2; Novartis, United King-
dom) and cultured for a further 3 days. To culture monocyte-derived
macrophages (MDM), recovered and washed mononuclear cells were di-
luted to 3 � 106 cells/ml in serum-free AIM-V medium (Invitrogen,
United Kingdom) containing 20 ng/ml granulocyte-macrophage colony-
stimulating factor (GM-CSF; R&D Systems, United Kingdom). One hun-
dred �l of the cell suspension was plated in flat-bottomed high-binding
96-well plates (Corning Life Sciences, Netherlands) and incubated at
37°C. After 3 days, culture medium was replaced with serum-free AIM-V
medium supplemented with 20 ng/ml GM-CSF. MDM were used for
neutralization assays on day 5 of culture. To generate monocyte-derived
dendritic cells (MDDCs), CD14� mononuclear cells were enriched by
CD14 magnetic bead isolation using an AutoMacs separation system ac-
cording to the manufacturers’ instructions. Briefly, 20 �l of CD14 Mi-
croBeads (Miltenyi Biotec, United Kingdom) per 107 cells was incubated
for 20 min at 4°C. The cells were washed once with AutoMacs running
buffer (Miltenyi Biotec, United Kingdom) and centrifuged for 10 min at
300 � g. The cell pellet was resuspended in 2 ml of AutoMacs running
buffer for magnetic separation. After separation, the supernatant contain-
ing CD14� cells was centrifuged for 10 min at 400 � g. Pelleted cells were
resuspended in 40 ml RPMI 1640 complete medium supplemented with
30 ng/ml IL-4 and 25 ng/ml GM-CSF (R&D Systems, United Kingdom) at
a concentration of 5 � 105 cells/ml and cultured in a tissue culture flask at
37°C. After 3 days in culture, the medium was changed and replaced with
fresh RPMI complete medium supplemented with 30 ng/ml IL-4 and 25
ng/ml GM-CSF and incubated for another 3 days.

Inhibition assays against HIV infection of primary cells and cervical
tissue. For PBMCs, 50 �g/ml of 2F5 IgG (333 nM), IgA (125 nM), IgM
(51.5 nM), and 2F5 Fab (1 �M) were serially diluted 1:10 in complete
RPMI before being preincubated with cell-free HIV-1BaL (104 TCID50) for
1 h at 37°C. PBMCs (5 � 104) that were PHA activated in complete RPMI
supplemented with 200 U/ml IL-2 (Novartis, United Kingdom) were
added to 100 �l of the virus antibody suspension in round-bottomed
96-well plates and incubated for 2 h at 37°C. PBMCs were washed 3 times
with phosphate-buffered saline (PBS) with media and antibodies replen-
ished. Plates were then cultured for 7 days at 37°C and the supernatant
harvested for assessment of p24. For macrophages, HIV-1BaL (104

TCID50) was incubated with antibodies starting at 50 �g/ml, followed by
100-fold dilutions for 2F5 IgG and 10-fold dilutions for 2F5 IgA, IgM, and
Fab for 1 h at 37°C. Subsequently, 100 �l of the virus was added to 5-day-
old MDM cultures seeded in flat-bottomed high-binding 96-well plates
and incubated for 2 h at 37°C. Cultures were washed 3 times with PBS, and
then antibodies were added at the same concentration as before in 200 �l
AIM-V medium supplemented with 20 ng/ml GM-CSF and cultured for 7
days at 37°C before assessment of p24. For MDDCs, antibodies starting at
50 �g/ml followed by 10-fold dilutions were preincubated with cell-free
HIV-1BaL (104 TCID50) for 1 h at 37°C. MDDCs (4 � 104) in complete
RPMI were added to 100 �l of antibody-treated HIV-1BaL in round-bot-
tomed tissue culture plates and incubated for 2 h at 37°C. Following wash-
ing 3 times with PBS, antibodies were readded at the same concentration
in 200 �l complete RPMI. The plates were cultured for a further 7 days at
37°C and supernatant was harvested for the assessment of p24. To assess
trans-infection of HIV-1 by DCs to PM-1 T cells, 2 � 104 MDDCs were
plated into round-bottomed tissue culture plates and exposed to 104

TCID50 of HIV-1BaL at 37°C. For Fc�R blocking studies, MDDCs were
exposed for 30 min to 20 �l of Fc-blocking reagent (Miltenyi Biotec,
United Kingdom) per 107 cells prior to addition of HIV-1BaL. After 1 h, the
MDDCs were washed thoroughly 3 times with PBS before addition of
antibodies, starting at 50 �g/ml and followed by 10-fold dilutions and 4 �
104 PM-1 T cells per well in complete RPMI (supplemented with Fc-
blocking reagent as described above for blocking studies) for an additional
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7 days before assessment of p24. For human cervical explant tissue culture
and HIV infection studies, cervical explant culture was performed as pre-
viously described (38–41). Briefly, cervical tissue, including both epithe-
lium and stroma, was cut into 3-mm3 explants and cultured in complete
RPMI 1640 medium. Antibodies at 50 �g/ml and 8-fold dilutions were
preincubated with cell-free HIV-1BaL (5 � 104 TCID50) for 1 h at 37°C.
The 3-mm3 dissected cervical tissue explants were then exposed to virus
and antibody for 2 h at 37°C. Following viral incubation, explants were
washed three times with PBS, placed into 96-well tissue culture plates, and
cultured with fresh media containing antibody at the same concentration.
The next day, the tissue explants were transferred into a new 96-well tissue
culture plate and washed twice with PBS. Tissue explants were subse-
quently cultured for 14 days in 200 �l of supplemented medium. On days
4, 7, 11, and 14 postinfection, 100 �l of supernatant was harvested and
replaced with 100 �l of fresh antibody solution. To assess migratory cells
present in the overnight culture of explanted tissue, cells were washed
twice with PBS and cocultured with 4 � 104 PM-1 indicator T cells in 200
�l of medium containing antibodies. The supernatant was collected on
days 4, 7, 11, and 14 postinfection and replaced with medium supple-
mented with antibodies. All assays were performed in triplicate unless
otherwise stated, and controls included virus only, medium only, and
antibody isotype controls titrated in the same manner as the test antibod-
ies. p24 content in culture supernatant was measured using an enzyme-
linked immunosorbent assay (ELISA) from NCI (SAIC, Frederick, MD)
or by a high-sensitivity INNOTEST p24 ELISA kit (Innogenetics, Bel-
gium), where lower levels of p24 were produced. Ninety and 50% inhib-
itory concentration (IC90 and IC50, respectively) values were calculated
according to linear regression of the antibody titration using GraphPad
Prism4.

Passive antibody infusion and virus challenge. A total of 28 female
rhesus macaques (Macaca mulatta) were used in these studies. All animals
were housed at the Tulane National Primate Research Center in accor-
dance with the recommendations of the National Institutes of Health
(42). All research was reviewed and approved by the Institutional Animal
Care and Use Committee of Tulane University. Macaques were pretreated
with a 30-mg intramuscular (i.m.) injection of depomedroxyprogester-
one acetate (Depo-provera) (Pharmacia & Upjohn) 28 to 34 days before
the start of experiments to synchronize menstrual cycles and to thin the
vaginal mucosa (43). Macaques were sedated with ketamine for subse-
quent inoculations and sample collections. Macaques were infused with
antibodies into the saphenous vein by slow (5-min duration) intravenous
(i.v.) push at the dose specified. Where indicated, 6 h after antibody infu-
sion animals were challenged atraumatically by insertion of a soft catheter
into the vagina and injection of 1 ml (300 TCID50) of SHIV-BaL (kindly
provided by Norman Letvin).

Pharmacokinetic analysis of infused antibody. For PK studies, 4 ma-
caques were infused with 25 mg/kg of body weight 2F5 IgG, and 2 ma-
caques were infused with 25 mg/kg of intact 2F5 Fab fragment. For the
vaginal challenge study, 5 macaques were infused with either 50, 25, or 5
mg/kg 2F5 IgG, and a further 5 macaques received no antibodies as a
control group. In the 2F5 Fab challenge study, 4 animals received a dose of
25 mg/kg. For the PK studies, blood and mucosal samples were taken at 0,
4, 6, 12, 24, 48, and 72 h and 6 days after infusion. In the challenge studies,
blood samples were collected at day �14, 6 h after infusion (day 0), and at
7, 14, and 21 days postinfusion.

Additional aliquots of plasma were taken before and 6 h after antibody
infusion just prior to challenge and on weeks 1, 2, 3, 4, 6, 9, 12, 16, and 20
after challenge for later analysis of viral RNA loads. Plasma viral loads
were analyzed using the quantitative branched DNA (bDNA) signal am-
plification assay, performed by Siemens Inc. For challenge studies, muco-
sal secretion samples were collected 6 h after antibody infusion just prior
to challenge. Prior to sample collection, premoistened (100 �l PBS)
Weck-cel surgical spears (Medtronic) were preweighed in spin-X centri-
fuge tubes (Costar). Mucosal samples were then collected by placement of
a premoistened Weck-cel surgical spear into the vagina, rectum, or mouth

for 5 min to allow soaking up of secretions. Subsequently, sponges were
withdrawn and returned to the top chamber of the sterile spin-X centri-
fuge tube filter (0.22 �m) and weighed again before addition of 300 �l
extraction buffer containing protease cocktail I and 10% sodium azide
solution, followed by centrifugation for 15 min at 13,000 � g at 4°C to
extract the Weck-cel sample from the top chamber. Samples were stored
at �80°C until analysis.

Quantitative determination of antibodies. All plasma samples were
heat inactivated at 56°C for half an hour prior to analysis. 2F5 antibody
concentrations in plasma and mucosal samples were determined by a
direct 2F5-specific ELISA. High-binding 96-well ELISA plates (Nunc,
United Kingdom) were coated with 100 �l per well of 1 �g/ml of the 2F5
specific epitope GGGLELDKWASL (Polymun, Austria) in PBS overnight
at 4°C. Plates were washed 4 times with PBS containing 0.05% Tween
(PBS-T). Plates were blocked with PBS-T containing 1% bovine serum
albumin (BSA) (Sigma, United Kingdom) for 1 h at 37°C. Plates were
washed 4 times with PBS-T. 2F5 IgG (Polymun, Austria) and 2F5 Fab
(Polymun, Austria) at a starting concentration of 600 ng/ml followed by
one in three serial dilutions were added to the plates as standards. Fifty-�l
aliquots of sample dilutions were added to triplicates and incubated for 1
h at 37°C. 2F5 IgG and 2F5 Fab were detected with horseradish peroxidase
(HRP)-conjugated goat anti-human IgG (Fc specific) (1:10,000) (Sigma,
United Kingdom) or goat anti-human IgG (Fab specific) (1:5,000)
(Sigma, United Kingdom), respectively, and incubated for 1 h at 37°C.
After incubation, TMB developing reagent (SureBlue TMB 1-component
peroxidase substrate; KPL) was added and incubated for 5 min at room
temperature in the dark. The reaction was stopped by addition of 1N
H2SO4. The plates were read at 450 nm with a FLUOstar Omega micro-
plate reader (BMG Labtech, United Kingdom). Antibody concentrations
were calculated using MARS data analysis software, which was provided
with the microplate reader, and compared to the corresponding antibody
standard curve. The antibody concentrations of mucosal samples were
adjusted for dilution based on the volume of the Weck-cel according to
weight. Antibody half-life (t1/2) rates were calculated by linear regression
of log-transformed sample concentrations, as determined by ELISA, in
relation to the number of days since assessed peak concentrations using
GraphPad Prism4.

Enumeration of T/F variants. Transmitted founder (T/F) viral se-
quences were inferred by single-genome sequencing as described by Keele
et al. (44). Viral RNA was purified from the first viral RNA-positive
plasma sample from each animal by a Qiagen QiaAmp viral RNA minikit
and subjected to cDNA synthesis using 1� reaction buffer, 0.5 mM each
deoxynucleoside triphosphate (dNTP), 5 mM dithiothreitol (DTT), 2
U/ml RNaseOUT, 10 U/ml of SuperScript III reverse transcription mix
(Invitrogen), and 0.25 mM antisense primer SHIVBalEnvR1 (5=-CTG
TAA TAA ATC CCT TCC AGT CC-3=; nucleotides [nt] 9458 to 9480 in
SIVsmm239). The resulting cDNA was endpoint diluted in 96-well plates
(Applied Biosystems, Inc.) and PCR amplified using high-fidelity plati-
num Taq DNA polymerase (Invitrogen) so that �30% of reactions were
positive in order to maximize the likelihood of amplification from a single
genome. A second round of PCR amplification was conducted using 1 �l
of the first-round products as the template. SHIVBalEnvR1 and SIVsm/
macEnvF1 (5=-CCT CCC CCT CCA GGA CTA GC-3=; nt 6127 to 6146 in
SIVsmm239) were used in the first-round PCR amplification step, fol-
lowed by a second round with primers envB5-in (5=-TTA GGC ATC TCC
TAT GGC AGG AAG AAG-3=; nt 5960 to 5983 in HXB2) and BKSIVsm/
macEnvR261 (5=-ATG AGA CAT RTC TAT TGC CAA TTT GTA-3=; nt
9413 to 9436 in SIVsmm239). PCR was carried out using 1� buffer, 2 mM
MgSO4, 0.2 mM each dNTP, 0.2 �M each primer, and 0.025 U/�l plati-
num Taq high-fidelity polymerase (Invitrogen) in a 20-�l reaction mix.
Round 1 amplification conditions were 1 cycle of 94°C for 2 min; 35 cycles
of 94°C for 15 s, 58°C for 30 s, and 68°C for 4 min; and 1 cycle of 68°C for
10 min. Round 2 conditions were one cycle of 94°C for 2 min; 45 cycles of
94°C for 15 s, 58°C for 30 s, and 68°C for 4 min; and 1 cycle of 68°C for 10
min. Round 2 PCR amplicons were visualized by agarose gel electropho-
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resis and directly sequenced using an ABI 3730xl genetic analyzer (Ap-
plied Biosystems). Partially overlapping sequences from each amplicon
were assembled and edited using Sequencher (Gene Codes, Inc.). Se-
quences with �2 double peaks, indicating amplification from multiple
templates, were discarded. Sequences with one double peak were retained,
as this most likely represents a Taq polymerase error in an early round of
PCR rather than multiple-template amplification; such sequence ambigu-
ities were read as the consensus nucleotide. Sequence alignments and
phylogenetic trees were constructed using ClustalW, and Highlighter
plots were created using the tool at http://www.lanl.gov.

RESULTS
Neutralization of HIV-1BaL in primary cells. Activated CD4�

CCR5� T cells are thought to be the primary targets of HIV infec-
tion in cervicovaginal tissue. The activity of 2F5 IgG, IgA, and IgM
and the Fab fragment against infection of primary CD4� T cells
with HIV-1BaL was determined using PHA-stimulated PBMCs.
2F5 IgG showed potent inhibition, with 90 and 50% inhibitory
concentrations (IC90 and IC50, respectively) of 41.6 and 10.52 �g/
ml, respectively. 2F5 Fab presented an IC90 of �50 �g/ml and IC50

of 27.7 �g/ml. 2F5 IgA and IgM failed to display any inhibitory
activity against HIV infection in human PBMCs (Fig. 1A and Ta-
ble 1). HIV-1BaL was chosen for these studies to allow comparative
assessment of the mucosal SHIV-BaL NHP challenge model. We
assessed the inhibitory activity of 2F5 against both HIV-1BaL and
SHIV-BaL in a TZM-bl neutralization assay. 2F5 showed similar
levels of neutralization, with IC50 values of 17.3 � 2.5 and 20.6 �
0.3 �g/ml for HIV-1BaL and SHIV-BaL, respectively (data not
shown).

Macrophages are an important line of defense against patho-
gens. These cells are abundant in the cervicovaginal submucosa
and are among the first cells exposed to HIV-1 infection. We
found 2F5 IgG to potently inhibit HIV-1BaL infection of MDM,
with IC90 and IC50s of 0.05 and 0.0001 �g/ml, respectively. 2F5
IgA and 2F5 Fab were able to inhibit infection of MDM; however,
the 90 and 50% inhibitory concentrations of 2F5 IgA (28.17 and
1.24 �g/ml, respectively) and 2F5 Fab (46.53 and 2.75 �g/ml)
were considerably higher than that of 2F5 IgG. No inhibitory ac-
tivity could be observed when 2F5 IgM was used in the macro-
phage assay (Fig. 1B).

DCs are professional antigen-presenting cells (APCs) that re-
side at the sites of pathogen entry and can be directly infected by
HIV-1, resulting in viral replication and long-term transmission
to CD4� T cells. Therefore, we assessed the inhibitory activity of
2F5 IgG, IgA, IgM, and Fab in MDDCs. Here, we show 2F5 IgG to
significantly reduce infection, with an IC90 of 1.36 �g/ml and
96.7% inhibition at the highest concentration tested (50 �g/ml).
No specific inhibition could be determined for 2F5 IgA, IgM, or
Fab (Fig. 1C and Table 1). Another potential pathway of HIV-1
transmission is through DC-mediated trans-infection of CD4 T
cells. Here, the C-type lectin receptor DC-SIGN and the sialic
acid-binding Ig-like lectin 1 (Siglec-1) contribute to HIV-1 cap-
ture in immature DCs (45, 46), while in mature DCs capture of
virus is independent of DC-SIGN but requires Siglec-1 (46, 47).
After antigen uptake, DCs become activated and are thought to
migrate from submucosal tissue to the draining lymph nodes,
where they present virus in trans to CD4� T cells through virolog-

FIG 1 Inhibition of HIV-1BaL by 2F5 IgG, IgA, IgM, and Fab in human pri-
mary cells. The inhibitory activities of 2F5 IgG, IgA, IgM, and Fab were tested
in PHA-stimulated PBMCs, macrophages, and MDDCs. 2F5 IgG, IgA, IgM, or
Fab dilutions were incubated with HIV-1BaL for 1 h at 37°C prior to addition of
5 � 104 PBMCs (A), macrophages (B), or 4 � 104 MDDCs (C). After 2 h of
incubation at 37°C, the cells were washed and incubated with medium in the
presence of the antibodies for 7 days. (D) To determine inhibition of HIV-1
trans-infection by DCs to CD4� T cells, 2 � 104 MDDCs were incubated with
HIV-1BaL for 1 h at 37°C. After the incubation, the cells were washed and 2F5
IgG, IgA, IgM, or Fab dilutions together with 4 � 104 PM-1 T cells were added
and incubated for 7 days. HIV-1 replication was assessed by measurement of
p24 release into culture supernatant. Reduction in p24 levels was expressed as
percent inhibition � standard errors of the means (SEM) in relation to the
corresponding isotype control. Data are represented as the means from three
independent experiments, where each dilution was tested in triplicate.

TABLE 1 Summary of the IC90 and IC50s of 2F5 IgG, IgA, IgM, and the 2F5 Fab fragment against HIV-1BaL infection in all in vitro cellular and ex
vivo cervical tissue explant assays tested

Sample

IC90 (�g/ml) IC50 (�g/ml)

IgG IgA IgM Fab IgG IgA IgM Fab

PBMC 41.7 � 7.3 �50 �50 �50 10.5 � 4.9 �50 �50 27.7 � 0.03
MDM 0.004 � 1.9 28.2 � 4.0 �50 46.5 � 8.5 0.0006 � 0.04 1.2 � 2.2 �50 2.8 � 2.3
MDDCs 1.4 � 1.9 �50 �50 �50 �0.005 �50 �50 �50
MDDC-PM1 0.7 � 0.05 �50 �50 32.4 � 3.8 0.4 � 0.05 �50 �50 3.1 � 0.9
Cervical tissue �50 �50 �50 �50 1.9 � 0.4 NDa ND 1.1 � 2.8
Migratory cells 0.2 � 0.2 �50 �50 �50 0.006 � 0.004 ND ND 0.8 � 0.0
a ND, not done.

Antibody-Mediated Protection of Mucosal Surfaces

November 2013 Volume 87 Number 21 jvi.asm.org 11607

http://www.lanl.gov
http://jvi.asm.org


ical synapses (45). Moreover, in vitro HIV-1 T/F variants are cap-
tured by MDDCs and transferred to CD4� T cells with higher
efficiency than control viruses from chronic subjects (48). We
assessed the ability of the different forms of 2F5 to prevent DC-
mediated trans-infection of CD4 T cells. 2F5 IgG antibody was
able to inhibit HIV-1 trans-infection by 100% at the highest con-
centration tested. Ninety and 50% inhibitory concentrations were
0.7 and 0.42 �g/ml, respectively. 2F5 Fab was able to inhibit HIV
DC-mediated trans-infection of PM-1 T cells by 92.8% with an
IC90 and IC50 of 32.4 and 3.14 �g/ml, respectively. 2F5 IgA and
2F5 IgM did not show any inhibitory activity against virus trans-
mission to T cells (Fig. 1D). The observation that the inhibitory
activity of 2F5 Fab was only 1/10 that of 2F5 IgG suggested that the
Fc domain of 2F5 contributed substantially to the mechanism of
inhibition in the DC-T cell cocultures. To test this possibility, we
performed parallel studies with 2F5 IgG in the presence of block-
ing antibodies to the Fc-gamma receptors (Fc�-Rs). Blocking the
binding of 2F5 IgG to the Fc�-Rs present on the cell surface of the
DCs reduced the inhibitory activity of 2F5 to 1/10, matching
the activity of 2F5 Fab (data not shown).

Activity of 2F5 IgG and Fab against HIV-1BaL infection of
human ectocervical tissue explants. To assess the ability of 2F5 IgG
and 2F5 Fab to inhibit HIV-1BaL infection of the female reproductive
tract tissue, a nonpolarized ectocervical tissue explant model was used
(38–41). Both 2F5 IgG and 2F5 Fab showed inhibition at the highest
concentration tested of 51 and 72% (Fig. 2A), with IC50s of 1.88 and
1.1 �g/ml, respectively, which were not significantly different (Table
1). Following overnight culture of cervical explant tissues, a propor-
tion of DCs, able to bind HIV via lectin receptors and/or CD4, emi-
grate from explant tissue into the culture medium (41). These migra-
tory cells were harvested from overnight cultures and cocultured with
CD4� PM-1 T cells in the presence of antibody (2F5 IgG or Fab). One
hundred percent inhibition of HIV-1BaL transmission by migratory
cells to PM-1 T cells was achieved with 2F5 IgG and 83% with 2F5 Fab
at the highest concentration tested (50 �g/ml) (Fig. 2B). Ninety and
50% inhibitory concentrations were 0.16 and 0.006 �g/ml, respec-
tively, for 2F5 IgG and were �50 (IC90) and 0.8 (IC50) �g/ml for Fab
(Table 1).

Pharmacokinetics study of infused monoclonal antibody
2F5 IgG in plasma and mucosal secretions of rhesus macaques.
Prior to challenge studies, PK analysis was performed in female
rhesus macaques after i.v. infusion of 2F5 IgG or 2F5 Fab in order
to assess peak levels of the antibody in plasma and mucosal secre-
tions and to determine the optimal time point for subsequent
vaginal challenge. Four macaques were infused i.v. with 25 mg/kg
of 2F5 IgG. Plasma samples were collected and 2F5 IgG concen-
trations determined. A peak systemic concentration of 2F5 IgG
was observed 4 to 6 h after infusion, with mean concentrations of
768.8 (range, 611.3 to 997.0 �g/ml) and 736.2 �g/ml (range, 608.9
to 922.5 �g/ml), respectively (Fig. 3A). The mean systemic t1/2 for
2F5 IgG was determined to be 34.5 h (range, 20.1 to 64.1 h).

To determine the distribution of 2F5 IgG after passive infusion
to different mucosal surfaces, vaginal and rectal secretions as well
as saliva samples were collected from the same animals and ana-
lyzed for their 2F5 IgG concentrations. Four h after infusion, 2F5
IgG could be observed in vaginal secretions. However, peak con-
centrations were detected 6 h after infusion with a mean concen-
tration of 306 �g/ml (range, 19.4 to 463.2 �g/ml) in three out of
four macaques. The IgG levels for the fourth animal peaked 12 h
after administration at lower levels of 96.6 �g/ml (Fig. 4A). In
rectal secretions, low levels of 2F5 IgG with a peak concentration
of 28.8 �g/ml 6 h after infusion for animal HN22, 10.2 and 180.4
�g/ml 12 h after administration for animals HJ37 and DP24, re-
spectively, and a peak concentration of 47 �g/ml 24 h after infu-
sion for animal HG42 (Fig. 4B) were found. 2F5 IgG could be
detected in only 2 out of 4 animals in saliva, with a peak for one
animal (HJ37) 4 h (1,789.2 ng/ml) and for the other (HN22) 6 h
(728.3 ng/ml) after infusion (Fig. 4C).

Systemic and mucosal pharmacokinetics of Fab fragments of
2F5 IgG. To compare the systemic and mucosal PK of Fab frag-
ments to those of intact IgG 2F5, two female Indian rhesus ma-
caques were infused with 25 mg/kg 2F5 Fab. A mean peak concen-
tration of 7.1 �g/ml (range, 5.9 to 8.3 �g/ml) 2F5 Fab in plasma
was observed at 4 h after infusion (Fig. 3B). The mean systemic t1/2

for 2F5 Fab was assessed to be 9.5 h (6.5 and 12.5 h). A peak of 2F5
Fab (417 �g/ml) could be detected in macaque HJ47 in vaginal
secretions 4 h after infusion, whereas in the second animal
(HN21) only very low levels of vaginal 2F5 Fab could be detected,
with a peak at 4 h after infusion (Fig. 4D). In rectal samples, ani-

FIG 2 Ability of 2F5 to inhibit HIV-1 infection of cervical tissue and trans-
mission by cells migrating out from cervical tissue explants. (A) 2F5 IgG and
2F5 Fab were preincubated with HIV-1BaL for 1 h at 37°C prior to being added
to cervical tissue explants for 2 h. After washing, the explants were cultured in
the presence of the antibodies for a further 14 days. (B) Twenty-four h after the
initiation of explant culture, migratory cells that emigrate out of the tissue were
recovered and cocultured with 4 � 104 PM-1 T cells in the presence of the
antibody. HIV-1 infection was determined by p24 ELISA. Reduction in p24
levels was expressed as percent inhibition � SEM in relation to the virus con-
trol. Data are represented as the means from three independent donors, where
each dilution was tested in triplicate.

FIG 3 Pharmacokinetics of infused monoclonal antibody 2F5 IgG or 2F5 Fab
in plasma. Female Indian rhesus macaques were i.v. infused with 25 mg/kg of
2F5 IgG (A) or 2F5 Fab (B). Plasma samples were taken prior to infusion and
4, 6, 12, 24, 48, 72, and 144 h after infusion. The concentration of antibody in
plasma (in �g/ml) was determined by direct ELISA and compared to a corre-
sponding standard curve. Each sample was done in triplicate. The symbols in
the key identify different macaques.
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mal HJ47 had a peak concentration of 2F5 Fab (1,937.8 ng/ml)
24 h after infusion, while in animal HN21 2F5 Fab peaked 6 h
after infusion, with a very low concentration of 175.8 ng/ml
(Fig. 4E). In saliva, 2F5 Fab could be observed in only one
monkey (animal HN21), with a peak at 6 h after infusion (791.6
ng/ml) (Fig. 4F).

Correlation of 2F5 IgG concentrations in plasma and muco-
sal secretions of rhesus macaques against protection following
vaginal challenge with SHIV-BaL. To correlate protection
against vaginal SHIV-BaL challenge to the 2F5 antibody levels
after infusion, 5 macaques each were infused with 50, 25, 5, or 0
mg/kg of 2F5 IgG 6 h prior to challenge. Plasma was taken at
various time points and analyzed for viral RNA levels and 2F5 IgG
concentration. Vaginal, rectal, and saliva samples were taken only
at the time of challenge.

In the group receiving 50 mg/kg 2F5 IgG, all five macaques
were completely protected from SHIV-BaL challenge, as were an-
imals receiving 25 mg/kg 2F5 IgG (Fig. 5A and B). Three out of five
animals were protected in the group infused with 5 mg/kg 2F5
IgG. Two animals became infected: one animal (HN30) displayed
peak viral loads 21 days after challenge that were cleared by 63
days, while the second animal (HM87) displayed a peak viral load

28 days after challenge, which cleared by day 84 (Fig. 5C). The
peak viral load for animal HM87 was 1 log lower than that of
infected control animals. In the control group receiving no anti-
body, four out of five animals became infected, while in one ani-
mal (HI71) all samples were negative for viral RNA (Fig. 5D).

A dose-dependent PK of 2F5 IgG in plasma could be observed
between the groups with peak antibody levels at 6 h after infusion
(Fig. 6). Here, the groups infused with 50, 25, or 5 mg/kg of 2F5
IgG showed mean plasma peak levels of 1,573 �g/ml (range,
1,373.9 to 1,774 �g/ml), 858.4 �g/ml (range, 756 to 1,003.8 �g/
ml), and 249.6 �g/ml (range, 96.3 to 370.8 �g/ml), respectively
(Fig. 6A, B, and C). The mean 2F5 levels in vaginal secretions at the
time of challenge for animals infused with 50, 25, or 5 mg/kg were
84.6 �g/ml (range, 0.5 to 232.4 �g/ml), 49.7 �g/ml (range, 3.5 to
174.3 �g/ml), and 55.9 �g/ml (range, 0.2 to 140.8 �g/ml), respec-
tively (Fig. 7A, B, and C). At the time of challenge, 2F5 IgG levels in
rectal secretions were very low, with mean levels of 16.3 �g/ml
(range, 0.3 to 68.4 �g/ml), 5.5 �g/ml (range, 0 to 24.5 �g/ml), and
11 �g/ml (range, 0 to 41.1 �g/ml) for macaques infused with 50,
25, or 5 mg/kg of 2F5 IgG, respectively (Fig. 7A, B, and C). 2F5 IgG
levels in saliva were very low, with 0.3 �g/ml in two macaques
infused with 50 mg/kg and 0.1 �g/ml in one animal infused with 5

FIG 4 Pharmacokinetics of 2F5 IgG and 2F5 Fab in vaginal and rectal secretions and saliva following intravenous administration. Female Indian rhesus
macaques were i.v. infused with 25 mg/kg of 2F5 IgG or 2F5 Fab. Mucosal secretions were collected by Weck-cel sponges prior to infusion and 4, 6, 12, 24, 48, 72,
and 144 h after infusion. The concentrations (in �g/ml) of 2F5 IgG in vaginal secretions (A), rectal secretions (B), and saliva (C) and of 2F5 Fab in vaginal
secretions (D), rectal secretions (E), and saliva (F) were determined by direct ELISA (each sample in triplicate) and compared to a corresponding standard curve.
The symbols in the key identify different macaques.
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mg/kg, while no 2F5 IgG could be detected in the group infused
with 25 mg/kg (Fig. 7A, B, and C).

2F5 Fab fails to protect rhesus macaques from vaginal chal-
lenge with SHIV-BaL. To determine the efficacy of the 2F5 Fab

fragment to protect from vaginal challenge, macaques were in-
fused with 25 mg/kg 6 h prior to SHIV-BaL challenge. Plasma,
vaginal, rectal, and saliva samples were analyzed for 2F5 Fab con-
centrations and for plasma viral loads.

FIG 5 Plasma viral loads after vaginal SHIV-BaL challenge. Female rhesus macaques were i.v. infused with 50 mg/kg (A), 25 mg/kg (B), 5 mg/kg (C), and 0 mg/kg
(D) of 2F5 IgG. Six h after antibody infusion, macaques were vaginally challenged with SHIV-BaL. Serum samples were taken at week 0 (6 h after infusion and
just prior to challenge) and 1, 2, 3, 4, 6, 9, 12, 16, and 20 weeks postchallenge. Plasma was analyzed for viral RNA levels.

FIG 6 Pharmacokinetics of infused 2F5 IgG after SHIV-BaL challenge. Each group consists of five female Indian rhesus macaques. Animals were i.v. infused with
50 (A), 25 (B), or 5 (C) mg/kg 2F5 IgG or received no antibodies as a negative-control group (D). Six h after infusion, all macaques were challenged intravaginally
with SHIV-BaL (day 0 indicates the time point 6 h after infusion). Plasma samples were taken prior to infusion, 6 h after infusion (time point of intravaginal
SHIV-BaL challenge), and 7, 14, and 21 days after infusion. The concentration of antibody in plasma (in �g/ml) was determined by direct ELISA and compared
to a corresponding standard curve. Each sample was analyzed in triplicate. The symbols in the key identify different macaques.
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In macaques infused with 25 mg/kg 2F5 Fab, three out of four
animals were infected and displayed detectable viral loads by 7
days, with peaks by day 14. A fourth animal had detectable viral
RNA by 14 days, with a peak by 21 days (Fig. 8A). In this respect,

there appeared to be no major difference in the kinetics or mag-
nitude of viremia relative to those of untreated controls.

Low 2F5 Fab antibody levels were detected in the plasma of all
animals (Fig. 8B). Six h after infusion, high levels of 2F5 Fab (145.5

FIG 7 Comparison of 2F5 IgG levels in plasma and mucosal secretions at time of challenge. Each group consists of five female Indian rhesus macaques. Animals
were i.v. infused with 50 (A), 25 (B), or 5 (C) mg/kg 2F5 IgG or received no antibodies as a negative-control group (E). Plasma, vaginal (vag) and rectal (rec)
secretion, and saliva (sal) samples were taken 6 h after infusion and just prior to intravaginal challenge with SHIV-BaL. The concentration of antibody in plasma
(in �g/ml) was determined by direct ELISA and compared to a corresponding standard curve. Each sample was done in triplicate. The symbols in the key identify
different macaques.

FIG 8 Correlation of 2F5 Fab concentrations and protection following vaginal challenge with SHIV-BaL. Four female rhesus macaques were i.v. infused with 25 mg/kg
of 2F5 Fab. Six h after antibody infusion, macaques were vaginally challenged with SHIV-BaL. Serum samples were taken prior to infusion, 6 h after infusion (time point
of intravaginal SHIV-BaL challenge), and 7, 14, and 21 days after infusion and analyzed for viral RNA levels (A) and for 2F5 Fab concentration (B). (C) Comparison of
2F5 Fab levels in plasma, vaginal and rectal secretion, and saliva samples at the time of challenge. Antibody levels (in �g/ml) were determined by direct ELISA and
compared to a corresponding standard curve. Each sample was tested in triplicate. The symbols in the key identify different macaques.
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�g/ml; range, 75.4 to 265 �g/ml) could be observed in vaginal
secretions (Fig. 8C). Only low mean levels of 2F5 Fab were de-
tected in rectal secretions (33.1 �g/ml; range, 7.5 to 52.4 �g/ml)
and in saliva (7.7 �g/ml; range, 2.1 to 13.4 �g/ml) 6 h after infu-
sion (Fig. 8C).

Identification and enumeration of T/F viruses in control and
2F5 IgG-infused rhesus macaques. Mucosal HIV-1 infection in
humans typically results from transmission and productive replica-
tion by 1 to as many as 6 or more T/F viruses (median, 1) (49–52). To
establish how closely the SHIV-BaL rhesus macaque vaginal inocula-
tion model recapitulates the human transmission bottleneck, we es-
timated the number of T/F variants that caused infection in control
and 2F5-treated animals. A total of 279 full-length env sequences (to-
tal of 3,221 nucleotides) were generated by single-genome sequenc-
ing from the earliest viral RNA� time point in the 6 infected animals.
In each animal, low-diversity sequence lineages were observed, re-
flecting virus diversification from discrete T/F genomes, as previously
described for SIVsmmE660- and SIVmac251-inoculated rhesus ma-
caques (44). Maximum, median, and mean percent sequence diver-
sity for each T/F lineage was 0.16, 0.01, and 0.03, which was signifi-
cantly lower than corresponding values for the SHIV-BaL inoculum
stock (0.6, 0.3, and 0.3; P � 0.004 for each). Clustered sequences
followed a Poisson distribution of infrequent, independent, and es-
sentially stochastic events, again as described for SIVsmmE660,
SIVmac251, and HIV-1 mucosal infections (44, 49, 51–53). Figure 9
summarizes the T/F analyses, and Fig. 10 shows a neighbor-joining
phylogenetic tree with relationships between SHIV-BaL inoculum
sequences and variants that infected each rhesus macaque. Infections
were initiated in control animals by a minimum of 1 to 4 T/F variants,
with an overall median of 2. A single T/F variant initiated productive
infection in each of the two animals treated with 5 mg/kg 2F5 IgG.
Antibody treatment was significantly correlated with a reduction in
numbers of T/F viruses when all animals in all groups were consid-
ered (P 	 0.01393 by Fisher’s exact test).

DISCUSSION

Neutralizing antibodies may provide significant levels of protec-
tion against HIV-1 acquisition if present in mucosal secretions.
Indeed, we and others have previously shown that topical admin-
istration of neutralizing antibodies can protect against vaginal
challenge in a dose-dependent manner (9, 10). These data dem-
onstrate that the presence of neutralizing antibodies at the muco-
sal portals of viral entry is sufficient to prevent viral acquisition.
However, it is unclear how topical application recapitulates the
normal distribution of serum-derived antibodies at mucosal sur-
faces. Here, we evaluated the systemic and mucosal pharmacoki-
netics (PK) and pharmacodynamics (PD), with respect to protec-
tion against vaginal challenge with SHIV-BaL, of 2F5 IgG and 2F5
Fab fragments in an infused macaque model.

In vitro neutralization studies demonstrated that 2F5 IgG was
more potent against HIV-1BaL than polymeric IgM or IgA in all
culture models. Indeed, 2F5 IgM had no inhibitory activity, while
2F5 IgA was only active in macrophage cultures. These results
confirm and expand previous studies demonstrating that the ac-
tivity of 2F5 against different primary HIV-1 isolates in PBMCs
was reduced when class switched to polymeric IgM or IgA (54).
The poor performance of the polymeric forms of 2F5 likely reflects
structural constraints imposed by their multimeric form that pre-
vent access to the 2F5 epitope in the prehairpin intermediate (22).

FIG 9 Multiplicity of SHIV-BaL infection in rhesus macaques. Numbers of
T/F viruses were estimated from analysis of the first plasma viral RNA-positive
plasma sample from each infected rhesus macaque by single-genome sequenc-
ing. In untreated animals, numbers of T/F viruses ranged from 0 to 4 with a
median of 2. In 2F5 IgG-treated animals, there was a significant dose-related
reduction in numbers of T/F viruses establishing productive clinical infection
(P 	 0.01393 by Fisher’s exact test).

FIG 10 Neighbor-joining phylogenetic tree of SHIV-BaL sequences from the
inoculum and from each of 6 infected animals. The tree reveals discrete low-
diversity sequence lineages corresponding to the progeny of T/F viral genomes
(colored rectangles) interspersed among diverse sequences from the virus in-
oculum represented by black lines. Sequences with G-A hypermutation were
excluded from the tree.
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Indeed, recent data have shown that an IgA2 monomeric version
of 2F5 displays neutralizing activity comparable to that of IgG
(55). It is likely that the more compact structure of IgA2 than that
of IgA1 preserves the ability to protrude into the MPER and bind
the 2F5 epitope.

2F5 IgG was most potent against infection of MDM, although
this was reduced in the presence of serum, as previously described
(56). Comparison of 2F5 IgG and Fab highlighted the important
influence of Fc-mediated effects in the different in vitro models.
Here, the most pronounced differences in activity were with
MDM and MDDC cultures and for DC-mediated trans-infection,
whether assessing activity against MDDC-T cell cultures or migra-
tory cells from cervical explants. Blocking experiments confirmed
the importance of Fc�-R engagement by 2F5 in inhibiting HIV
replication in MDDC-T cell cocultures. These data are in agree-
ment with previous studies showing 2F5 IgG as highly active in
preventing HIV-1 infection of immature MDM and MDDCs rel-
ative to 2F5 Fab (25–27, 57) and the importance of Fc�-R engage-
ment in reducing DC-mediated trans-infection of CD4 T cells
(58). Interestingly, the inhibitory activities (IC50) of 2F5 IgG and
Fab were similar in cervical explant cultures despite such tissue
containing a high density of macrophages and dendritic cells. This
likely reflects previous observations that CD4 T cells represent the
primary targets of infection in cervical tissue (59).

Initial PK studies indicated that peak systemic 2F5 IgG concen-
trations were achieved at 4 to 6 h postinfusion, with a half-life of 34
h, and were still detectable after 144 h (Fig. 3A). Serum levels of
2F5 Fab were a hundred-fold lower than those for 2F5 IgG, with a
half-life of 9.5 h, and were undetectable 72 h postinfusion (Fig.
3B). The observed differences likely are due to a number of factors.
Fab fragments in murine models have been shown to have a half-
life of 3 to 5 h (60, 61) and are known to be distributed more
rapidly and to be cleared from the body significantly faster than
whole IgG1 (60, 62). This most likely reflects binding of the Fc
portion of infused IgG to endothelial FcRn, facilitating its recy-
cling and ultimately protecting it from degradation and removal
by hepatic first-pass metabolism (63–67). Indeed, systemic clear-
ance of IgG in FcRn knockout mice is significantly increased, sug-
gesting that the serum half-life of IgG is dependent on binding
affinity to FcRn (63, 65, 66, 68). Thus, it is likely that in the absence
of any Fc domain, circulating Fab fragments were cleared more
efficiently by the renal system, reducing systemic residency time
and overall protective effects. We have not assessed the interaction
of human 2F5 IgG with macaque FcRn; however, the reported
serum half-life of 2F5 IgG in infused humans is calculated to be 3.2
days (69), significantly longer than that observed here in ma-
caques. Differences in binding between human and macaque
FcRn offers one explanation for the differences in the serum half-
lives of 2F5 IgG in these different species.

Originally, the function of FcRn was described in the neonatal
intestine of mice and rats (70); however, FcRn is also expressed in
adult human intestinal epithelial cells (64). More recently it has
been shown that human uterine and vaginal tissue cells express
FcRn (71) and can facilitate bidirectional IgG transcytosis across
female genital epithelial cells. Thus, FcRn may have contributed to
the mucosal PK of 2F5 IgG but not to that of 2F5 Fab. Neverthe-
less, both 2F5 IgG and Fab were detectable at several mucosal
surfaces (vaginal, rectal, and oral) (Fig. 4). This is in keeping with
previous studies showing that infused monoclonal antibodies are

distributed to a range of mucosal compartments after passive in-
fusion (5).

Vaginal challenge studies demonstrated a dose-dependent
protection for 2F5 IgG. Animals receiving 50 or 25 mg/kg IgG
were completely protected, with 3/5 of animals that received 5
mg/kg being protected. In the four control animals, infection was
established with a minimum of 1 to 4 T/F variants; however, in-
fection was initiated with only a single T/F variant in the two
infected animals that had received 5 mg 2F5 IgG. This suggests
that while 2F5 IgG levels were below the threshold required for
sterilizing protection in these two animals, levels may have been
sufficient to affect the number of transmitted isolates. Similar
dose-dependent protection has been reported previously for b12
IgG (6) when challenged vaginally with SHIVSF162P4. These re-
sults are in accord with studies looking at sexual transmission of
HIV-1, where at least 20% of infections are established by two or
more viruses, analogous to our control animals (51, 72), while in
80% of cases infection is established with a single T/F virus (50,
52). These data suggest that while the challenge dose chosen for
these experiments is at the higher end of the range observed in
humans, it is physiologically relevant.

Importantly, we observed that 25 mg/kg 2F5 Fab provided no
protection despite higher vaginal levels at the time of challenge
than were observed in protected animals infused with 25 and 5
mg/kg 2F5 IgG. In contrast, systemic levels of 2F5 Fab at the time
of challenge were far lower than those in protected animals receiv-
ing 25 and 5 mg/kg 2F5 IgG. Interestingly, the three protected
animals infused with 5 mg/kg 2F5 IgG had lower vaginal antibody
levels at the time of challenge (0.2 to 19 �g/ml) than the two
infected animals (107 and 141 �g/ml). These data together suggest
that luminal concentrations of 2F5 are a poor predictor of protec-
tive efficacy. Importantly, in a viral capture assay, 2F5 was unable
to bind a detectable fraction of virions as determined by p27
antigen or infectivity. These data fit with the proposed model
where the 2F5 neutralizing epitope is occluded on functional en-
velope spikes prior to CD4 binding (22–24). Previous studies have
suggested that the 2F5 epitope is critical to the binding and trans-
cytosis of virions across mucosal epithelia (31). Lack of interaction
between 2F5 IgG and most, if not all, infectious virions suggests
that 2F5 IgG would be highly unlikely to affect putative transcy-
tosis of infectious SHIV-BaL. Indeed, previous studies have shown
that the BaL envelope does not facilitate transcytosis (73). There-
fore, these data suggest that transcytosis is unlikely to be a prereq-
uisite for effective mucosal transmission in this model.

As initial interaction between virus and susceptible target cells is
predicted to occur within mucosal tissue, our results suggest that
tissue antibody levels are a more important biomarker of protective
efficacy. The mechanism governing partitioning of plasma antibody
into lower genital tract tissue has not been defined. Convection and
diffusion are thought to be the predominant mechanism for trans-
vascular transport of IgG in many tissues, while murine studies sug-
gest that active transport by FcRn plays a more predominant role in
tissues such as skin and muscle (74). While IgG subclass distribution
for many mucosal secretions reflects a purely transudative origin in
humans, there appears to be an active accumulation of total IgG
(IgG1, IgG2, and IgG4) in the lower female genital tract, resulting in
its known predominance over total IgA (75). The extent to which
FcRn regulates partitioning of plasma antibody into lower genital
tract tissue merits further investigation. Indeed, decreased protection
has previously been observed for b12 IgG when Fc receptor binding
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activity was mutated (76). It is unclear whether these mutations im-
paired FcRn binding. While our data confirm the importance of the
IgG Fc portion in protection against infectious challenge, Fc-medi-
ated inhibition did not appear to play a significant role in the inhibi-
tory activity of 2F5 within cervical explants despite a predominance of
DC and MDM populations within these tissues (77). These data sug-
gest that Fc-mediated antiviral activity is unlikely to have affected
initial infection of CD4 T cells. This confirms previous studies show-
ing that other anti-gp41 monoclonal antibodies with potent Fc-in-
hibitory activity had no impact on acquisition of infection (9) despite
evidence for interaction between human IgG and macaque Fc
gamma receptors (1, 9, 78). However, the Fc portion of 2F5 IgG did
affect dissemination of virus by migratory cells emigrating from tissue
explants. This reflects earlier observations that binding of neutraliz-
ing antibodies to Fc�-Rs on DC significantly augments the inhibition
of HIV replication in DC-CD4 T cell clusters (58). This mechanism
might affect viral dissemination in vivo and have an influence on peak
viral load or subsequent viral set point. Although the two infected
animals treated with 5 mg/kg 2F5 appeared to be infected with a single
T/F virus, as opposed to 1 to 4 T/F viruses in the controls, more
animals would be needed to draw firm conclusions about viral con-
trol. Interestingly, serum levels of 2F5 in fully protected animals in-
fused with 25 mg/kg were 20 times the in vitro IC90 in PBMC assays at
the time of challenge, while vaginal levels where at or just above the
IC90. These systemic levels are remarkably similar to those reported
for 2F5 IgG as being protective against rectal challenge with the same
virus (26 times the IC90) (8), suggesting that systemic levels are pre-
dictive of protection in the different mucosal compartments.

In conclusion, data from the described passive infusion studies
demonstrate that serum levels of the monoclonal 2F5 IgG anti-
body were predictive of sterilizing protection in primates in a
dose-dependent manner. Fc-mediated antiviral activity did not
appear to influence infection of the primary target cells in cervical
explants. However, PK studies highlighted the importance of the
Fc portion of IgG in tissue biodistribution, reflecting the known
predominance of total IgG over IgA in the lower female genital
tract. Furthermore, the rapid decay in systemic 2F5 levels suggests
that a constant level of antibody is required to maintain protective
levels against viral infection. Here, the shorter half-life of 2F5 IgG
in macaques than in humans, potentially influenced by differences
in binding to macaque FcRn, is likely to have caused an underes-
timation of its protective effects. Furthermore, additional gains in
protective efficacy are likely to be provided with the more potent,
recently described 10E8 MPER antibody that can neutralize
�98% of tested viruses (79). Data presented in this study may be
important in modeling serum levels of neutralizing IgG that need
to be achieved by either vaccination or passive infusion to prevent
mucosal acquisition of HIV-1 infection in humans.
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