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In standard neutralization (STAN), virus and antibody are reacted together before inoculation of target
cells, and inhibition of almost any of the processes concerned in the early interaction of virus and cell,
including inhibition of virus attachment to cell receptors, can be the cause of neutralization by a particular
monoclonal antibody (MAb). To simplify the interpretation of antibody action, we carried out a study of
postattachment neutralization (PAN), where virus is allowed to attach to target cells before neutralizing
antibody is introduced. We used influenza virus A/PR/8/34 (H1N1) and monoclonal immunoglobulin G (IgG)
molecules and their Fabs specific to antigenic sites Sb (tip), Ca2 (loop), and Cb (hinge) of the hemagglutinin
1 (HA1) protein. All IgGs and Fabs gave PAN, although with reduced efficiency compared with STAN. Thus,
bivalent binding of antibody was not essential for PAN. By definition, none of these MAbs gave PAN by
inhibiting virus attachment, and they did not elute attached virus from the target cell or inhibit endocytosis of
virus. However, virus-cell fusion, as demonstrated by R18 fluorescence dequenching or hemolysis of red blood
cells, was inhibited in direct proportion to neutralization and in a dose-dependent manner and was thus likely
to be responsible for the observed neutralization. However, to get PAN, it was necessary to inhibit the activation
of the prefusion intermediate, the earliest known form on the fusion pathway that is created when virus is
incubated at pH 5 and 4°C. PAN antibodies may act by binding HA trimers in contact with the cell and/or
trimers in the immediate vicinity of the virus-cell contact point and so inhibit the recruitment of additional
receptor-HA complexes.

Conventional or standard neutralization (STAN) takes place
when antibodies bind to virus free in solution. The resulting
loss of infectivity can occur by a variety of mechanisms, broadly
by aggregation of virions, inhibition of attachment of virus to
cell receptors on the target cell, inhibition of virus internaliza-
tion, inhibition of the entry of the viral genome and associated
proteins into the cell, or inhibition of a postentry event (15).
However, some antibodies can also neutralize virus that has
already attached to the cell, a process called postattachment
neutralization (PAN). PAN is of interest since, by definition, it
cannot take place by aggregating free virus or by inhibiting
virus attachment to the target cell, but it has not been exten-
sively studied and there is little information about the mecha-
nisms of PAN. There have been no reports on the mediation of
PAN by Fab fragments.

PAN has been reported for a number of different virus
systems, and it is evident that not all monoclonal antibodies
(MAbs) that mediate STAN can also mediate PAN. Examples
of PAN have been reported with enterovirus 71 (27), poliovirus
(54), Venezuelan equine encephalitis virus (42), rotavirus (43),
influenza A virus (25), respiratory syncytial virus (34), New-
castle disease virus (44), transmissible gastroenteritis virus
(52), vesicular stomatitis virus (7), rabies virus (14), adenovirus
(58), human cytomegalovirus (33), African swine fever virus

(20), and human immunodeficiency virus type 1 (HIV-1) (1, 3,
4, 11, 26, 29, 31, 37). Sensitivity to PAN has been used as a
means of demonstrating the kinetics of virus endocytosis or of
virus genome entry into the cell of viruses that fuse with the
plasma membrane at neutral pH. The window available for
PAN is generally short, on the order of a few minutes, for
viruses being endocytosed (see, e.g., reference 44), or quite
long (over 60 min) for viruses fusing with the plasma mem-
brane at pH 7 (34). However, the situation is probably more
complicated. For example, with HIV-1 the occurrence of PAN
was dependent on the epitope, with one MAb giving PAN for
up to 90 min of incubation at 37°C (and probably until fusion
had been completed) while another MAb gave PAN for only
15 min at 37°C and yet another gave no PAN at all even with
infection at 4°C when virus remained at the cell surface (3, 4).
Others reported similar data with a different MAb (29). The
abbreviation or absence of PAN may reflect the disappearance
of epitopes, following changes in conformation of the envelope
protein that take place when virus binds to cell receptors and
the fusion mechanism is slowly activated (46, 47).

The only report of influenza virus PAN known to the authors
showed that virus attached to cells at 3°C was completely sus-
ceptible to PAN by polyclonal antiserum to whole virus but at
37°C rapidly became resistant to PAN (25). The mechanism of
influenza virus PAN has never been addressed, although there
are limited studies of other systems. PAN of rabies virus
showed that neutralizing MAbs caused a threefold increase in
the release of cell-bound virus (14). The remaining virus was
endocytosed but was not infectious, leading to the presumption
that PAN was mediated by a postinternalization mechanism. A
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MAb to the VP8* protein of the rhesus monkey rotavirus also
mediated PAN by releasing virus from target cells (43). Vesic-
ular stomatitis virus was susceptible to PAN by a G protein-
specific antiserum, but this did not elute virus from the cell.
Rather, PAN inhibited the fusion of viral and cell membranes
in endosomes, probably by decreasing the sensitivity of G pro-
tein to the low-pH-induced conformational changes, although
the effect was marginal (7). African swine fever virus was sus-
ceptible to PAN by convalescent-phase serum, which pre-
vented internalization of virus by the target cell (20). With
poliovirus, only 6 of 19 MAbs that gave standard neutralization
mediated PAN, and these did so by preventing uncoating and
the conversion of native 135S particles to 80S particles (54). It
was concluded that that bivalent binding of MAbs to virions
was essential for PAN.

In this work we studied the PAN of a human influenza A
virus, mediated by three high-affinity HA1-specific immuno-
globulin G (IgG) molecules (H9, H36, and H37) and their
Fabs. H36 IgG and Fab and H9 IgG and Fab had similar
affinities, suggesting that the IgGs bound monovalently. H37
probably bound bivalently. All IgGs mediated STAN by a com-
bination of inhibition of virus-cell fusion and inhibition of virus
attachment to cells. H36 and H37 Fabs mediated STAN solely
by inhibiting attachment, while H9 Fabs mediated STAN solely
by inhibiting fusion (17, 18). Here we found that all the IgGs
and Fabs mediated PAN and that they all acted by inhibiting
an early event in the viral low-pH-dependent fusion process.
The mechanism(s) of PAN and the differences that we ob-
served between PAN and STAN are discussed.

MATERIALS AND METHODS

Virus. Influenza virus A/Puerto Rico/8/34 (Mount Sinai strain; H1N1; PR8)
was grown in the allantoic cavities of 10-day-old embryonated chicken eggs
(Poynden Egg Farm, Goss Oaks, United Kingdom) for 48 h at 33°C. Virus was
purified by differential centrifugation and banded on a 10 to 45% (wt/vol) sucrose
gradient at 60,000 � g for 90 min and a 20 to 70% (wt/vol) sucrose equilibrium
gradient at 60,000 � g for 16 h. Virus was stored at �70°C.

Hemagglutination and the hemagglutination inhibition assay. Virus was dou-
ble diluted in phosphate-buffered saline (PBS) in a round-bottom 96-well plate
(Greiner, Stonehouse, United Kingdom) and detected by agglutination of 0.13%
adult chicken red blood cells (RBCs; Serotech, Kidlington, United Kingdom).
The 50% agglutination point (1 HAU) was estimated by interpolation between
complete agglutination and no agglutination, and the titer was expressed as the
reciprocal of the dilution in HAU per milliliter. For hemagglutination inhibition,
antibodies were doubly diluted and mixed with 4 HAU per well for 1 h at 20°C.
Uninhibited virus was detected by agglutination of RBCs as above, and the
reciprocal of the dilution giving 50% inhibition (1 HIU) was taken as the end
point.

Cells. Madin-Darby canine kidney (MDCK) cells (kindly provided by Wendy
Barclay) were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco BRL Life Technologies, Paisley, United Kingdom)–4 mM glutamine
(Gibco)–5% (vol/vol) heat-inactivated fetal calf serum (HIFCS; Gibco)–50 �g of
gentamicin (Gibco) per ml. Mouse hybridomas were grown in RPMI 1640
(Gibco)–10% HIFCS–2 mM glutamine–50 �g of gentamicin per ml.

Antibodies. The PR8 HA1-specific MAbs H36-4.5-2 (antigenic site Sb or B of
H3, IgG2a), H37-45-5R3 (site Ca2/A, IgG3), and H9-D3-4R2 (site Cb/E, IgG3)
(10, 50) were used for PAN. Reverse transcription-PCR and sequencing of
neutralization escape mutants showed that there were inferred single-residue
changes in the expected antigenic sites. For H36 IgG these were mainly
152D3K, for H37 IgG they were mainly 140K3D, and for H9 it was 75S3P (A.
C. Marriott, C. Parry, and N. J. Dimmock, unpublished data). Another HA1-
specific MAb used was H37-66-1 (site Sb, IgA). In addition, we used the follow-
ing HA1-specific MAbs that are specific to low-pH-induced epitopes: Y8-10C2
(site Sa), H2-4C2 (site Cb), H3-4C5 (site Ca2), H18-S13 (site Cb), and H17-L2,
which recognizes an epitope in site Ca2 that is lost at low pH (59). All these
MAbs were kindly supplied by Walter Gerhard. The NP-specific MAb HB-67

(IgG1) was supplied by Robert G. Webster. MAbs were purified by affinity
chromatography on a protein A-Sepharose column (Sigma) as described previ-
ously (17).

Production of Fabs by digestion of IgG with papain. IgG2a and IgG3 required
different conditions for digestion with immobilized papain, as detailed before
(17). Briefly, IgG2a (1 mg) was mixed with 6.2 �l of freshly made 0.01 M
cysteine–20 �l EDTA–1 U agarose-immobilized papain (Sigma). This was ad-
justed to pH 5.5 and shaken for 3 h at 37°C. IgG3 was treated similarly except
with 1 M cysteine. Papain was removed by pelleting, the digest was made 5.5 mM
with respect to iodoacetamide (Sigma), and the pH was raised to 7.5. Undigested
IgG and Fc fragments were removed by repeated passage through protein A-
Sepharose. Fabs were dialyzed and concentrated, and their concentration was
determined spectrophotometrically (1 optical density [OD] unit � 1.5 mg/ml
[24]). All preparations had the expected Mr of approximately 50,000 by poly-
acrylamide gel electrophoresis (PAGE) and were free of detectable IgG (�50
ng/ml).

STAN assays. STAN was measured by plaque assay and by enzyme-linked
immunosorbent assay (ELISA). In the plaque assay, virus (120 PFU/100 �l) was
mixed with an equal volume of antibody for 1 h at 37°C. MDCK monolayers in
six-well plates (Falcon) were rinsed to remove serum and then inoculated with
the virus-MAb mix for 20 min at 4°C. Excess virus and antibody were removed
by washing three times with cold PBS, and monolayers were overlaid with 0.9%
agar (Gibco) in medium 199 containing 0.2% (wt/vol) bovine serum albumin
(BSA), 0.01% (wt/vol) DEAE-dextran, 100 U of penicillin per ml, 100 �g of
streptomycin per ml, and 30 U of TPCK trypsin (Sigma, Poole, United Kingdom)
per ml. After incubation for 3 days at 33°C, the monolayers were fixed with
formal-saline and stained for plaque counting with toluidine blue (BDH). Neu-
tralization was estimated by taking the percentage of plaques remaining after
MAb treatment and subtracting it from 100.

For STAN by ELISA, 20 to 200 HAU of virus was incubated with an equal
volume of MAb for 1 h at 37°C and then 100 �l was inoculated onto monolayers
in 96-well plates as above. After being washed, the plate was incubated overnight
at 37°C in 100 �l of DMEM–1% HIFCS, 4 mM glutamine–20 �g of gentamicin
per ml in the absence of trypsin so that virus replicated only within the original
infected cell. This maintained the direct response of the neutralization assay.
Monolayers were then fixed with 2% paraformaldehyde and blocked with 3%
BSA in TBS (0.02 M Tris-HCl, 0.14 M NaCl [pH 7.6]) at 20°C for 90 min. De
novo expressed HA on the cell surface was assayed as a measure of virus
replication and detected with monoclonal mouse anti-HA IgA (H37-66-1), an
anti-IgA–alkaline phosphatase conjugate (Sigma), and dinitrophenyl phosphate
(DNPP). The product was read on an optical plate reader (Titertek Multiscan
Plus) at 405 nm, where the virus control had an OD of approximately 1.1. When
experimental procedures were carried out with 3-cm-diameter dishes, the PAN
ELISA was made in the same format to ensure comparability. The procedure was
the same as for the 96-well ELISA, except that the volumes were scaled up. The
colored product was then transferred to 96-well plates for reading.

PAN assays. PAN was measured by plaque assay and by ELISA. In the plaque
assay, virus was inoculated onto MDCK monolayers in six-well plates as de-
scribed above at 4°C for 20 min. After washing to remove excess virus, antibody
was added for 120 min at 4°C or for 60 min at 37°C. Antibody was then removed
by washing, and plaques were allowed to develop under nutrient agar. For
neutralization in 96-well plates, a PAN ELISA was used in which monolayers
were inoculated with 10 to 100 HAU of virus for 20 min at 4°C. After washing,
dilutions of MAb were added as described. Monolayers were then washed and
incubated overnight at 37°C as described for STAN.

For determination of the kinetics of PAN, virus was allowed to attach to cells
at 4°C as above and incubation was continued at 4 or 37°C. Virus was removed
and antibody was added at intervals. This was left on the monolayer for 60 min
before being removed by washing. All monolayers were then overlaid and incu-
bated at 37°C for plaques to develop.

Assay for the internalization of virus by cells by ELISA. The ELISA for virus
internalization was carried out as detailed previously (17). Monolayers in 96-well
plates were inoculated and PAN was carried out as described above. After being
washed, the monolayers were incubated with warm DMEM at 37°C for 30 min to
allow the attached virus to be internalized. Noninternalized virus was removed by
treating monolayers twice with 0.025 U of Clostridium perfringens neuraminidase
at 37°C for 10 min. This removed more than 95% of the attached virus as verified
by ELISA, as described previously (17). The monolayers were then permeabil-
ized by freeze-thawing three times and fixed by adding 80 �l of saline followed
by 150 �l of methanol at �20°C for 30 min. Virus was detected as virion NP
antigen as described above. To show that virus was being internalized by recep-
tor-mediated endocytosis, we used conditions that are known to inhibit this
process: either maintaining cells at 4°C (30, 40) or incubating them in hypertonic
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medium (0.45 M sucrose in medium) at 20°C for 30 min before inoculation of
virus. This latter treatment prevents the clathrin lattice formation required for
receptor-mediated endocytosis (13, 22). PAN by ELISA was determined at the
same time in the same 96-well system.

Assay for virus-cell fusion using virus labeled with R18. The assay for virus-
cell fusion was carried out as detailed before (17). Virus (500 �l of 107 HAU of
freshly prepared purified stock) was incubated with 85.5 �M octadecyl rhoda-
mine B chloride (R18; Molecular Probes Europe BV, Leiden, The Netherlands)
for 1 h at 20°C in the dark. After centrifugation to remove any precipitate, virus
was separated from free R18 by pelleting the virus through 20% sucrose and
stored at �70°C. Solubilization of R18-labeled virus in 1% Triton X-100 (BDH)
gave a 150-fold increase in fluorescence, indicating that the R18 was self-
quenched and incorporated into the virus lipid bilayer. For the assay of fusion or
inhibition of fusion, virus (200 HAU in 100 �l) was inoculated onto a 3-cm-
diameter monolayer of MDCK cells at 4°C for 25 min. Unattached virus was
removed, and antibody was added as before. After being washed, the monolayers
were incubated in warm DMEM for 30 min at 37°C. The cells were detached by
incubation with cold EDTA for 5 min at 20°C, pelleted, and fixed in cold 2%
paraformaldehyde in the dark. Fluorescence was determined, after solubilizing in
Triton X-100, with a Luminescence Spectrophotometer LS-5 (Perkin-Elmer
Ltd., Beaconsfield, United Kingdom), exciting at 560 nm and emitting at 590 nm,
with an emission slit width of 10 nm. To demonstrate that the increase of
fluorescent signal was due to virus-cell fusion, cells inoculated with R18-labeled
virus were kept at 4°C to inhibit fusion (30, 40) or were treated, prior to infection,
with 500 nM bafilomycin A1 from Streptomyces griseus [Calbiochem: Novabio-
chem (UK) Ltd., Beeston, United Kingdom] at 37°C for 90 min. Bafilomycin is
a V-ATPase inhibitor that prevents the acidification of endosomal vesicles and
the triggering of HA-mediated fusion (21, 32, 36). The fusion ability of neutral-
ized virus was calculated as a percentage of that achieved by the nonneutralized
virus control. To keep the assays comparable, neutralization was determined by
PAN ELISA with the same virus-antibody mixtures and in the same 3-cm-
diameter dish system as used for the fusion assays.

Inhibition of hemolysis of chicken RBCs by influenza virus. Hemolysis and
hemolysis inhibition assays were adapted from earlier work (45). Virus (10,000
HAU/ml) was incubated with 200 �l of 8% RBCs at 4°C for 30 min on a rotating
mixer. The cells were then pelleted to remove unattached virus, washed, and
resuspended in 200 �l of diluent or antibody at 37°C for 60 min. After being
washed again, RBCs were resuspended in 250 �l of citrate buffer (pH 5) at 37°C
for 45 min for hemolysis to take place. The cells were pelleted, and the amount
of hemolysis (released hemoglobin) was determined spectrophotometrically at
520 nm. The percent inhibition of hemolysis was calculated by comparing the
extent of hemolysis in the virus control to the hemolysis found in the presence of
antibody. In other experiments, the effect of neutralization on the hemolysis
properties of the prefusion intermediate was investigated. Virus was attached to
RBCs as described above and then treated at 4°C in citrate buffer (pH 5) for 30
min to induce the prefusion intermediate. The pH was then adjusted to neutral,
and the prefusion intermediate was treated with antibody. Hemolysis was assayed
as before.

Detection of low-pH-induced conformational changes in the HA by ELISA. An
ELISA plate was coated overnight with 100 HIU of an HA1-specific IgA (H37-
66-1) and blocked with 3% BSA in TBS-Tween for 2 h. The IgA was then used
to capture virus (100 HAU), which was then treated at pH 5 or 7.5 at 37°C. The
pH was then adjusted to 7.5, and the reactivity of virus with various HA1-specific
IgGs was determined. In another experiment, virus (200 HAU) was captured on
a monolayer of paraformaldehyde-fixed MDCK cells at 4°C. Unattached virus
was removed by washing, and bound virus was incubated with Fab at 4 or 37°C
for 2 or 1 h, respectively. These temperatures were then maintained for the rest
of the experiment. After washing, citrate buffer was added, with half the plate at
pH 5 and the other half at pH 7.5 for 30 min. The pH was returned to neutral,
and MAbs in 1% BSA in TBS-Tween were added for 1 h at 4°C to detect
pH-induced changes in epitopes of HA1. Unbound MAb was removed, and the
cells were treated with methanol at �20°C for 20 min and blocked with 3% BSA
in TBS-Tween. Bound MAb was detected at room temperature using a rabbit
antiserum specific for the Fc region of mouse IgG conjugated with alkaline
phosphatase followed by DNPP in diethanolamine buffer.

Detection of low-pH-induced conformational changes in the HA by acquisition
of sensitivity to digestion with proteinase K. Purified virus (100,000 HAU/ml)
was incubated with antibody at 37°C for 1 h. The pH of the neutralization mix
was then kept at pH 7.5 or lowered to pH 5 by the addition of 0.1 M HCl and
incubated at 37°C for 30 min. The pH of the neutralization mix was then restored
to neutrality. The change of the HA to the low-pH conformation was detected by
incubation with proteinase K (1 �g/ml at 37°C for 30 min). Digestion was stopped
by the addition of cracking buffer with dithiothreitol, and the digestion mix was

analyzed on a 12% polyacrylamide gel under reducing conditions. The gel was
fixed, and proteins were stained with colloidal Coomassie brilliant blue.

Data analysis. Dose-response curves were calculated by nonlinear regression
analysis using Prism Graphpad software. To determine if they were significantly
different, we compared them using an unpaired t test, where P � 0.05 is consid-
ered significant.

RESULTS

Comparison of PAN and STAN mediated by IgGs. PAN was
investigated using three HA1-specific IgGs, H36 (IgG2a, site
Sb), H37 (IgG3, site Ca2), and H9 (IgG3, site Cb) (Fig. 1).
Virus was allowed to attach to MDCK cell monolayers at 4°C,
and then dose-response curves were constructed at 4°C, to give
the IgG the most opportunity to act, and at 37°C, to mimic
physiological conditions. STAN assays were carried out at the
same time, with the same virus and the same batch of mono-
layers. Figure 2a to c show that all IgGs mediated PAN and
that this was essentially the same at both 4 and 37°C. However,
PAN by all three MAbs was significantly reduced compared to
STAN (P values are given in Fig. 2), with a difference of 37-fold
at N50 (the concentration required for 50% neutralization) for
H36 but only 8-fold for H37 and H9 (Table 1). The differences
were less at N90.

Comparison of PAN and STAN mediated by Fabs. All three
Fabs mediated PAN, but the N50 of each was reduced by 3.6-
to 18-fold compared with that of IgG (Table 2). PAN curves
for H36 and H37 Fabs were the same at 4 and 37°C and, in
contrast to the IgGs, did not differ significantly from STAN
curves (Fig. 2d and e; Table 1). H9 Fab differed in two aspects:
(i) PAN at 37°C was significantly higher than STAN at 37°C,
with an N50 and N90 that were two- and threefold higher,
respectively (Fig. 2f; Table 1), and (ii) PAN at 37°C was greater

FIG. 1. Model of an HA1 monomer of PR8 influenza virus showing
the positions of the antigenic sites and epitopes of antibodies used in
this study (adapted from references 10 and 56).
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than PAN at 4°C. This may be because the H9 epitope is more
accessible to Fab at 37°C than at 4°C.

Kinetics of PAN mediated by H36 IgG and Fab. Attachment
of virus to cells at 4°C followed by incubation at 4 or 37°C
allows the window of time during which PAN can take place to
be determined. In the experiment in Fig. 3, virus was allowed
to attach and was then incubated at the temperature indicated.
Antibody was added at intervals at the times indicated by the
experimental points. Figure 3 shows that at 4°C the virus was

susceptible to PAN by IgG and Fab for the entire incubation
period while at 37°C PAN was reduced by 50% in 10 min and
by 90% in 20 min. PAN by an equivalent neutralizing concen-
tration of Fab followed very similar kinetics (Fig. 3b). Similar
kinetics were also followed by PAN with H37 and H9 IgGs
(data not shown). Such a loss of PAN can mean that the virus
has been internalized by the cell, that the epitope is no longer
available, or that the pathway through which neutralization is
mediated has been closed as a result of virus-cell interactions.

Mechanisms of PAN. (i) IgGs and Fabs did not elute virus
from the target cell. The possibility that PAN resulted from
virus being eluted from the cell was investigated by carrying out
PAN and then determining how much virus had been inter-
nalized by the cell. This was done by determining its acquired
resistance to removal from the cell by treatment with bacterial
neuraminidase. Figure 4 shows that there was no loss of virus
internalization at any of the IgG or Fab concentrations used.
Similar data were obtained with H37 and H9 IgGs and their

FIG. 2. Comparison of the percent PAN and STAN of PR8 virus by plaque assay in MDCK cell monolayers, as a function of IgG or Fab
concentration (M). For PAN, virus was allowed to attach to a prechilled monolayer at 4°C and washed, and then antibody was added at 4°C for
120 min or 37°C for 60 min. For STAN, virus-antibody mixtures were incubated together at 20°C and inoculated onto monolayers at 37°C for 60
min. Monolayers were washed to remove virus and antibody before being overlaid with agar. (a and d) H36 IgG (a) and Fab (d); (b and e) H37
IgG (b) and Fab (e); (c and f) H9 IgG (c) and Fab (f). }, PAN at 4°C; Œ, PAN at 37°C; ■ , STAN at 37°C. Virus controls gave approximately 50
PFU/plate. Data are the mean of three experiments, and the bars represent the standard error of the mean. Curves were generated by Prism
Graphpad software. R was �0.97 for all curves. The value of P1 shows the significance of the difference between the two curves of 4°C PAN and
37°C STAN, and that of P2 shows the same for 37°C PAN and 37°C STAN. These were calculated using an unpaired t test. P � 0.05 is considered
significant.

TABLE 1. Comparison of PAN and STAN at 37°C

MAb
IgG Fab

PAN50/STAN50 PAN90/STAN90 PAN50/STAN50 PAN90/STAN90

H36 36.7 10.9 1.0 1.0
H37 8.3 5.2 1.0 1.0
H9 7.5 7.0 0.48 0.34
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Fabs (data not shown). Controls designed to demonstrate that
virus in this system was being internalized by endocytosis were
carried out either by keeping cells at 4°C to inhibit the endo-
cytotic process or by treating monolayers with hypertonic su-
crose to disperse the clathrin lattice around endocytic vesicles.
These were found to result in a loss of �90 or �79% of virus
internalization, respectively (data not shown).

(ii) IgGs and Fabs inhibited fusion of virus with the target
cell in direct proportion to neutralization. Virus labeled with
the fluorescent dye R18 was allowed to attach to cells, and then
PAN was carried out over a range of concentrations with IgG
or Fab. Neutralization and virus-cell fusion (by fluorescence
dequenching) were then determined using the same batch of
cells. Control experiments to demonstrate that R18 dequench-
ing did in fact result from virus-cell fusion were carried out at
4°C or by treating monolayers with bafilomycin to inhibit the
protonation of endocytic vesicles. These conditions resulted in
fusion activity losses of �87% at 4°C and of �79% with bafilo-
mycin (data not shown). Figure 5a and b show that the neu-
tralization and virus-cell fusion curves did not differ signifi-
cantly with either H36 IgG or Fab. Similar data were obtained
with H37 and H9 IgG and H37 Fab (not shown). However,
with H9 Fab there was a small but significant difference be-
tween the amounts of neutralization at N50 and fusion inhibi-

tion. In addition, this difference increased with higher concen-
trations and fusion was never completely inhibited. These
differences were found consistently in three separate experi-
ments (Fig. 5c).

Effect of IgGs and Fabs on RBC hemolysis by attached
virus. Hemolysis has long been used as a model for virus-
directed fusion. It is not strictly the same process but is thought
to be analogous (23). Here virus was bound to RBCs and
incubated with antibody and the pH was lowered to 5 to allow
hemolysis to occur. The extent of hemolysis was determined
spectrophotmetrically. Data for H36 IgG and Fab show that
hemolysis was inhibited up to 100% as the antibody concen-
tration increased (Fig. 6a and b). The experiment was repeated
with H37 and H9 IgG and H37 Fab, and similar data (not
shown) were obtained. H9 Fab, however, proved unable to
inhibit hemolysis beyond 80% (Fig. 6c), recalling the situation
found with fusion inhibition above (Fig. 5c).

Further investigation of the involvement of virus-cell fusion
in PAN. We have shown above that all antibodies used in this
study inhibited virus-mediated fusion, a complex, multistage
process that is activated by exposure to low pH. The details of
the fusion process are incompletely understood, but the cur-
rent view is that HA2 is metastable and undergoes major
conformational changes at low pH that jackknife its N-terminal

FIG. 3. Analysis of the kinetics of PAN of PR8 virus by H36 IgG and Fab at 4 and 37°C in MDCK cell monolayers, as a function of antibody
concentration (M). PAN is expressed as a percentage. (a) IgG (55 nM); (b) Fab (100 nM). Data were generated from plaque assays and are the
mean of two experiments. Bars represent the standard error of the mean. Curves were generated as in Fig. 2. Œ, 4°C; ■ , 37°C.

TABLE 2. Summary of data on PAN of PR8

MAb Antigenic
site

N50 (nM) Inhibition of
internalization

Inhibition of
fusion

Inhibition of
hemolysis

Inhibition of
prefusion

intermediate

Inhibition of exposure
of low-pH epitopes

Inhibition of gain in
protease sensitivity

at low pHIgG Fabc

H36 Sb 22 78 (3.6) No Yes Yes Yes No No
H37 Ca2 58 1,060 (18.3) No Yes Yes Yes No NDb

H9 Cb 340 4,400 (12.9) No Yesa Yesa Yes No ND

a H9 Fab inhibited fusion to a plateau of approximately 80%; the others inhibited fusion completely. Columns 4 to 7 summarize the activity of all IgGs and Fabs,
and columns 8 and 9 show the activity of the Fabs only.

b ND, not done.
c Values in parentheses are Fab N50/IgG N50 ratios.
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fusion peptide into proximity with the target cell membrane
(9). These conformational changes can also be detected by the
exposure of new epitopes and the acquired sensitivity of the
HA to protease digestion. The following experiments were
designed to determine which part of this process our antibod-
ies inhibited. However, we first needed to determine if our
antibodies bound to the low-pH form of the virus. Figure 7
shows that MAb Y8, specific for a low-pH-induced epitope,
bound poorly to virus kept at pH 7.5 but 16-fold better to virus
exposed to pH 5. However H9, H36, and H37 bound equally

well to both forms of virus, showing that their epitopes were
not pH sensitive.

(i) IgGs and Fabs inhibit formation of the prefusion inter-
mediate. The prefusion intermediate is a form of the HA that
is induced when PR8 virus is exposed to pH 5 at 4°C (35, 51,
53), and here we determined the effect of our antibodies (H9,
H36, and H37) on the formation of the prefusion intermediate
and its function once it had been formed. In the following
experiment, virus was prebound to chicken RBCs and then
exposed to various permutations of low pH and antibody. Fig-

FIG. 4. Analysis of the relationship between PAN and internalization of PR8 virus by MDCK cell monolayers as a function of antibody
concentration (M). PAN and internalization were assayed in parallel in the same batch of monolayers in 96-well trays, both by ELISA, and are
expressed as a percentage. (a) H36 IgG; (b) Fab. Œ, PAN. Columns represent internalization. The internalization virus control gave values of 1.2
to 1.4 OD units, and the PAN virus control gave a value of 1.1 OD units. Data are the mean of three experiments, and the bars represent the
standard error of the mean. Curves were generated as in Fig. 2. R � 0.97 for all curves.

FIG. 5. Analysis of the relationship between PAN and virus-cell fusion of R18-labeled PR8 virus as a function of antibody concentration (M).
PAN and fusion are expressed as a percentage. All assays were carried out at the same time in the same batch of 3-cm-diameter monolayers. PAN
was measured by ELISA, and fusion was measured by fluorescence dequenching of R18. (a and b) H36 IgG (a) and Fab (b); (c) H9 Fab. Œ, PAN;
■ , fusion inhibition. Virus controls gave values of 1.2 to 1.4 OD units. All data are the mean of three experiments, and the bars represent the
standard error of the mean. Curves were generated as in Fig. 2. R � 0.97 for all curves. P values were calculated using an unpaired t test, where
P � 0.05 is considered significant.
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ure 8 shows that cell-bound virus exposed to pH 5 at 37°C
(column 1) lysed RBCs as expected and that cell-bound virus
exposed to pH 5 at 4°C (to form the prefusion intermediate
[column 2]) gave about 25% more fusion. When cell-bound
virus was incubated with H36 IgG or Fab before the pH was
lowered to 5 (columns 3 and 4), hemolysis was inhibited. How-
ever, when cell-bound virus was incubated at pH 5 and 4°C to
form the prefusion intermediate, before adding IgG or Fab
(columns 5 and 6), no inhibition of hemolysis was seen. As
expected, the control of exposing virus to pH 5 at 37°C before
mixing with cells gave no hemolysis (column 7). The experi-

ments were repeated with H37 and H9 IgGs and Fabs and gave
similar results (data not shown). Thus, to inhibit hemolysis,
antibodies had to be present prior to the induction of the
prefusion intermediate (pH 5 and 4°C). This suggested that the
antibodies inhibited a very early stage in the fusion process.

(ii) Fabs do not inhibit exposure of epitopes specific for the
low-pH form of the HA. We investigated whether our Fabs
inhibited the low-pH-mediated conformational changes in the
HA. To detect these conformational changes, we employed a
panel of MAbs that recognize pH-dependent epitopes. Virus
was first allowed to attach to MDCK monolayers, which had
been fixed so that any conformational changes that were due to
the combined effects of binding to cell receptors and low pH
might be detected, without virus being internalized. After the
virus had attached to cells, the monolayers were incubated with
H36, H37, or H9 Fabs or PBS and then exposed to pH 5 to
induce conformational changes in the HA. These were de-
tected by the binding of IgGs that recognize low-pH-sensitive
epitopes, and this was demonstrated using an Fc-specific
ELISA. (Therefore we were unable to investigate the effects of
IgGs using this protocol.) Data for H36 Fab are shown in Fig.
9. In the absence of any Fab (Fig. 9, panels 1 and 2), pH 5
incubation at 37°C gave a 4.3-fold decrease in the binding of
H17, a MAb that recognizes only the pH-neutral form of the
HA, and increased the binding of the four MAbs that were
specific for the pH 5 form of the HA. Quantitation (summa-
rized in Table 3) showed that incubation at pH 5 and 4°C
(panel 3) was about 50% as effective at losing MAb H17
reactivity and exposing low-pH epitopes as was incubation at
pH 5 and 37°C. Incubation of cell-bound virus with 200 nM
H36 Fab (enough to cause �99% PAN), before incubation at
pH 5 or 7.5 (panels 4 to 6), did not alter the binding of the
panel of MAbs in any way. Repeating the experiment with H37
Fab and H9 Fab gave similar results (data not shown). Thus, all
Fabs at a concentration sufficient to cause �99% PAN had no
effect on the low-pH-induced conformational changes of the
HA detected by low-pH-specific MAbs.

FIG. 6. Inhibition of hemolysis of RBCs by preattached PR8 virus by antibody. Hemolysis is presented as a percentage. Virus was incubated
with cells at 4°C for 30 min, and antibody was added for 1 h at 37°C. Incubation was then continued at pH 5 and 37°C for 45 min to allow hemolysis
to occur. (a and b) H36 IgG (a) and Fab (b); (c) H9 Fab. Cells were pelleted, and released hemoglobin was determined spectrophotometrically
at 520 nm. Data are the mean of four experiments, and the bars represent the standard error of the mean.

FIG. 7. H9, H36, H37, and Y8 IgGs bound to virus that had been
treated at pH 5. Virus was captured by HA-specific IgA and treated at
pH 5 or 7.5 at 37°C as shown. The pH was then adjusted to 7.5, and the
virus was incubated with various IgGs. MAb Y8 is specific for a low-
pH-induced epitope in the Sa site of HA1. Binding of antibodies was
determined by ELISA. PBS controls show the level of nonspecific
binding of IgGs. Data are the mean of four experiments, and the bars
represent the standard error of the mean.
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(iii) Fab H36 does not inhibit induction of the low pH-
induced protease-sensitive form of the HA. Another manifes-
tation of exposure of virus to low pH is the acquired sensitivity
of the HA to cleavage by proteinase K. Virus was incubated
with H36 Fab and then adjusted to pH 5 or 7.5 at 37°C for 30
min. The pH was returned to 7.5, and virus was incubated with
1 �g of proteinase K per ml at 37°C for 30 min. PAGE analysis
showed that HA1 of the virus maintained at pH 7.5 ran in its
expected position (Fig. 10, lanes 2 and 6), but HA1 of the virus
that was incubated at pH 5 without antibody was degraded
(lane 1). Incubation with H36 Fab did not prevent digestion
(lane 4). By staining, there was a molar excess of Fab over HA
(data not shown). The internal proteins NP (Fig. 10) and M1
(not shown) were unaffected by any of the incubation condi-
tions, as expected. Thus, we see that H36 Fab did not prevent
the low-pH-mediated conformational changes in the HA that
are detected by acquisition of protease sensitivity.

DISCUSSION

Comparison of PAN and STAN. IgGs H36 (IgG2a to HA1
site Sb/B), H37 (IgG3 to site Ca2/A), and H9 (IgG3 to site
Cb/E) mediated STAN by a combination of inhibition of virus-
cell fusion and inhibition of virus attachment to cells; H36 and
H37 Fabs inhibited attachment only, while H9 Fab inhibited
fusion only (17, 18). Here we found that all IgGs and Fabs
mediated PAN (Fig. 2). Thus PAN of influenza virus was
independent of antibody isotype, antigenic site, and size and
valency of the ligand, although the efficiency of PAN may be
affected by any one of these parameters; it also contrasts with
the PAN of poliovirus, since that virus does not undergo PAN

FIG. 8. Hemolysis of chicken RBCs by the prefusion intermediate
of PR8 and its inhibition by neutralizing amounts of H36 IgG and Fab.
Virus (10,000 HAU/ml) was mixed with H36 IgG (67 nM) or H36 Fab
(200 nM). These concentrations of antibody gave 90% PAN of the
virus used here in MDCK cells. Virus was attached to RBCs at 4°C for
30 min at pH 7.5 and then treated at pH 5 and 4°C for 30 min to
activate the prefusion intermediate or at pH 7.5. Virus in column 7 was
treated at pH 5 and 37°C before being mixed with RBCs. PBS or H36
IgG or Fab was then added at 37°C for 60 min, and mixtures were
incubated for 45 min at pH 5 and 37°C for hemolysis to occur. Re-
leased hemoglobin was determined spectrophotometrically at 520 nm.
Data are the mean of three experiments, and the bars represent the
standard error of the mean. Numbers in parentheses refer to each
experimental procedure.

FIG. 9. PAN amounts of H36 Fab fail to inhibit the appearance of
low pH-induced conformational changes in the HA1 of PR8 virus
bound to fixed MDCK cells monolayers. Virus (200 HAU) was allowed
to attach to cells at 4°C and then incubated with 200 nM H36 Fab at
4 or 37°C as indicated. The Fab gave �99% PAN of the virus used here
in MDCK cells. After washing, virus-cell complexes were incubated at
pH 5 or 7.5 and at 4 or 37°C for 30 min as shown and then probed with
IgGs (as shown) specific for the pH-sensitive epitopes of the HA.
Binding of antibodies was determined by ELISA. Data are the mean of
three experiments, and the bars represent the standard error of the
mean. Numbers in parentheses refer to each experimental procedure.

TABLE 3. Comparison of the binding of MAbs to pH-sensitive
epitopes in the prefusion intermediate (pH 5 and 4°C) or the

densensitized (pH 5 and 37°C) form of the HA of PR8 virus to the
pH 7.5 forma

MAbb Binding to pH 5, 4°C virus/
pH 7.5 virus

Binding to pH 5, 37°C virus/
pH 7.5 virus

Y8 14.0 25.0
H2 3.4 5.4
H3 2.0 5.4
H18 3.2 6.0
H17 0.5 0.16

a Data from Fig. 9.
b The epitopes of MAbs Y8, H2, H3, and H18 are exposed, and the epitope of

H17 is reduced at low pH.
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with Fabs (54). It is of interest that the efficiency of PAN
(H36 � H37 � H9) reflects the efficiency of STAN (17), which
implies that the antibodies have an inherent neutralization
efficiency, possibly due to their ability to inhibit HA-cell or
HA-HA interactions. The efficiency of IgG-mediated PAN was
lower (8- to 37-fold at N50) than that of IgG-mediated STAN
(Table 1), depending on the antibody. PAN mediated by Fabs
was less efficient (3.6- to 18-fold) than PAN mediated by IgG
(Table 2). Affinity was not an issue here, at least for H36 and
H9 since their IgGs and Fabs had very similar values (17, 18).
However, it is of interest that Fabs effected PAN and STAN
with a similar efficiency (Table 1), even though Fabs H36 and
H37 mediated PAN (by inhibition of fusion) and STAN (by
inhibition of virus attachment to target cells) (17) by different
mechanisms. It may be that the relatively small size of the Fabs
facilitated access to their epitopes and permitted the observed
equality of PAN and STAN.

Why is IgG-PAN less efficient than IgG-STAN? PAN re-
quires virus to be attached and exposed on the surface of the
target cell and is limited by the rate of virus internalization. At
4°C there was negligible internalization over 60 min, and PAN
was effective throughout this period (Fig. 3). However at 37°C,
PAN decreased rapidly, and after 10 min approximately 50%
of virus was refractory to PAN. This requirement to act rapidly
may also explain why PAN needs a higher concentration of
antibody than STAN does.

An explanation for the difference in efficiency of STAN and
PAN may simply be that the processes operate by different
mechanisms. All three IgGs used here display a complex mech-
anism of STAN, in which both inhibition of virus-cell fusion
(predominantly) and inhibition of virus-cell attachment act to
reduce infectivity (17, 18). In contrast, PAN takes place solely
by inhibition of fusion. In STAN, the two neutralization mech-
anisms may act cumulatively or synergistically, and this may
increase neutralization efficiency.

A second explanation centers on the attachment of influenza
virus to N-acetylneuraminic acid (NANA) residues on the cell
surface. Individually, this is a low-affinity reaction that is

strengthened by the recruitment of multiple NANA molecules
(19). After attachment, the part of the virus surface that is in
contact with the cell is likely to be less readily available to
antibody than is the rest of the surface of the bound or free
virus particles. If PAN was mediated by antibody binding to the
exposed part of the attached virus, one would expect PAN and
STAN to have a similar efficiency. However, STAN is the more
efficient, suggesting that PAN antibodies bind to HA trimers in
contact with the cell and block fusion (see below) and/or bind
trimers in the immediate vicinity and inhibit the recruitment of
additional receptor-HA complexes necessary for the fusion
process. Such HA trimers may bind antibody less readily be-
cause they are less accessible to antibody per se or because
receptor binding alters the conformation of the HA. The latter
seems unlikely because there would have to be an effect on
epitopes in three discrete antigenic sites (Sb/B, Ca2/A and
Cb/E).

Mechanism of PAN. By definition, PAN is mediated by an-
tibody that is added after virus has attached to the target cell,
and it acts after attachment. Since antibodies did not mediate
PAN by eluting virus from the cell and did not inhibit inter-
nalization of virus by the target cell (Fig. 4), they evidently
inhibited a postinternalization event. Indeed, we demonstrated
(Fig. 5) that they inhibited virus-cell fusion in proportion to the
loss of infectivity (except with high concentrations of H9 Fab)
and inhibited hemolysis of red blood cells (Fig. 6). Thus, the
inhibitory mechanism of PAN is centered on the fusion pro-
cess. However, this is complex, and we do not know if the six
IgGs and Fabs used here inhibited the same part of the fusion
process. If they did not, this would help to explain the different
efficiencies of PAN by the IgGs and the Fabs. Any unaccount-
ed-for infectivity (as with high concentrations of H9 Fab)
might result from inhibition of a postfusion event, as described
previously for influenza A virus (2, 16, 38, 39, 41), but further
investigation is required to establish this.

Prefusion intermediate and PAN. Virus-cell fusion is a com-
plex process in which exposure to low pH triggers a cascade of
conformational changes of the HA trimers. Recent character-
ization of some of these conformational changes provided us
with the opportunity to begin to investigate and pin down the
specific stage(s) of the fusion process that our PAN antibodies
were inhibiting. The pH 5 structure, which is characterized by
dissociation of the HA1 globular domains and extensive rear-
rangements of HA2 including exposure of the normally hidden
hydrophobic fusion region, was originally proposed as the fu-
sion-active conformation (9, 57), but this is now regarded as an
inactive end product, with fusion being mediated by transition
from a transient conformational or prefusion intermediate to
the extensively dissociated structure (51, 55). In other words
the HA moves from the tense (T) state in the virion to the
relaxed (R) or intermediate state to the densensitized (D) or
pH 5 state (28). The R state retains most of the morphology of
the T spike but is less well defined (28, 49) and can be obtained
by incubation at pH 5 and 4°C (51, 53). The prefusion inter-
mediate is not fusion active, although it releases at least some
of its complement of HA2 fusion peptides, as shown by a gain
in hydrophobicity and its precipitation with anti-fusion peptide
antibody. There are also small conformational changes in ei-
ther the globular HA1 heads or the association of the individ-
ual HAs that constitute the trimer, as these had increased

FIG. 10. H36 Fab fails to inhibit the acquisition of protease sensi-
tivity of PR8 HA at pH 5. Virus (100,000 HAU) was incubated with 2.5
�M H36 Fab at 37°C for 1 h. The Fab gave 90% STAN of the virus
used here in MDCK cells. The mixture was then held at pH 5 or 7.5 at
37°C for 30 min as shown. After the pH was restored to 7.5, all
mixtures were reacted with proteinase K (1 �g/ml) at 37°C for 30 min
to determine if conformational changes to the HA had taken place.
Lanes 3 and 5 contain Fab and no virus. Virus not incubated with
protease was indistinguishable from virus in lane 2 (data not shown).
Proteins were analyzed by PAGE under reducing conditions and
stained with Coomassie blue.
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interaction with MAbs specific for the low pH form of HA1
(35, 53).

In agreement with others, our prefusion intermediate was
fusion inactive and failed to hemolyze RBC during a prolonged
(4 h) incubation at 4°C (51, 53). However, our prefusion in-
termediate (data not shown) and that of others (48) was con-
verted to fusion activity at pH 7.5 and 37°C, whereas others
found it necessary to use pH 5 and 37°C (35). IgGs and Fabs
that mediated PAN inhibited hemolysis of RBCs by previously
bound virus only if added before the virus had been converted
into the prefusion intermediate (Fig. 8). To further character-
ize the prefusion intermediate generated in our hands, virus
attached to fixed MDCK cells was incubated with neutralizing
Fab and converted into the prefusion intermediate by incuba-
tion at pH 5 and 4°C and then probed with a panel of confor-
mation-specific MAbs (Fig. 9). Attachment to cells (without
internalization) was used so that we would detect any addi-
tional changes to the HA that resulted from the interaction of
virus with its receptors and antibody to the same virus particle.
Binding of the prefusion intermediate to MAb H17, specific
for the neutral pH form of the HA, was reduced twofold,
compared with a sixfold reduction seen after the virus had
been incubated at pH 5 and 37°C. Binding to the prefusion
intermediate of four other MAbs that were specific for
epitopes induced at low pH was increased across the board
compared to the binding to HA trimer at neutral pH. However,
this increase in binding was again approximately twofold lower
than that seen with the pH 5 and 37°C structure. Therefore, on
both counts, the HA1 globular head or the association of HA
in the trimers underwent conformational changes at low pH
that were less extensive at 4°C than at 37°C. Electron micros-
copy also showed no detectable dissociation of the globular
heads in the prefusion intermediate (28, 49).

To determine if Fabs that gave PAN would inhibit the pH 5
conformational changes detected with MAbs to pH-sensitive
epitopes, we attached virus to the fixed MDCK cells described
above and reacted this with a concentration of neutralizing
Fabs that gave 99% PAN. None of these pH 5 conformational
changes was inhibited (Fig. 9). Finally, we showed that the
acquisition of protease sensitivity by HA at pH 5 and 37°C was
unaffected by preincubation with H36 Fab (Fig. 10). Thus, for
PAN it was necessary for antibodies to bind their epitopes
prior to initiation of one of the earliest known points in the
fusion process. However, this did not prevent the majority of
HA trimers from going through their low-pH conformational
transition.

Summary. Under conditions of PAN, all our IgGs and Fabs
(with the exception of H9 Fab at high concentration) inhibited
fusion in direct proportion to loss of infectivity. To do this, they
have to bind virus before activation of the prefusion interme-
diate. There are several ways in which fusion might be inhib-
ited. One is for HA1-specific antibody to cross-link the HA1
trimer, so that the HA2 fusion peptide cannot be liberated.
However, since monovalent Fabs mediate PAN, any cross-
linking would have to be within a single antibody footprint. In
addition, our Fabs were directed against three discrete anti-
genic sites, and each would have to have the type of structure
that can be cross-linked by a single footprint, and this seems
unlikely. A more persuasive possibility flows from the fact that
H36 IgG and Fab and H9 IgG and Fab have nearly identical

affinities (17, 18) and yet the IgGs were more efficient at PAN
than their Fabs were. In addition, H36 IgG and Fab both bind
virus monovalently (S. Hardy and N. J. Dimmock, unpublished
data), so that valency of binding is not at issue here. The main
remaining difference is the threefold-larger mass of the IgG,
suggesting that steric hindrance may be the important factor,
with PAN being mediated by antibody that binds either HA
trimers in contact with cell receptors or HA trimers in the
immediate vicinity of the HA-cell receptor contact zone. The
lower efficiency of PAN by Fabs would be explained if steric
hindrance required more of the smaller Fab molecules bound
at the neutralization site than of bound IgG molecules. Steric
hindrance may prevent released fusion peptides from inserting
into the membrane or may prevent the subsequent interaction
of trimers that form the fusion pore. It is thought that fewer
than 6 of the 700 or so HA trimers are needed for fusion (5, 6,
8, 12). Although we have not investigated the occupancy of the
HA trimers by antibody, the amount of Fab used gave 99%
PAN and was probably sufficient to bind to the majority of
trimers. Even so, conformational changes in the majority of
HAs were not inhibited by the Fab. Thus, PAN may result
from inhibition of conformational changes in the small number
of trimers actually responsible for fusion, but this was unde-
tectable against the high background of low-pH-activated tri-
mers. Trimers that mediate PAN may be distinguished from
those that do not by their reaction with the cell receptor, with
formation of an antibody-HA-receptor complex being a key
event. Alternatively, and more simply, it may be that proximity
of a trimer to the HA-receptor complex is what distinguishes a
PAN-active trimer from the others.
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