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The inhibition of viral hemorrhagic septicemia rhabdovirus (VHSYV) in vitro infection by pHs of <7 (low pH)
has been previously reported. Nevertheless, the details of the mechanism underlying this effect remain obscure.
We present evidence showing that low-pH inhibition occurs during a viral postadsorption step. Thus, while
VHSYV bound, replicated within single cells, and presented its G protein on the membranes of infected cells at
both low and physiological pHs, both cell-to-cell spreading of infection (as estimated by the appearance of foci
of infected cells) and fusion (as estimated by a syncytium assay) were inhibited by this low pH. The decreased
VHSYV titers and the inhibition of both cell-to-cell spreading of infection and fusion could be reversed by
adjusting the pH to 7.5 at any time during infection. This effect should be taken into account to avoid false
negatives in the diagnosis of VHSV by cell culture. On the other hand, the cell-to-cell spreading of infection at
pH 7.5 could be stopped at any time by reducing the pH to 6.5. Since at low pH there were changes in the
protein G conformation and smaller and imbalanced amounts of N with respect to M1, M2, and G viral
proteins, alterations of the assembly and/or budding of VHSV are most probably involved in the absence of

newly released infective virions.

In many enveloped viruses, after the virus particle is inter-
nalized by a receptor-mediated endocytosis mechanism (6),
viral and cell membrane fusions are triggered by the decrease
of the endosomal pH (30). Conformational changes are in-
duced by the low pH in the viral glycoproteins (25, 51) to cause
fusion. Thus, agents that inhibit the lowering of the pH in the
endosomes, such as NHj, also inhibit viral fusion and infec-
tivity (11, 44, 49). However, it has been shown that a low-pH
environment outside the host cells can also inhibit the in vitro
viral replication and/or fusion of viruses such as vesicular sto-
matitis virus (VSV) (32), rabies virus (RV) (21, 22, 26, 35),
viral hemorrhagic septicemia rhabdovirus (VHSV) (10, 50, 52),
influenza virus (5), poliovirus (18), or retrovirus (4, 42, 56).

It was proposed earlier that the inhibition of VSV infectivity
caused by low pH was due not to inhibition of viral RNA or
protein synthesis (18) but to some yet-unidentified alterations
in the nucleocapsid replication complex (32). Since then, there
have been no further references about the mechanisms causing
low-pH inhibition of VSV or any other rhabdoviruses, such as
RV or VHSV. However, the study of this aspect of rhabdovirus
infection might have important implications for the inactiva-
tion of virus in biological fluids (29) and for laboratories re-
sponsible for proper surveillance of these diseases, which
should correctly diagnose possible false negatives.

To further study this phenomenon, we choose VHSV (a
salmonid rhabdovirus) as a model among rhabdoviruses, be-
cause VHSV causes cytopathic effects of established fish cell
lines only at pH 7.0 or higher (10, 50, 52), and this might cause
problems in cell culture detection of this virus. The step of
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infection which is inhibited by low pH in VHSV remains to be
investigated.

In the present work, we show that VHSV binding and rep-
lication do occur in the initially infected cells at low pH and
that VHSV G protein is expressed on the membranes of the
infected cells. Only the release of newly formed viral particles
and, therefore, subsequent cell-to-cell spreading of infection
require a higher pH. We have also shown that in VHSV, the
low pH causes changes in the G protein conformation and an
imbalance and reduction of the accumulated levels of M1, M2,
and G proteins with respect to the N protein. Furthermore, we
have shown that low-pH inhibition of VHSV infection and
fusion could be reversed and infection could be resumed when
the pH was readjusted to 7.5. This could have important ap-
plications in diagnosis.

MATERIALS AND METHODS

EPC cell culture and VHSV. The VHSV strain VHSV-07.71, isolated in
France from rainbow trout (Oncorhynchus mykiss) (33) was used. Supernatants
from VHSV-07.71-infected epithelioma papulosum cyprini (EPC) cell cultures
(17) were clarified by centrifugation at 2,000 X g for 20 min and kept in aliquots
frozen at —70°C until used as the VHSV inoculum. To further purify VHSV,
clarified supernatants were centrifuged at 100,000 X g for 2 h over a 10% sucrose
cushion. The pellet was used as purified VHSV. EPC cell cultures were main-
tained as reported previously (1, 9). The cell culture medium contained RPMI
1640 (Dutch modification), 10% fetal calf serum (FCS), 1 mM pyruvate, 2 mM
glutamine, 50 pg of gentamicin per ml, and 2 pg of amphotericin B (Fungizone)
per ml. Cells were grown at 28°C under a 5% CO, atmosphere.

Assay of VHSV-infected EPC cells by flow cytometry. EPC cells in six-well
plates, plated with about 300,000 cells/well, were infected with 2 X 103 focus-
forming units (FFU) of VHSV per cell at pH 6, 6.5, 7, 7.5, 8, and 8.5. After 2 h
at 14°C (virus adsorption), the inoculum was removed, cell monolayers were
washed, and 1.5 ml of fresh culture medium adjusted to each pH was added. The
cells were incubated for a further 22 h at 14°C. The cells were then trypsinized,
resuspended in 0.1% bovine serum albumin-0.01% NaN;-5 mM EDTA in PBS
(130 mM NaCl, 2 mM KCI, 8 mM Na,HPO,, 1.4 mM KH,PO, [pH 7.4]), and
centrifuged at 2,000 X g for 10 min. The pellets were incubated for 1 h 30 min
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in 1 ml of a 1:250 dilution of monoclonal antibody (MAD) against N protein of
VHSV (2C9) (13, 47) in 0.1% bovine serum albumin-0.01% NaN,;-5 mM Na
EDTA-2% rabbit serum-10% FCS in PBS. Cells were then washed with PBS
and incubated for 45 min with fluorescein-labeled rabbit anti-mouse immuno-
globulin G (IgG) Ab (Sigma Chemical Co., St. Louis, Mo.) diluted 1:100. Finally,
cells were washed three times, and 25,000 cells at each pH were analyzed with a
Coulter Epics XL cytometry apparatus (Becton Dickinson, San Jose, Calif.) by
using the Expo 32 software (Becton Dickinson). The percentage of infected cells
was calculated as number of Ab-stained cells at each pH/number of Ab-stained
cells at pH 7.5 X100.

Immunostaining focus assay of VHSV. A previously developed immunostain-
ing focus assay for VHSV infectivity was used (34, 41). Briefly, VHSV diluted in
100 pl of cell culture medium with 2% FCS and adjusted to pH 7.5 was added
to EPC cell monolayers, incubated for 2 h at 14°C, and then washed. After
addition of fresh medium adjusted to either pH 7.5 or 6.5, the VHSV-infected
EPC cell monolayers were incubated at different times at 14°C. After incubation,
monolayers were fixed for 10 min in cold methanol and air dried. MAb 2C9
directed toward the N protein of VHSV, diluted 1,000-fold in dilution buffer
(0.24 mM merthiolate, 5 g of Tween 20/liter, and 50 mg of phenol red/liter in PBS
[pH 6.8]), or a cocktail of anti-G MAbs 3F1A12 and I10 (16), diluted 200-fold,
was added to the wells (100 wl/well) and incubated for 1 h at room temperature.
After washing with distilled water, 100 pl of peroxidase-labeled (Nordic, Tilburg,
The Netherlands) or fluorescein-labeled (Sigma) rabbit anti-mouse IgG Ab was
added per well and the incubation was continued for 30 min. After three wash-
ings by immersion in distilled water, 50 wl of diaminobenzidine (DAB) (1 mg/ml;
Sigma) in PBS containing H,O, (34, 47) was added per well, and the reaction was
allowed to proceed until brown foci were detected with an inverted microscope.
Once washed with water and air dried, brown foci (DAB-stained foci) of 15 to 20
DAB-stained cells or brown cells (DAB-stained single cells) were counted with
an inverted microscope with a 10X ocular eye grid (34) VHSV titers were
expressed as FFU per well. Fluorescence was estimated with an inverted fluo-
rescence microscope (Leica Ltd., Cambridge, United Kingdom) with a digital
camera.

Binding of biotin-labeled VHSYV to EPC cells. Purified VHSV was labeled with
biotin by using a biotin-labeling kit according to instructions of the manufacturer
(Pierce Biotechnology). EPC cell monolayers were incubated with biotin-labeled
VHSYV at a multiplicity of infection (MOI) of 1 for 2 h at 4°C. Supernatants were
then washed, and streptavidin labeled with fluorescein (Nordic) in dilution buffer
was added and incubated for 30 min. Fluorescence was detected with a Leica
inverted microscope with a digital camera. The percentage of labeled cells at
each pH was calculated as number of labeled cells/number of cells X 100.

Determination of binding of Abs to solid-phase VHSV by enzyme-linked im-
munosorbent assay (ELISA). Polystyrene plates (Dynatech, Plochingen, Ger-
many) were coated with 5 pg of purified VHSV per well in 100 wul of distilled
water, incubated overnight at 37°C to dryness, and kept sealed with blue silica gel
at 4°C. The polyclonal antibodies (PAbs) and MAbs were diluted in dilution
buffer, adjusted to pH 7.5, and incubated overnight at 4°C. After blocking with
dilution buffer and washing, the plates were incubated for 60 min at room
temperature with the diluted PAbs or MAbs (100 wl/well) and washed once with
distilled water. Peroxidase-labeled rabbit anti-mouse IgG Ab (Nordic) diluted
500-fold in dilution buffer was added (100 pl per well), incubated for 30 min, and
then washed three times with distilled water. For color development, 50 pl of
substrate buffer (150 mM sodium citrate, 3 mM H,O,, and 1 mg of o-phenyl-
enediamine per liter [pH 4.8]) was pipetted per well, and the reaction was
stopped with 50 ul of 4 M H,SO, per well after 30 min. The absorbance at 620
nm was used to correct for individual nonsignificant differences between wells.

Immunoblotting of VHSV proteins. The accumulation of VHSV proteins at
pH 6.5 or 7.5 was estimated by Western blotting. Flasks of 150 cm? were infected
2 h at 14°C with 10 FFU of VHSV per cell at pH 7.5 for 2 h, and then 50 ml of
fresh medium adjusted to pH 7.5 or 6.5 was added. At 24 h postinfection, the
flasks were frozen and thawed, the cells were pelleted by centrifugation at 6,000
X g for 45 min, and the pellets were resuspended in 400 wl of electrophoresis
buffer. Sodium dodecyl sulfate-15% polyacrylamide gels were loaded with 20 .l
of samples in electrophoresis buffer containing B-mercaptoethanol. To identify
the viral proteins, both molecular weight markers (Bio-Rad, Richmond, Calif.)
and purified VHSV were analyzed simultaneously. Two parallel gels were run,
one for Coomassie blue staining and the other for Western blotting. The proteins
in the gel were transferred for 3 h at 125 V in 2.5 mM Tris-9 mM glycine-20%
methanol to nitrocellulose membranes (Bio-Rad). The membranes were then
blocked with 2% dry milk—0.05% Tween 20-0.3% rabbit serum in PBS and
incubated with anti-VHSV PAD (16), anti-M1 protein MAb 1C10 (46), anti-M2
protein MAb 4E4 (46), or anti-N protein MAb 2C9 (1:200 dilution) before
incubation with a peroxidase-conjugated rabbit anti-mouse IgG antibody (Nor-
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dic) (1:500). Finally, the nitrocellulose membranes were treated with 1 mg of
naphthol per ml-0.015% H,O, (pH 7.5), washed, and dried. The bands were
subjected to densitometry with the Scion program. Relative peak areas were
calculated as area under protein/area under protein N X 100.

Syncytium formation by infected EPC cells. Cell-to-cell fusion of VHSV-
infected EPC monolayers was estimated after infecting EPC cell monolayers in
96-well plates with different MOIs of VHSV at pH 7.5. After removal of the viral
inoculum, fresh medium adjusted to pH 7.5 or 6.5 was added. At 24 h postin-
fection, the monolayers were incubated with fusion medium (36) at pH 6 for 30
min at 14°C, followed by incubation with fusion medium at pH 7.5 for 2 h. After
removal of the medium, EPC cell monolayers were fixed in cold methanol for 10
min, dried, and stained with Giemsa stain. The number of nuclei in syncytia of
three or more nuclei was counted among 10,000 nuclei per well. Results were
expressed as the percentage of nuclei in syncytia (i.e., number of nuclei in
syncytia/total number of nuclei X 100).

Isolation of RNA from VHSV-infected EPC monolayers. EPC cell monolayers
were infected with VHSV at 5 FFU/cell. The virus inoculum was removed 1 h
later, and the cells were incubated in RPMI 1640 medium-2% FCS adjusted to
pH 6.5 or 7.5. The cells were harvested for RNA isolation at 18 h postinfection.
Total RNA was obtained from the cytoplasm of infected EPC cells by using an
RNA isolation kit (RNAgents, Promega, Wis.), according to the manufacturer’s
instructions and adjusted to the number of cells employed (~4 X 107). The total
RNA concentration was determined by optical density at 260 nm and ethidium
bromide staining on agarose gels. The same amount of RNA template was used
in each reverse transcription-PCR (RT-PCR) assay. The sequences of specific
primers for VHSV G and N mRNAs were ATGGAATGGAACACTTTTTTC
TTGGTG (forward) and GGTGACTCGATAAGTCACTCTGTGCAG (re-
verse) for G protein and GAAGATAGGAAGGTGATTGTGG (forward) and
GAGTTTCCTGATGGCTGCCTTG (reverse) for N protein.

Determination of G and N mRNAs by RT-PCR. The RT reaction was per-
formed Moloney murine leukemia virus reverse transcriptase and the reverse
specific primers for the VHSV G and N genes given above. Reaction samples
were incubated at 42°C for 40 min. PCR amplification was carried out in a
GeneAmp PCR system 2700 cycler (Applied Biosystems). Reaction samples (50
wl) contained a 200 WM concentration of each deoxynucleoside triphosphate, a
0.1 wM concentration of the 5" and 3’ primers, and 5 U of Tag DNA polymerase
(Roche, Mannheim, Germany). Temperature profiles of the PCR assays con-
sisted of 30 cycles of denaturation for 1 min at 94°C, annealing for 1 min at 52°C,
and elongation for 2 min at 72°C. PCR products were characterized by electro-
phoresis on ethidium bromide-stained 2% agarose gels.

RESULTS

Number of VHSV-infected EPC cells at different pHs. The
influence of pH on the total number of VHSV-infected EPC
cells at different pHs (6 to 8.8) was estimated by flow cytometry
by using the anti-N protein MAb 2C9 to stain VHSV-infected
cells. At 24 h postinfection, the maximal numbers of VHSV-
infected EPC cells (taken as 100%) were stained at pH 7.2
(Fig. 1A). This percentage decreased to 15% at pH 6.2.
VHSV-infected cells could not be detected at pHs of lower
than 6.2. The number of infected cells at pHs >7.4 also de-
creased, but ~55% remained infected at pH 8.8, confirming
that infections are more sensitive to acidic than to basic pHs, as
previously reported for VHSV (10) and for other rhabdovi-
ruses (18, 32). To further study the influence of pH on VHSV
infection, we chose pHs 7.5 and 6.5 as representative of phys-
iological and low pHs, respectively. Figure 1B shows that the
total number of VHSV-infected cells at each time was always
10% to 10°-fold higher at pH 7.5 than at pH 6.5.

Influence of pH on binding of VHSYV to EPC cells. Binding of
VHSYV to EPC cells was estimated either indirectly by assaying
the FFU in the supernatants after viral adsorption or directly
by counting the number of fluorescent cells after adsorption
with biotin-labeled VHSV. EPC cell monolayers were incu-
bated with different numbers of FFU of VHSV at pH 7.5 and
6.5. After 2 h, supernatants were separated from the cells in
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FIG. 1. Relative number of infected cells 24 h after VHSV infec-
tion at different pH values (A) and time course of the number of
VHSV-infected cells at pH 7.5 and 6.5 (B). (A) EPC cell monolayers
were infected with VHSV (MOI of 0.01) at pHs between 6 and 8.8. At
24 h after infection, the total number of infected cells at each pH was
estimated by flow cytometry by using the anti-VHSV N protein MAb
2C9 to stain the cells. The percentage of VHSV-infected cells was
calculated as the number of MAb-stained cells at each pH/number of
MAb-stained cells at pH 7.5 X 100. (B) EPC cell monolayers were
infected with VHSV (MOI of 0.01) for 2 h in medium at pH 7.5, and
after washing, medium at pH 7.5 (@) or 6.5 (O) was added to the
monolayers. The total number of infected cells at each pH was esti-
mated by staining with anti-VHSV N protein MAb 2C9, peroxidase-
conjugated rabbit anti-mouse IgG antibody, and DAB. The number of
DAB-stained cells was then counted at different times after infection.

the monolayer and then titrated for VHSV. Figure 2A shows
that the percentages of VHSV recovered in the supernatants
with respect to the initial inoculum were ~53% at pH 7.5 and
~40% at pH 6.5. These percentages were similar in all the
inoculum sizes tested (from 25 to 250 FFU/well). The binding
of biotin-labeled VHSV to EPC cells produced characteristic
images of cells with fluorescent caps (Fig. 2C and D), and its
quantification showed that the percentage of fluorescent EPC
cells at pH 6.5 was 1.4-fold higher than that at pH 7.5 (Fig. 2B).
Both of these results suggest that the small differences found in
the binding of VHSV to the EPC cell monolayers did not
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FIG. 2. VHSV remaining in the supernatant after adsorption to
EPC cell monolayers (A) and capping of biotin-labeled VHSV at the
surface of infected EPC cells (B, C, and D) at pH 7.5 and 6.5. (A) EPC
cell monolayers were infected with VHSV at different initial numbers
of FFU per well at pH 7.5 (@) and 6.5 (O), and the supernatants were
removed 2 h later. Percentages of FFU in the supernatant were cal-
culated as FFU in the supernatant per well/initial FFU per well X 100.
Averages and standard deviations from two different experiments,
each performed in triplicate, are given. (B) Biotin-labeled VHSV was
added to EPC cell monolayers at 4°C and left for 2 h at pH 7.5 and 6.5.
After washing with medium, fluorescein-labeled streptavidin was
added. The percentage of fluorescent cells was calculated as number of
fluorescent cells at each pH per well/number of cells per well X 100.
Averages and standard deviations from two different experiments,
each performed in duplicate, are given. (C) An infected EPC cell
under the normal light microscope. (D) The same infected EPC cell
under UV light. Similar capping images were obtained at pH 7.5 and
6.5.

explain the 10°- to 10°-fold lower titers of VHSV found at pH
6.5 compared to those obtained at pH 7.5 (Fig. 1B).

Kinetics of spreading of VHSYV infection at pH 7.5 and 6.5.
To investigate cell-to-cell spreading of the infection, VHSV-
infected EPC cell monolayers were stained with anti-VHSV
Abs at different times during infection. In cultures infected at
pH 7.5, DAB-stained foci containing one to two cells per foci
appeared 12 h after infection. DAB-stained foci of 10 to 20
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FIG. 3. Staining of VHSV-infected cell monolayers with anti-VHSV G protein MAbs at pH 7.5 and 6.5. EPC (A, B, C, E, F, and G) or RTG-2
(D and H) cell monolayers were infected with VHSV (MOI of 0.01) for 2 h with medium at pH 7.5. After washing, medium at pH 7.5 (A, B, C,
and D) or 6.5 (E, F, G, and H) was added to the cells. The cells were then fixed and stained with a cocktail of anti-G protein MAbs (3F1A12 and
110). (A and E) Distribution of focus size (number of infected cells per stained foci) at 12 h (J), 24 h (O), and 36 h (8) after VHSV infection.
(B and F) EPC cell monolayers fixed with cold methanol and treated with peroxidase-labeled rabbit anti-mouse IgG Abs 24 h after infection. (C
and G) EPC cell monolayers fixed with 4% paraformaldehyde and treated with fluorescein-labeled anti-mouse IgG Abs 24 h after infection. (D
and H) RTG-2 cell monolayers fixed with cold methanol and treated with fluorescein-labeled anti-mouse IgG Abs 24 h after infection. Bars, 10 pm.

cells per foci appeared 24 h after infection (Fig. 3A and B),
showing that the primary infection of single cells spread to
neighboring cells within 24 h. Larger foci of 50 to 70 cells were
observed after 36 h (Fig. 3A and B), and the entire cell mono-
layer was stained after 48 h and destroyed 60 h after infection
(not shown). In contrast to those results, only single DAB-
stained cells appeared at pH 6.5 (Fig. 3E and F), and their
numbers remained constant from 12 to 60 h after infection,
showing that at low pH, the infection did not spread from
initially infected single cells to other cells. VHSV-infected
RTG-2 (a cell line derived from trout) cell monolayers showed
a staining profile (Fig. 3D and H) and kinetics of infection (not
shown) similar to those for the VHSV-infected EPC cell
monolayers (not shown) at the two pHs studied, thus showing
that the low-pH inhibition of infection and its kinetics were
independent of the cell line used for the in vitro VHSV infec-
tions. All of these experiments indicated that infection at pH
6.5 resulted in a single round of VHSV infection with new
VHSYV particles being unable to bud and/or to infect any other
cells.

Expression and function of protein G at the membranes of
VHSV-infected cells at pH 7.5 and 6.5. To investigate whether
the inhibition of VHSV infection at low pH was due to the
absence of the G protein in the membranes of the infected
cells, the presence of G protein was estimated by fluorescence
of paraformaldehyde-fixed, VHSV-infected EPC cell monolay-
ers at pH 7.5 and 6.5. Figure 3C and G show that membrane
fluorescence was visible in EPC cells at both pHs. Whereas at
pH 7.5 the membrane fluorescence was present in foci of
stained cells, at pH 6.5 the membrane fluorescence was de-
tected only in single cells. These results, although qualitative,
showed that the inhibition of cell-to-cell spreading of VHSV at
pH 6.5 is not caused by the absence of G protein in the
membranes of the VHSV-infected cells.

Since the protein G expressed in the membranes could be
functionally altered by low pH, its fusion properties were as-
sayed after infection at pH 6.5 and 7.5 by the syncytium-form-
ing assay (14). No syncytia were formed in EPC cell monolay-
ers infected at pH 6.5 (Fig. 4C), while syncytia were abundant
in those infected at pH 7.5, suggesting that the G protein
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FIG. 4. (A and B) Spreading of VHSV infection at low pH after adjustment of pH to 7.5. VHSV-infected EPC cell monolayers (MOI of 0.01)
were incubated for 24 h. The medium pH was then changed, and the cells were incubated for a further 24 h and stained 48 h after the beginning
of the infection. When the medium was changed, monolayers at pH 7.5 were adjusted to pH 6.5 (A) and monolayers at pH 6.5 were adjusted to
pH 7.5 (B). The number of foci at each focus size (number of stained cells per foci) was counted and expressed as number of foci per each focus
size/total number of foci counted X 100. O, 24 h at pH 7.5; @,24 h + 24 hat pH 7.5; @, 24 hat pH 7.5 + 24 h at pH 6.5; J, 24 h at pH 6.5; m,
24h + 24 hatpH 6.5; [, 24 hat pH 6.5 + 24 h at pH 7.5. (C) Syncytium formation of VHSV-infected EPC cells at pH 7.5 and 6.5. VHSV-infected
EPC cell monolayers (MOI of 0.01) were incubated for 12 h. The medium pH was changed, and cells were incubated 12 h more and stained 24 h
after the beginning of the infection. When the medium was changed, monolayers at pH 6.5 were adjusted to pH 7.5 and those at 7.5 were adjusted
to pH 7.5 or 6.5. To assay for syncytium formation, the cultures were exposed to fusion medium at pH 6 for 30 min at 14°C, and the medium was
changed to pH 7.5 and incubated for a further 2 h at 20°C. Results are expressed as the percentage of nuclei in syncytia as determined by the
formula number of nuclei in syncytia/total number of nuclei X 100. Averages and standard deviations from two different experiments, each

performed in triplicate, are given. @, 12 h + 12 h at pH 7.5; O, 12 h + 12 h at pH 6.5; ©, 12 h at pH 6.5 + 12 h at pH 7.5.

present in the membranes of VHSV-infected cells at low pH
might have some alteration in its fusion functionality. This
alteration could be due to conformational changes, as it occurs
in other rhabdoviruses with protein G at low pH.
Reversibility of the inhibition of VHSYV infectivity and fusion
at pH 6.5 by pH 7.5. Further experiments were performed to
determine whether the VHSV infectivity inhibited at pH 6.5
could be activated by adjusting the pH to 7.5. Experiments
were carried out with an initial adsorption step of 2 h at pH 7.5
or 6.5. The pH of the culture medium was then changed to 6.5
or 7.5, respectively, and maintained for 7 days more before
harvesting. The titers of VHSV produced at pH 6.5 + 6.5 (pH
at the adsorption step + pH at the infection step), including
both cell-associated virus (cell lysates from VHSV-infected
cells remaining as a monolayer) and cell-free virus (superna-

tants from VHSV-infected cell monolayers), were reduced
about 10*-fold compared to the titers of VHSV obtained at pH
7.5 + 7.5 (Table 1). No cytopathic effects were observed at pH
6.5 + 6.5 while all of the cells in the monolayer were lysed at
pH 7.5 + 7.5. While 52.9% of the VHSV infectious particles
produced were cell associated at pH 6.5 + 6.5, only 0.05%
were cell associated and 10® FFU/ml were in the supernatant at
pH 7.5 + 7.5 On the other hand, the titers of VHSV produced
at pH 7.5 + 6.5 were also reduced more than 10*-fold com-
pared to the titers of VHSV obtained at pH 6.5 + 7.5, thus
showing that it is the pH at the infection step rather than the
pH at the adsorption step which inhibited the VHSV infectivity
and confirming the conclusions drawn from the results of the
binding and capping experiments.

Further experiments were carried out with an initial step of
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TABLE 1. Titers of supernatant and cell-associated VHSV at
different adsorption and infection pHs*

VHSYV titer,” FFU Cell-
pH, adsorption 10°)/ml . Cytopathic
+ infection 1 as_soc‘laE;d effect
Supernatant Cell lysate virus, 7o
75+ 75 250.0000 =0.1000 =0.05 Yes
75+ 6.5 0.0067 0.0059 45.38 No
6.5 + 6.5 0.0025 0.0027 52.90 No
6.5+ 75 300.0000 =0.0800 =0.02 Yes

@ EPC cell monolayers in 25-cm? flasks seeded with 9 X 10° cells per flask were
incubated for 2 h with VHSV at an MOI of 0.01 at pH 7.5 or 6.5 (adsorption
step). After washing, 7 ml of cell culture medium at pH 7.5 or 6.5 was added per
flask, and the cultures were incubated for 7 days at 14°C (infection step). The
supernatants (extracellular viral particles) and cell lysates (intracellular viral
particles) were then titrated. Cell-associated virus was calculated as VHSV titer
in cell lysate/VHSV titer in supernatant X 100.

® Mean from two experiments.

24 h at pH 7.5 or 6.5 and then a second step reversing the pH
of the culture medium to pH 6.5 or 7.5, respectively (Fig. 4).
Foci of 2 to 4 stained cells obtained after 24 h at pH 7.5
increased to only 4 to 8 cells per 24 h after the pH was changed
to 6.5, while the number of cells increased to 20 to 30 stained
cells per foci 24 h after to medium was changed with the same
initial pH (Fig. 4A). In contrast, foci of 1 to 2 stained cells
obtained after 24 h at pH 6.5 increased to 3 to 10 cells 24 h
after the pH was changed to 7.5 but remained at 1 to 2 stained
cells 24 h after the medium was changed with the same initial
pH (Fig. 4B). Both results showed that VHSV infection was
stopped at pH 6.5 and that the VHSV infection spread from
the initial infected cells to neighboring cells at pH 7.5, what-
ever the initial pH was.

The possible conformational changes of the G protein at pH
7.5 and 6.5 determined by using PAbs and MAbs of known
epitope specificity were then studied by using binding of Abs to
solid-phase VHSV by ELISA (Table 2). An increase of 2.5-fold
in absorbance at pH 6.5 relative to pH 7.5 was obtained with
PAD against frgl1 (one of the regions of protein G involved in
fusion). Furthermore, all of the MAbs tested had ~1.4-fold-
increased reactivity at pH 6.5 relative to pH 7.5, thus suggest-
ing conformational changes in the respective regions defined
by those MADbs (amino acids 140 and 433, 253, 139 to 153, and
399 to 413 for MAbs C10, 3F1A12, 110, and 1P1H3, respec-

TABLE 2. Binding of Abs to solid-phase VHSV at
pH 6.5 relative to binding at pH 7.5¢

Ab Epitope® Relative binding®
Anti-frg 11 PAb 56-110 25+025
Neutralizing MAb C10 140 and 433 1.3 £ 0.10
Neutralizing MAb 3F1A12 253 1.4 = 0.09
MADb 110 139-153 1.4 £0.20
MAb 1P1H3 399-413 1.4 +0.25

“ The binding of different Abs to solid-phase VHSV was estimated by ELISA
at pH 7.5 and 6.5. The Abs were diluted 50-fold from 1/20 to 1/2,500 and those
dilutions giving absorbances of between 0.5 to 1.5 were chosen for the calcula-
tions.

" Epitope mapping is indicated by the corresponding amino acid number in
protein G as previously reported (2, 14, 16).

¢ The relative binding was calculated as absorbance at pH 6.5/absorbance at
pH 7.5. Averages and standard deviations were calculated from two experiments,
each performed in duplicate. Relative binding of the anti-N MAb 2C9 was 0.9 *
0.1.
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tively). The increase in Ab binding to VHSV at pH 6.5 was
reported earlier (12) and appears to be due to the increase in
the exposition of the epitopes on the surface of the G protein.

Other experiments were similarly designed to assay for the
possible reversibility of fusion. The 1 to 2% of nuclei in syn-
cytia obtained when the EPC cell monolayers were infected for
12 h + 12 h at pH 6.5 and then assayed for fusion activity
increased to 20 to 40% when the pH was changed to 7.5 for
12 h more (Fig. 4C). In parallel cultures, EPC cell monolayers
infected for 12 h + 12 h at pH 7.5 and then assayed for fusion
could reach 100% of nuclei in syncytia, depending on the initial
MOI (Fig. 4C).

VHSY proteins and mRNA accumulation in VHSV-infected
cell monolayers at pH 7.5 and 6.5. Protein extracts were pre-
pared from VHSV-infected EPC cell monolayers (MOI of 10)
at 24 h postinfection at pH 7.5 and 6.5. These protein extracts
were electrophoresed, electrotransferred to nylon membranes,
and then stained with a PAb against VHSV (Fig. 5A, inset).
Figure 5A shows the densitometry of the bands corresponding
to immunoblotted N, M1, M2, and G proteins relative to the N
protein band at pH 7.5. Reductions of 1.6-, 2.2-, and 3.6-fold in
the accumulated amounts of M1, M2, and G proteins, respec-
tively, at pH 6.5 relative to pH 7.5 were found. In contrast, the
N protein remained at similar concentrations at both pHs,
indicating that the low pH caused not only a reduction but also
an imbalance in the accumulation of VHSV proteins. Similar
results were found when specific MAbs for the N (2C9), M1
(1C10), and M2 (4E4) proteins (46) were used for the immu-
noblotting (data not shown).

An RT-PCR was performed with total RNA isolated from
VHSV-infected EPC cells at pH 7.5 or 6.5 at 18 h postinfec-
tion, as described in Materials and Methods. Primers specific
for N and G protein cDNAs generated fragments of the ex-
pected size, i.e., 408- and 317-bp DNA products, respectively
(Fig. 5B). However, while the intensity of the N band was
similar at pH 7.5 and 6.5, the intensity of the G band was
2.8-fold lower at pH 6.5 (Fig. 5B), confirming an imbalance
and a reduction of N and G protein accumulation profiles at
low pH.

DISCUSSION

Incubation of VHSV-infected cells at pH 6.5 resulted in
more than 99% inhibition of viral titers compared to those at
pH 7.5, confirming well-known observations described by sev-
eral authors years ago (10, 50, 53). However, because of the
importance of this phenomenon for current diagnostic proce-
dures based on cell culture techniques and since an explana-
tion was not offered and the step of infection inhibited was not
identified, this work focused on these questions. Evidence was
gathered to show that the low-pH inhibition of VHSV infec-
tion was not due to alterations in virus binding, to alterations
in the first round of viral replication, or to the absence of G
protein in the membranes of the infected cells. Low-pH inhi-
bition of VHSV infection was accompanied by inhibition of
cell-to-cell spreading of infection and fusion, inactivation of
the G protein fusion activity, changes in G protein conforma-
tion, and imbalance and reduction of accumulation of the M1,
M2, and G proteins.

The similarity of the results of binding and capping of VHSV
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FIG. 5. Western blotting analysis of N, M1, M2, and G proteins
(A) and RT-PCR of G and N cDNAs (B) present in VHSV-infected
cells at pH 7.5 or 6.5. (A) VHSV-infected EPC cell monolayers (MOI
of 10) were harvested at 24 h postinfection, concentrated by centrifu-
gation, lysed, and separated by polyacrylamide gel electrophoresis.
After transfer to nitrocellulose membranes, they were treated with a
PAb against VHSV. Inset, Western blotting of VHSV proteins at pH
6.5 and 7.5. Bands and Western blotting were measured with a densi-
tometer, and the relative peak areas were calculated as the area under
each protein band at each pH/area under protein N band at pH 7.5 X
100. Averages and standard deviations from two different experiments
are given. White bars, densitometry of proteins at pH 6.5. Black bars,
densitometry of proteins at pH 7.5. (B). An RT-PCR was performed
with total RNA isolated from VHSV-infected EPC cells at pH 7.5 or
6.5 at 24 h postinfection. Inset, agarose gel of PCR products obtained
by RT and amplification of the same amount of RNA, using specific
primers for VHSV G and N proteins. cDNA quantification (arbitrary
units) was performed by densitometry of the DNA bands in the aga-
rose gel. Relative peak areas were calculated as the area under each
cDNA band at each pH/area under cDNA from N at pH 7.5 X 100.
Averages and standard deviations from two different experiments are
given. White bars, densitometry of cDNAs at pH 6.5. Black bars,
densitometry of cDNAs at pH 7.5.
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at pH 7.5 and 6.5 indicated that the low-pH inhibition of
infectivity operated on a postadsorption step. The results even
showed a slightly higher binding of VHSV to EPC cells at low
pH, thus confirming earlier reported results of binding of
VHSV to model phospholipid liposomes (8). Attachment of
RV (54) was also more efficient at low pH than at higher pHs,
and similar results were described for murine retrovirus (42)
and for salmon anemia virus, an orthomyxovirus-like virus in-
fecting fish (11). In contrast, differences in binding at low pH
were described for VSV, which could account for at least some
of the observed inhibition of infectivity (32).

Although the absence of G protein in the membranes of
infected cells could have explained the inhibition of VHSV
infectivity at low pH, as happens in VSV or RV lacking the
corresponding G protein (15, 37), the presence of G protein
was detected in VHSV-infected EPC cell membranes at both
pH 6.5 and 7.5. However, the G protein produced at pH 6.5
lacked fusogenic activity, suggesting that the viral G protein at
pH 6.5 is exposed at the cell surface in an inactive fusion state.
For RV it has been demonstrated that the G protein can
assume at least three different states and that there is a pH-
dependent equilibrium among these states (26, 27). To avoid
undesirable fusion, the G protein of RV is transported in an
inactive conformation because the pH of the Golgi compart-
ments is sufficiently low (27). However, G protein must acquire
its native structure at the cell surface to shift towards an acti-
vated state at fusion pH (around pH 6). At a pH above 7 at the
cell surface, it needs to acquire the native structure (26, 27). In
VSV, these same three states have been postulated (7, 43, 55).

Inactivation of fusion activity of the G protein observed in
the case of RV is due to conformational changes in the G
protein (23, 25, 27). Conformational changes in the G protein
of VHSV seem also to occur by exposure to low pH, as shown
by alterations in the binding of several MAbs (Table 1) and
PADs against frgl1, a region involved in fusion (12, 36, 40, 45).
Recently, a domain which regulates the low-pH-induced con-
formational changes has been identified both RV and VSV
(19, 24, 35, 48). This domain extends from amino acid 366 to
415 of the G protein of RV (24). In VHSV, the alteration in
the binding of MAb IPH13, mapping from amino acid 399 to
413 of the G protein sequence (Table 1), to solid-phase VHSV
at pH 6.5 suggests that, as in mammalian rhabdovirus, the
carboxyl terminus of the G protein of VHSV also plays a role
in the regulation of the low-pH conformational changes.

The inhibitory effects of low pH were active at any time
during the infection process from 2 h to weeks. However, the
spreading of cytopathic effects (not shown), the VHSV titers
(Table 2), the cell-to-cell spreading of VHSV infection (Fig.
4A and B), and the fusion (Fig. 4C), which were inhibited at
low pH, resumed when the pH was adjusted to physiological.
On the other hand, VHSV infection and cell-to-cell spreading
at physiological pH could be stopped at any time during infec-
tion by adjustment to pH 6.5. Therefore, all of the detected
inhibitory effects of low pH upon the VHSV infection process
seem to be reversible, thus suggesting a simple confirmatory
procedure to apply to diagnostics.

Immunostaining of single cells or foci at low or at physio-
logical pH, respectively, provided evidence that the observed
low-pH inhibition of infectivity is localized at the step of cell-
to-cell spreading of VHSV particles. VHSV replication inside
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the initially infected cells occurred between pH 6.6 and 8.2;
however, cell-to-cell spreading of newly released virus was re-
stricted to pHs higher than 6.5. Thus, DAB-stained single cells
but no DAB-stained foci were observed at pH 6.5, and signif-
icant numbers of DAB-stained foci were observed only at pHs
>7.0, either because a lower number of newly virions were
released, because the new virus released was inactivated, or
both. It did not seem possible that new viruses were being
released at low pH, because the titers were always low even
when the assay was performed at physiological pH (Table 1).
Since it has been reported that highly efficient budding of
rhabdovirus is accomplished by a concerted action of both G
protein and other core proteins (38), the above-mentioned
observations probably reflect an inefficient assembly and/or
budding of rhabdovirus particles at pH 6.5, indicating that the
reduced amount of new virus released is determined not only
by the change in conformation of the G protein (detected at
low pH [Table 1]) but also by changes in other proteins.

Confirming these hypotheses, an imbalance in the levels of
M1, M2, and G proteins relative to N protein at physiological
pH was observed at low pH. In addition, at low pH, the
amounts of M1, M2, and G proteins were lower than those at
physiological pH relative to the amounts of N protein. This
effect was specific for the viral proteins, since expression of
green fluorescent protein in transfected EPC cells at low pH
did not significantly change with respect to the expression at
physiological pH (data not shown). The induction of an imbal-
ance of the viral proteins observed in the infected cells at low
pH could explain the lower yield of VHSV particles detected in
the supernatants at pH 6.5 (Table 1), due to difficulties in the
achievement of the optimal protein molar ratios for efficient
virus assembly and/or budding (20, 38, 39). In contrast, no
significant effect of low pH on mRNA or protein synthesis was
reported for VSV (18, 32).

In addition to the imbalance and lower accumulation pro-
files of the M1, M2, and G proteins, the conformational
changes detected in the G protein at pH 6.5 (Table 2) could
also reduce the required interactions between the G and M1
proteins for budding and thus increase the difficulty for new
particles to get outside the cell. It is known that low pH alters
the maturation, association, assembly, and/or structure of one
or more viral VSV proteins on nucleocapsids (32) and that an
optimal molar ratio between the N and P proteins is required
for VSV replication (28). Other interactions among the M1,
M2, and G proteins could also be altered by low pH; for
instance, in influenza virus the analogous M1 protein dissoci-
ates from newly synthesized viral ribonucleocapsids when ex-
posed to low pH (5).

The imbalance and reduction of the accumulated levels of
the M1, M2, and G proteins with respect to the N protein,
which remained at similar concentrations at both pHs, might
be due to the effect of L protein attenuation and/or alteration
of the L-M1 complex interactions that are necessary for func-
tional activity. The amount of VHSV proteins accumulated at
pH 6.5 decreased as the distance of their genes increased from
the 3’ termini of the viral RNA (M1 > M2 > G). Since it is
accepted that the level of gene transcription in rhabdoviruses is
inversely proportional to the gene distance from the 3’ viral
termini (3, 31), due to an attenuation of the polymerase at each
gene junction (28), this could be one explanation for the re-
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duced levels of VHSV proteins accumulated at low pH. How-
ever, there is no evidence for any of the hypotheses, and they
remain to be further investigated.

In conclusion, the reduction of VHSV cytopathic effects and
titers found at low pH in this and related earlier work (10, 50,
53) was accompanied by an inhibition of cell-to-cell spreading
of infection, fusion inhibition, and imbalance of the optimal
viral protein ratios in the infected cells. Since the low-pH
inhibition could be reversed as the pH was returned to physi-
ological values, it might be used to determine the correct
diagnosis of otherwise negative samples. Further reconstitu-
tion studies with isolated proteins could shed more light on the
mechanism of inhibition of VHSV infectivity at low pH.
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