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Dissociation of HSV gL from gH by avp6- or avf8-
integrin promotes gH activation and virus entry
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Herpes simplex virus (HSV) is an important human pathogen. It
enters cells through an orchestrated process that requires four
essential glycoproteins, gD, gH/gL, and gB, activated in cascade
fashion by receptor-binding and signaling. gH/gL heterodimer is
conserved across the Herpesviridae family. HSV entry is enabled by
gH/gL interaction with avp6- or avp8-integrin receptors. We report
that the interaction of virion gH/gL with integrins resulted in gL
dissociation and its release in the medium. gL dissociation occurred
if all components of the entry apparatus—receptor-bound gD and
gB—were present and was prevented if entry was blocked by a
neutralizing monoclonal antibody to gH or by a mutation in gH.
We propose that (i) gL dissociation from gH/gL is part of the acti-
vation of HSV glycoproteins, critical for HSV entry; and (ii) gL is a
functional inhibitor of gH and maintains gH in an inhibited form
until receptor-bound gD and integrins signal to gH/gL.
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E ntry of herpesviruses into the cell is an orchestrated process that
necessitates a multipartite glycoprotein system, rather than one-
two glycoproteins, as is the case for the vast majority of viruses (1-4).
For herpes simplex virus (HSV), the entry-fusion apparatus
consists of four essential glycoproteins —gD, the heterodimer
gH/gl, and gB—plus cognate cellular receptors. gD is the major
determinant of HSV tropism. Structurally, it exhibits an Ig-folded
core with N- and C-terminal extensions (5, 6). The structure of the
gH/gL heterodimer does not resemble that of any known protein
(7-9). The binding site of gL in gH maps to the N-terminal domain
I. Whether gH/gL has a profusion activity in itself or is only an
intermediate between gD and gB in the chain of activation of the
glycoproteins is an open question (10-13). gB is considered the
fusogenic glycoprotein, based on structural features, including a
trimeric fold and a bipartite fusion loop (14, 15). gH, gL, and gB
constitute the conserved-entry glycoproteins across the Herpesvir-
idae family. The ability of gH to heterodimerize with gL is also
conserved across the family, highlighting that the heterodimeric
structure is critical to the function of two glycoproteins.

The prevailing model of HSV entry envisions that following a first
virion attachment to cells mediated by heparan sulfate glycosami-
noglycans, the interaction of gD with one of its receptors, nectinl
and HVEM (herpesvirus entry mediator), results in conformational
changes to gD, in particular to the ectodomain C terminus, which
harbors the profusion domain (5, 6, 16, 17). The activated gD re-
cruits gH/gl, which, in turn, recruits gB. gB executes the virus—cell
fusion (24, 18, 19). We observed that the glycoproteins are already
in complex in resting virions (17, 18). In contrast with the view that
glycoproteins are stepwise-recruited to a complex, we favor the view
that the process of activation of the viral glycoproteins results from
the interaction of preassembled glycoproteins’ complexes with cel-
lular receptors and from a signaling cascade, which is likely triggered
by receptor-induced conformational changes (18).

The more speculative part of the HSV-entry model concerns the
roles of gH and of gl. and why gH has evolved to be a heterodimer
with gl.. Recently, we discovered that avp6- and avf8-integrins
serve as interchangeable receptors for HSV gH/gL. They play two
distinct roles in infection (20). They enable virus entry, as inferred
by inhibition of infection following integrin depletion by siRNAs or
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exposure of cells to anti-integrin antibodies. Second, they promote
HSYV endocytosis into acidic endosomes (20); the latter function is
nonessential because the virus may enter some cells also by fusion
with plasma membranes or with neutral endosomes (21-23). Re-
markably, the use of integrins as receptors is a common feature
among herpesviruses. Integrins serve as receptors also for gH/gL of
EBV (Epstein Barr virus), of human cytomegalovirus and equine
herpesvirus, and for gB of Kaposi’s sarcoma-associated herpesvirus
(24-28). Most likely, they play a common role.

Here, we asked whether avf6- or avp8-integrin induce confor-
mational changes to HSV gH/glL, as part of the process of glyco-
protein activation in virus entry. We report that avp6- and avp8-
integrin promote the dissociation of gL from gH/gL. Conditions for
the dissociation were the presence of gD, its receptor nectinl, and
gB, i.e., conditions that lead to activation of the entry machinery,
including the virion glycoproteins.

Results

Ectodomain and the C-Tail of avf6-Integrin Play Distinct Roles in HSV
Entry. avf6- and avp8-integrin play two distinct roles in HSV in-
fection of human cells: they enable HSV-1 entry by an unknown
mechanism; and they promote virus endocytosis into acidic endo-
somes (20). To differentiate between these two functions and define
the integrin domains where they map, we generated the PON1
chimera, in which the transmembrane and C-tail portions of 6-
integrin were replaced with those of nectinl. The B subunit was
selected because this is the signaling portion.

J cells are negative for HSV gD receptors and resistant to in-
fection. They become infectable upon transfection with a gD re-
ceptor, nectinl or HVEM (29). J cells express endogenous integrins
in limited amounts; overexpression of human avp6- or avp8-integrin
in nectinl-positive J cells increases the extent of infection (20).

Significance

Entry of enveloped viruses into the cell requires the activation of
viral glycoproteins, often mediated by cellular receptors. Her-
pesviruses infect cells via a multipartite system, which includes
species-specific glycoproteins plus conserved apparatus gH/gL
and gB. HSV makes use of avf6- or avp8-integrins as gH/gL re-
ceptors. The interaction of HSV gH/gL with integrins resulted in
the dissociation of gL. The dissociation took place if all the actors
of the entry apparatus were present, i.e., under conditions that
lead to glycoprotein activation and virus entry. We propose that
(i) gL is a regulator of gH and prevents its activation until
integrins promote gL dissociation from gH/gL. (ii) Dissociation
from an inhibitory regulator represents a previously unidentified
mechanism of activation of viral fusion glycoproteins.
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Fig. 1. The ectodomain and the C-tail of avp6-integrin play distinct roles in
HSV infection. (A-C) Entry of HSV-1 strain F [HSV-1 (F)] into J cells expressing
nectin1 (#), nectin1 plus WT-avp6-integrin (), or nectin1 plus the chimera
avp6N1 (m). J cells were transfected with the indicated receptors and infected
with the HSV-1 recombinant R8102. Infection was quantified 16-18 h later
by means of f-gal. (A) Comparison of extent of infection in J cells expressing
the indicated receptors. Cells were infected at 5 or 10 PFU per cell. Infection
is expressed as percentage of infection in J cells expressing nectin1 alone.
(B and C) Effect of bafilomycin A (BFLA) (B) or wortmannin (C) on R8102
infection of J cells expressing the indicated receptors. Cells were exposed to
the indicated concentrations of the inhibitors from 1 h before infection until
harvesting. Infection is expressed as percentage of infection in the absence
of inhibitor. Each point represents the mean of triplicate samples + SD. **P <
0.01, ***P < 0.001. NS, not significant.

Expression of avp6- or avp8-integrin in the absence of nectinl or
HVEM does not enable infection.

Here, J cells were transfected with nectinl alone, nectinl plus
avp6-integrin, or nectinl plus avp6N1 and infected with the HSV
recombinant R8102, which carries the reporter Lac-Z under the
a27 promoter (29). The extent of R8102 infection can be
quantified as p-gal activity. Fig. 14 shows that both WT-ovf6-
integrin and avf6N1 chimera increased HSV entry, suggesting
that the integrin-mediated increase in infection is independent of
type of C-tail and most likely mediated by avf6-integrin ecto-
domain. This integrin portion binds gH/gL, as seen also by sur-
face plasmon resonance (20).

To differentiate among the entry pathways taken by HSV,
infected cells were exposed to bafilomycin A (BFLA), an in-
hibitor of vacuolar H+ ATPase, hence of endocytosis into acidic
endosomes, or to wortmannin, an inhibitor of phosphoinositide3-
kinases. Fig. 1 B and C shows that infection mediated by WT—
avf6-integrin was completely inhibited by BFLA and wortmannin,
whereas infection mediated by the avp6N1 chimera was only
slightly inhibited. The results indicate that the region of avp6-
integrin critical for HSV entry is the ectodomain and that the
signaling C-tail is a determinant of the entry pathway into
acidic endosomes.

Glycoproteins’ Complex Pulled Down by avf6- or avf8-Integrin Plus
Nectin1, but Not by Nectin1 Alone, Lacks gL. We hypothesized that
the interaction of avp6- or avp8-integrin ectodomain with gH/gL.
might contribute to HSV entry by inducing conformational
changes to gH/gL and that such changes might result in gL dis-
sociation from gH/gL. We verified this hypothesis first in trans-
fected cells. We compared the composition of the glycoproteins’
complexes pulled down by avp6-integrin alone, avf6-integrin in

E3902 | www.pnas.org/cgi/doi/10.1073/pnas.1506846112

the presence of nectinl, or nectinl alone. J cells were transfected
with the glycoprotein quartet, gD, gH, gL, gB, av- and p6-
integrin, and nectinl, in appropriate combinations. Either av-
integrin or nectinl were Strep-tagged to enable pulldown ex-
periments (30). The complex harvested directly by means of
gDstrEP Was also examined. Analysis of the complex composi-
tion was performed by Western blot (WB) of the pulled-down
glycoproteins. Fig. 24 shows that the complex pulled down by
avstrepPO-integrin (Strep-pulldown ) in the presence of nectinl
lacked gL (Fig. 24, lane 1, fuchsia star). By contrast, the complex
pulled down by avpo6-integrin in the absence of nectinl did
contain gL (Fig. 24, lane 4, green star), as did the complex pulled
down by nectinl alone (Fig. 24, lane 2) or by nectinl in com-
bination with avp6-integrin (Fig. 24, lane 3). gDstrep (Strep-
pulldown D) pulled down all four glycoproteins in any of the
above conditions (Fig. 24, lanes 5-7). The results show that the
glycoproteins’ complex aggregated with avp6-integrin and con-
taining gD, gB, and nectinl does not contain gL.

Next, we analyzed the complex aggregated with avp8-integrin
(Fig. 2B, lanes 8 and 9). Even the complex pulled down by
avsTrepPS-integrin in the presence of nectinl lacked gL (Fig. 2B,
lane 8, fuchsia star). Thus, the absence of gL from the complex
was seen irrespectively with avp6- or avf8-integrin. Most sub-
sequent experiments were carried out with avf6-integrin.

We investigated whether the ectodomain or the C-tail of p6-
integrin were involved in the assembly of the gl-less complex
(Fig. 2C, lanes 10 and 11). J cells were transfected as in Fig. 24,
except that the p6-integrin subunit was either WT or the chimeric
B6NI1. Either form of p6-integrin failed to pull down gL (Fig. 2,
lanes 10 and 11, fuchsia star). Thus, the ectodomain of p6-
integrin is responsible for assembly of a glycoprotein complex
from which gL is absent.

Together these results show that the compositions of the
complexes aggregated with avp6- or avp8-integrin differ from
those aggregated with nectinl or gD, in that the complexes
containing avf6- or avp8-integrin (in the presence of nectinl) do
not contain gL.. The complexes containing avf6-integrin alone or
nectinl alone do contain gL.

avf6-Integrin Does Not Induce gH Degradation. We considered the
possibility that the absence of gL from the glycoprotein complex
assembled on avf6-integrin was the result not of the dissociation
of gL from gH/gL, but of integrin-induced degradation of gH N
terminus or of generalized gH degradation. If this were the case,
the apparent mass of gH should be decreased (degradation of gH
N terminus), or the amount of gH pulled down by avf6-integrin
should be lower than the amount of gH pulled down by nectinl
alone. An aliquot of the samples shown in lanes 1, 2, and 8 was
analyzed by WB with monoclonal antibody (MAb) H12 to gH.
There was no evidence of gH degradation because the electro-
phoretic mobility and the amount of gH pulled down by nectinl
could not be differentiated from those of gH pulled down by
avfo-integrin or avp8-integrin (Fig. S1). Furthermore, analysis of
total cell extracts ruled out that the absence of gL from the
complex harvested by means of avf6- or avp8-integrin reflected a
lower expression of gL (Fig. 2 D-F).

Cell Surface avfp6-Integrin Promotes the Assembly of a Complex
Carrying gH and Lacking gL on Adjacent Cells. When HSV in-
teracts with a cell, the envelope glycoproteins are located in
trans relative to the cell surface receptors. This relative topol-
ogy is mimicked when receptor-expressing target cells are
cocultured with donor cells expressing the viral glycoproteins.
This was our second experimental system. Target J cells trans-
fected with a mixture of avsrrep-integrin and p6-integrin with or
without nectinl (target) were cocultured with donor J cells
expressing gD, gH, gL, and gB (donor) (Fig. 34, lanes 1, 3, and
5). The control target cells expressed nectinlgrrgp and no
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Fig. 2. Composition of HSV glycoprotein complexes assembled on avp6-integrin,
avp8-integrin, avp6N1-integrin chimera, nectin1, or gD. J cells were transfected
with gD, gH, gL, gB (DHLB) plus nectin1 (N), av-integrin (), f6-integrin (36), p8-
integrin (8), or p6N1-integrin chimera (B6N), as indicated. To carry out pulldown
experiments, one of the following—av-integrin («), nectin1 (N), or gD (D)—was
Strep-tagged (Strep-pulldown) (30). Twenty-four hours after transfection, com-
plexes were harvested by means of Strep-Tactin Sepharose (17) and separated by
SDS/PAGE. The glycoproteins and receptors indicated to the Left were identified
by WB. For each sample, three replicate gels were developed as follows: one for
gB and gD, one for gH and gL, and a third one for av-integrin and nectin1. (A) The
complex pulled down by avsrepp6-integrin in cells transfected with the four
glycoproteins, gD, gH, gL, and gB, plus nectin1, av-integrin, and p6-integrin lacks
gL (lane 1, fuchsia star). In contrast, the complex assembled onto avp6-integrin
alone (lane 4, green star) or nectin1 alone (lane 2) contains gL. (B) The complex
assembled on avp8-integrin in cells transfected with the four glycoproteins, gD,
gH, gL, and gB, plus nectin1, av-integrin, and p8-integrin lacks gL (lane 8, fuchsia
star). (C) The complex assembled on avp6N1-chimera in cells transfected with the
four glycoproteins, gD, gH, gL, and gB, plus nectin1, av-integrin, and p6N-chimera
lacks gL (lane 11, fuchsia star). (D-F) WB analysis of lysates from samples A-C. For
each sample, a lysate was made in 100 pL of EA1 buffer plus (17). The insoluble
material was pelleted. Ten microliters of the supernatant was subjected to SDS/
PAGE and WB with antibodies to the indicated proteins. The remaining 90 pL
were used for the pulldown experiments shown in A-C.

-—— -

avpo-integrin (Fig. 34, lane 1). avstrepp6-integrin pulled down
gH, gD, gB, and no gL (Strep-pulldown a, Fig. 34, lane 3,
fuchsia star), whereas nectinlgtrgp pulled down all four
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glycoproteins (Strep-pulldown N, Fig. 34, lane 1, green star).
Thus, the avp6-integrin acts to dissociate gl. both in cis, i.e., in
the glycoprotein complexes on the same membrane, and in
trans, i.e., in the glycoprotein complexes on the membranes of
adjacent cells.
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Fig. 3. avp6-integrin, expressed on target cells together with nectin1,
assembles a glL-less complex with the viral glycoproteins expressed on
adjacent donor cells. Target J cells transfected with combinations of av-
integrin («), p6-integrin (f6), and nectin1 (N) as indicated (Target) were
cocultured with donor cells expressing gD, gH, gL, and gB (DHLB) or sub-
sets thereof (HLB, DHL) (Donor). To carry out pulldown experiments, av-
integrin («) or nectin1 (N) were Strep-tagged (Strep-pulldown). Twenty-
four hours after coculture, complexes were harvested from cell lysates by
means of Strep-Tactin resin, as described in ref. 17, and separated by SDS/
PAGE. Glycoproteins and receptors were identified by WB. It can be seen
that the complex assembled onto avf6-integrin in the presence of nectin1
lacks gL (lane 3, fuchsia star). When gD (lane 4, HLB), gB (lane 8, DHL), or
nectin1 (lanes 5, 6, 9, and ap6) were missing, the complexes contained gL.
(C and D) WB analysis of lysates from samples A and B. For each sample, a
lysate was made in 100 pL of EA1 buffer plus (17). The insoluble material
was pelleted. Ten microliters of the supernatant was subjected to SDS/
PAGE and WB with antibodies to the indicated proteins. The remaining
90 uL were used for the pulldown experiments shown in A and B.
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Fig. 4. Dissociation of gL from virion gH/gL and release of gL in the culture
medium upon HSV infection of J cells expressing avf6- or avp8-integrin plus
nectin1. (A) VIR-ELISA. Virions (1 x 10% PFU per well) were immobilized onto
96 wells and then reacted with a suspension of J cells expressing avp6-
integrin plus nectin1 (N+af6) or nectin1 alone (N). After cell removal, virion
immunoreactivity to MAbs 52S (red) or 53S (blue) was measured. (B-H) Im-
munoreactivity of cells carrying absorbed virions to MAbs 52S (red) and 53S
(blue) and release of gL in medium. Virions were absorbed for 30 min at 37
°C to J cells expressing avp6-integrin plus nectin1 (N+af6), nectin1 alone (N),
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Dissociation of gL Occurs if Nectin1, gD, and gB Are Present and Is
Prevented by a Mutation in the RGD Motif of gH. We investigated
the requirements for the integrin-mediated dissociation of gL
from gH/gL in the coculture system and focused on nectinl, gD,
and gB. When nectinl was omitted from the transfection mixture
of target cells (Fig. 34, lane 5), avsTrepf0-integrin pulled down
gL, gH, gD, and gB. Hence, gL dissociation only took place if
nectinl was present (compare lanes 5 and 3 in Fig. 34). Of note,
avp6-integrin interacted with gH/gL. even in the absence of
nectinl. Parenthetically, we observe that the amount of gD
pulled down by avsTrepp6-integrin alone (Fig. 34, lane 5) was
lower than that pulled down by nectinl (Fig. 34, lane 1) and
likely reflects the amount of gD in complex with gH/gL.

When gD was omitted (Fig. 34, lanes HLB, 2, 4, and 6) or gB
was omitted (Fig. 3B, lanes DHL and 7-9), avstrepf0-integrin
expressed in the target cells alone (Fig. 3 4 and B, lane af6) or in
combination with nectinl (N+ap6) pulled down gL, gH, and gB
(Fig. 34, lanes 4 and 6) or gL, gH, and gD (Fig. 3B, lanes 8 and
9). In all cells, analysis of total cell extracts ruled out that the
absence of gl from the complex harvested by means of avfp6-
integrin reflected a lower expression of gL (Fig. 3 C and D). We
conclude that nectinl, gD, and gB were all required in order for
avp6-integrin to assemble a complex in which gL was dissociated
from gH/gL.

gH carries an RGD;76 173 motif located in domain II at the
boundaries between domains I and II. In an earlier work, we
mutated this motif to ADA and found that virions carrying gHapa
exhibited impaired, but not null, entry activity mediated by avp6-
integrin. This implied that the RGD motif is important for HSV
entry, even though the contact site between integrin and gH ex-
tends beyond it (20). We extended this conclusion in pulldown
experiments (Fig. S24) and verified that gHapa Was impaired in
the avpo-integrin—mediated dissociation of gL (Fig. S2B). Thus, a
mutation in gH (RGDy75_178 to ADA), which hampers virus entry,
prevents avp6-integrin-mediated dissociation of gL.

Interaction of Virions with Cells Expressing avf6-Integrin Plus Nectin1,
but Not Nectin1 Alone, Induced gL Dissociation. The aim of sub-
sequent experiments was to verify whether gl dissociation from
gH/gL occurs when virions absorb to and enter cells.

In the first two series of experiments, we took advantage of
the different reactivity of two anti-gH MAbs. MAb 528 rec-
ognizes a gl-independent epitope. MAb 53S recognizes an
epitope in gH, which is formed only when gH heterodimerizes
with gL (gL-dependent gH epitope) (31). We reasoned that,
should the interaction of virion gH/gL with avp6-integrin result
in gL dissociation, the reactivity to MAb 53S should decrease
relative to that to MAb 52S and relative to that seen when
virions interact with cells expressing nectinl alone. We probed
this idea first in a VIR-ELISA test (Fig. 44). Virions immo-
bilized onto a 96-well plate were incubated with a suspension

or avp6-integrin alone (ap6) (B and C) or to J cells expressing avp8-integrin
plus nectin1 (N+of8), nectin1 alone (N), or avp8-integrin alone («f8) (D-H).
Virions were WT-HSV-1(F) (HSV), HSV pretreated with R8 PAb to gD (HSV+
R8), or gB™'~. Cells carrying absorbed virions were then reacted with MAbs
52S (red) or 53S (blue) and analyzed by flow cytometry (see graphs in Fig. S3
and D-F). The percentage of FACS (fluorescent activated cell sorter) positive
cells to each MAb was determined (B and D-G). (C and H) Release of gL in
medium. WB reactivity of the media harvested after the 30-min virus ab-
sorption to cells (same samples as in B or in D-F) for PAb gH/gL, MAb gB, and
MAb gD. The lanes to the Left marked as HSV show the electrophoretic
mobility of HSV glycoproteins. In C, the lane to the Right marked as gB™'~
shows the electrophoretic mobility of the gB™ virion glycoproteins. It can
be seen that gL was released in the medium when WT-HSV absorbed to J
cells expressing avp6-integrin or avp8-integrin plus nectin1. No other glyco-
protein was released in the medium. Virion preincubation with anti-gD PAb
R8 or gB~'~ virions resulted in no release of gL. In A, ***P < 0.001.
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Fig. 5. Dissociation of gL from virions detected by fluorescence microscopy.
K26-GFP virions carrying the ICP26 protein fused to GFP (32) were absorbed
to J cells expressing avp6-integrin plus nectin1 (Nec+ap6) or nectin1 alone
(Nec). Cells carrying absorbed virions were fixed, reacted with MAbs to gL,
53S, and 525, followed by DyLight 549-conjugated Il antibody, and analyzed
by fluorescence microscopy. The green dots in A-C and G-/ represent the
GFP-tagged virions. D-F and J-L show the immunofluorescence reactivity
(red) to indicated MADbs. For each column, the histograms report the quan-
tification of the red-to-green fluorescence, determined as follows. Mem-
brane areas were circumscribed in 30-40 cells for each sample. The pixels
present in the green and in the red channels were counted and expressed as
mean fluorescence intensities. (M) For each couple of samples (A and D, B
and E, Cand F, G and J, H and K, and / and L), the green fluorescence in-
tensity was made equal to 100 and the red fluorescence was expressed as a
percentage of the green fluorescence. Histograms represent the relative
percentages + SD. ***P < 0.001. NS. Not significant.

of J cells expressing avf6-integrin plus nectinl (N+af6) or
nectinl alone (N). After cell removal, the virions were reacted
with MAbs 52S or 53S. The 53S reactivity was much lower
(76% reduction) in virions incubated with cells expressing
avp6-integrin plus nectinl than in virions incubated with cells
expressing nectinl alone (Fig. 44). This decrease did not re-
flect loss of virions from the plate or their degradation because
the 528 reactivity of virions exposed to cells expressing avf6-
integrin plus nectinl was even higher than that of virions ex-
posed to cells expressing nectinl alone (Fig. 44). The results
demonstrate that the exposure of virions to cells expressing
avp6-integrin plus nectinl caused a dramatic decrease in the
glL-dependent gH epitope (53S) and imply that avp6-integrin
promotes the dissociation of gL at virus absorption/entry.

Gianni et al.

In the second set of experiments, we compared the 52S and
538 reactivity of virions absorbed to cells by flow cytometry
(Fig. 4B). Virions were allowed to absorb to cells expressing
avfo-integrin plus (N+af6) or minus nectinl (ap6) or nectinl
alone (N). The amount of absorbed virions was quantified as 52S
reactivity; the dissociation of gl. was measured as a decrease in
53S reactivity. The results shown in Fig. S3 and summarized in
Fig. 4B show that the 528 reactivity (binding of virions to cells)
was similar when cells expressed avp6-integrin plus nectinl
(62.5%) and nectinl alone (56%) and somewhat lower when
cells expressed avp6-integrin alone (40%). By contrast, the 53S
reactivity was high when cells expressed nectinl (58%) and de-
creased sharply (13%) when cells expressed avf6-integrin plus
nectinl. Thus, even by flow cytometry we demonstrate that vi-
rions lost the gl.-dependent gH epitope following absorption to
cells expressing avf6-integrin plus nectinl. Of note, the change
in 53S reactivity documents a conformational change to gH.

Next, we analyzed the requirements for gl. dissociation. This
enabled us to ask whether the change in gH conformation was
prevented under conditions that block virus entry. The effect of
inhibiting the gD interaction with nectinl was assessed by pre-
incubation of virions with a neutralizing serum to gD [polyclonal
antibody (PAb R8)] (HSV+RS). The effect of the absence of gB
was assessed by means of gB~/~ virions (gB~"). In both cases (Fig.
4B), the 53S reactivity did not decrease relative to the 52S re-
activity, confirming that the avf6-integrin-mediated dissociation
of gl occurred only when gD, gB, and nectinl were also present.
Finally, inhibition of virus endocytosis by BFLA left the 53S re-
activity as low as that seen in the absence of the inhibitor (~13%)
(Fig. S4 A-D), indicating that the release of gL took place irre-
spective of whether virions were or not endocytosed, possibly before
endocytosis.

We looked for direct evidence of gL release by searching gL in
the medium of the virion—cell mixture (Fig. 4C). Media were
withdrawn at the end of virus absorption to cells (same experi-
ment as in Fig. 4B) and analyzed by WB. It can be seen that gL
was present in the medium when virions absorbed to cells posi-
tive for avfo6-integrin and nectinl (Fig. 4C). In all other condi-
tions, except inhibition by BFLA, gl was absent (Fig. S4E).
Together, gl. was clearly and specifically released from virions
absorbed to cells expressing avp6-integrin plus nectinl, but not
nectinl alone or avf6-integrin alone. gl was not released from
virions preincubated with the anti-gD serum or from gB~/~
virions (Fig. 4C).

gL was the only glycoprotein detected in the media. Under no
condition did the media exhibit gH, gB, or gD reactivity (Fig.
4C). These results rule out shedding of virion glycoproteins at
virus entry.

We ruled out that the presence of gL in the medium was the
result of degradation of the gH N terminus or of generalized gH
degradation (Fig. S3G). Aliquots of the virion—cell mixtures
shown in Fig. 4B were analyzed by WB. The electrophoretic
mobility and the overall quantity of gH were not modified when
virions were absorbed to cells expressing nectinl alone or avp6-
integrin plus nectinl (Fig. S3G). The small decrease in amount
seen with virions absorbed to cells expressing only avp6-integrin
likely reflects the lower efficiency of virus absorption in the ab-
sence of nectinl.

Together, these results indicate that (i) gL was dissociated
from gH at virus absorption/entry; (i) the dissociation was
promoted by avp6-integrin and (iii) required all of the compo-
nents of the entry apparatus; and (iv) gH underwent a confor-
mational change at interaction with integrin. The change was
prevented when virus entry was blocked (e.g., by antibodies to
gD or absence of gB); most likely it reflects an active confor-
mation of gH. The results argue for a role of gL dissociation in
the activation of the entry machinery, in particular of gH, and
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raise the possibility that gl may exert an inhibitory activity on gH
before virion encounter with integrin-positive cells.

avp8-Integrin Promotes the Dissociation of Virion gL. We asked
whether also avf8-integrin promoted the dissociation of virion
¢L. Virions were absorbed to cells expressing avp8-integrin plus
(N+op8) or minus nectinl («f8) or nectinl alone (N) for 30 min.
The reactivity to MAb 53S was significantly lower in the avp8-
integrin plus nectinl than in the nectinl-alone or avp8-integrin—
alone cells (Fig. 4 D-F). A quantification is reported in Fig. 4G.
We note that the extent of transgenic expression of avf8-integrin
in J cells was usually lower than that of avp6-integrin. In this
experiment the oavp8-integrin—positive cells were 33%, whereas
the avp6-integrin—positive cells were usually about 60%. This
explains why the decrease in 53S reactivity was lower with avp8-
integrin than with avf6-integrin (compare Fig. 4 B and G).
Concomitantly with the decrease in 53S reactivity, gL was
released in the medium of cells positive for avp8-integrin and
nectinl (Fig. 4H).

Dissociation of Virion gL Detected by Fluorescence Microscopy. The
dissociation of gL from virions was further documented by
fluorescence microscopy (Fig. 5). J cells expressing avf6-integrin
and nectinl were infected with K26GFP virions, which carry the
capsid protein ICP26 fused to GFP (32). After 30 min absorp-
tion, cells were fixed and reacted to MAb to gL, MAbs 53S and
52S to gH. The gL reactivity (Fig. 5 D and J) and the 53S re-
activity (Fig. 5 E and K) were decreased when virions were
absorbed to cells expressing avp6-integrin plus nectinl relative to
cells expressing nectinl alone (compare Fig. 5J vs. D and Fig. 5
Kvs. E). The 528 reactivity (gL-independent epitope of gH) was
essentially similar in the two types of cells (compare Fig. 5 L and
F). A quantification of this experiment was carried out as fol-
lows. We measured the GFP (green) and MAD (red) fluores-
cence in 3040 cells, calculated the mean fluorescence intensities,
and plotted the red fluorescence as the percentage of green fluo-
rescence (Fig. SM). In cells expressing avp6-integrin and nectinl,
the 53S and gL mean fluorescence intensities were about 50% of
those obtained in cells expressing nectinl alone (Fig. 5J vs. D and
Fig. 5 K vs. E). These data provide morphological evidence for gL
dissociation when virions absorb to cells expressing avf6-integrin
and nectinl.

gL Dissociation from Virion gH/gL Occurs in Human Epithelial Cells. To
verify whether the gL dissociation occurs during HSV attach-
ment-entry in human cells, we chose the SW480 epithelial cell
line, characterized by high expression of both integrins (20). We
expected that RNAi-mediated depletion of integrins would re-
sult in decreased gL dissociation (measured as a relative increase

doubly (siRNA p6+f38), or mock-silenced (siRNA ctrl) in SW480 cells. HSV-1
was absorbed to the integrin-depleted cells for 90 min; virus absorption and
dissociation of gL were quantified as flow cytometry reactivity to MAbs 525
(red) and 53S (blue), respectively. (A-C) Extent of silencing was measured in
uninfected cells by qRT-PCR (A) and expressed as fold decrease relative to
siRNA ctrl cells or by flow cytometry (B and C). In A, each column represents
the average of triplicates from two independent experiments + SD. ***P <
0.001. (D-G) Flow cytometry reactivity of cells carrying absorbed virions to
MADbs 53S (blue) and 525 (red) was expressed as the percentage of positive
cells (figures within each panel). (H) The 53S (blue) reactivity shown in D-G
was expressed as a percentage of the 52S (red) reactivity. (/) At the end of
virus absorption, the media from the SW480 cells shown in D-G were ana-
lyzed for the presence of released gL, as detailed in Fig. 4C. It can be seen
that gL was released from virions absorbed to siRNA ctrl-treated SW480 cells,
was released in a small amount from virions absorbed to singly silenced
SW480 cells, and was undetectable in media of SW480 cells simultaneously
silenced for both integrins. Lane HSV shows the WB immunoreactivity of the
indicated virion glycoproteins.
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Fig. 7. Rescue of infection of J or SW480 cells with gH™~ virions by gHy/gL,
plus or minus gDy, and release of gL in medium. (A) J cells expressing avf6-
integrin plus nectin1 (Nec+avp6), or nectin1 alone (Nec) were exposed to
gH ™~ virions in the presence of gHy/gL (pink), gH, /gL plus gD (black), or BSA
(white). Infection was quantified as p-gal arbitrary units (3-gal U) from Lac-Z
inserted in the viral genome. Results represent the mean of triplicate sam-
ples + SD. **P < 0.01. (B and C) p6-integrin, f8-integrin, or f6 + p8-integrins
were silenced in SW480 cells. Control cells received siRNA ctrl. (B) Cells were
exposed to gH™~ virions in the presence of gHy/gL plus gD;. Infection was
quantified as p-gal arbitrary units (8-gal U). Results represent the mean of
triplicate samples + SD. ***P < 0.001. (C) The media of the virion-cell mix-
tures described in B were harvested and analyzed by WB. The media con-
tained the added soluble glycoproteins, gH/gL and gD;. In siRNA-ctrl cells
the medium contained a much higher quantity of gL, representing the dis-
placed gL.

in 538 reactivity) and, consequently, a reduction of gL present in
the medium. Control cells received siRNA ctrl. The extent of
integrin silencing ranged from 60 to 80%, as determined by qRT-
PCR (Fig. 64) and flow cytometry (Fig. 6 B and C). Fig. 6 D-G
shows that after HSV absorption, the 528 reactivity of the virion—
cell mixture, a measure of total virus binding, was 91% in control
cells, 61% in B6- or p8-silenced cells, and 36% in cells silenced
for both integrins. This decrease in 52S reactivity in integrin-
depleted cells was expected, as p6- and p8-integrins contribute to
HSV attachment-entry into cells, as shown in Fig. 14 and
reported previously (20). In contrast, the 53S reactivity was 22%
in control cells, ~40% in p6- or B8-silenced cells, and 26% in
double-silenced cells (Fig. 6 D-G). When expressed as a per-
centage of 528 reactivity (Fig. 6H), silencing resulted in a relative
increase in 53S reactivity from 20 to 73%, strongly suggesting a
decrease in gL dissociation. As expected, gl. was present in the
medium of control cells; it was highly reduced in the medium of
p6- or B8-integrin depleted cells and undetectable in the medium
of cells depleted of both integrins (Fig. 61). These results show
that the dissociation of gL. from virion gH/gL occurs in human
cells and that the depletion of avf6- or avf8-integrin results in
inhibition of virus entry and inhibition of gL release and support
the view that the dissociation of gl. dependent on avf6- or avf8-
integrin is critical for HSV entry.

Rescue of Infection with gH~'~ Virions by Soluble gH /gL and Release
of gL Dependent on avp6- or avf8-Integrin. The above results show
that gL dissociation from virion gH/gL occurred under condi-
tions that lead to virus entry and activation of the entry glyco-
proteins. They also document a conformational change in gH
that likely reflects an active state. To gain further evidence that
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gL dissociation is part of gH activation critical for HSV entry, we
tested whether a soluble form of gH/gL (gHy/gL) (33) rescued
the infection of gH ™/~ virions and, concomitantly, whether gL
was released in the medium. The rationale for this experiment
was provided in earlier studies, as follows. Soluble gD (gDy)
rescued the infection of gD~ virions, providing indirect evi-
dence that gD undergoes conformational changes upon in-
teraction with receptor-positive cells (16). gH/gL. can promote
cell—cell fusion in cells expressing gD (or exposed to gDy), gB,
plus gD receptor (19). gHy/gL rescues the infection of gH™/~
EBV virions (34).

The noninfectious gH ™~ virions are deleted in the gH gene
and encode a p-gal reporter (35). In the first set of experiments,
J-nectinl or J-nectinl plus avp6-integrin cells were exposed to
gH ™'~ virions in the absence or presence of gH/gL (33) or a
mixture of gHy/gL plus gD,. Fig. 74 shows that gH,/gL, and to a
higher extent the combination of gH/gL plus gD,, rescued gH ™/~
virion infection. Although J cells express endogenous integrins,
the rescue was higher in cells overexpressing human avfp6-
integrin.

To better evaluate the integrin contribution to gH/gl.-mediated
rescue of gH ™/~ virions, we silenced p6- and p8-integrin, singly
or in combination, in SW480 cells (Fig. 7 B and C). Control
cells received control siRNA (siRNA ctrl). Cells were exposed
to gH™/~ virions together with gHt/gL plus gD;. Fig. 7B shows
that gH/gL plus gD, rescued gH™'~ virion infection in cells
expressing f6- and p8-integrin (siRNA ctrl), but not in cells
depleted of one or both integrins. Analysis of the culture media
revealed that the medium of control cells (siRNA ctrl) contained
gH/gl and gD, as expected, and a much higher amount of gL
than the media of cells depleted of one or both integrins (Fig.
7C). These results provide a first line of evidence that infection
of gH™~ virions can be rescued by gHy/gL and that the rescue
occurs in an avp6-integrin—-dependent fashion and results in the
dissociation of gL and its release in the medium.

Neutralizing MAb LP11 Prevents the Integrin-Dependent Dissociation
of gL. We asked whether a block to gL dissociation from gH/gL.
prevents HSV infection. We reasoned that if gl. dissociation is
part of the process of gH activation and, ultimately, of HSV
entry, some of the neutralizing MAbs to gH might inhibit HSV
entry by preventing gL release. We tested two neutralizing MAbs
to gH, 52S and LP11, which map to opposite faces of gH/gL (10,
31, 36). Virions were preincubated with MAbs 52S, LP11, the
nonneutralizing 53S, or control IgGs and then absorbed to J cells
expressing avp6-integrin plus nectinl or nectinl alone. After
30 min absorption, the media were analyzed by WB. Fig. 8 shows
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Fig. 8. Block of HSV-1 infection by the neutralizing MAb LP11 to gH pre-
vents the dissociation of gL from virion gH/gL. HSV-1(F) virions were pre-
incubated with MAbs 528, 53S, LP11, or I1gGs. J cells expressing avf6-integrin
plus nectin1 (N+af6), or nectin1 alone (N) were exposed to the preincubated
virions. After 30 min, the media were harvested and subjected to SDS/PAGE
and WB for gL. The medium of cells exposed to LP11-treated virions lacks gL.
Lane HSV to the Left shows the WB reactivity of the indicated virion
glycoproteins.
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that gl. was present in the medium of cells expressing avp6-
integrin and nectinl, if virions were preincubated with MAbs
528, 53S, or control IgGs. gL was absent if virions were pre-
incubated with MADb LP11. As expected, there was no release of
gl when virions were absorbed to cells expressing nectinl alone.
Thus, the potent neutralizing MAb LP11 prevents gL dissocia-
tion from virion gH/gL. These experiments demonstrate that gl
dissociation and HSV entry are interdependent phenomena,
suggest a mechanistic role for gL dissociation in virus entry, and
raise the possibility that gl may exert an inhibitory activity on the
entry glycoproteins, most likely on gH, before virion encounter
with integrin-positive cells.

Discussion

We report that the interaction of HSV gH/gL with its receptor
avp6- or avp8-integrin results in the dissociation of gL from the
gH/gL heterodimer and the concomitant release of gL in me-
dium of the virion—cell mixture. The gL dissociation occurs
during virus absorption-entry into the cell, and requires the
presence of gD, its receptor nectinl, and gB, i.e., conditions that
lead to activation of the entry glycoproteins. The gL dissociation
is prevented when virus entry is blocked with a neutralizing MAb
to gH, and documents a conformational modification to gH,
likely reflecting an active state of the glycoprotein. We propose
that gL is a functional inhibitor of gH. This finding raises some
key questions: how and why is gL dissociated from gH/gL; why
did HSV and the entire Herpesviridae family evolve to have a
hetererodimer as a conserved constituent of the entry machinery;
and what is the impact on the model of HSV entry.

First, the experimental evidence in support of gL dissociation
is severalfold. Thus, the dissociation of gL from gH/gL. mediated
by avp6- (or avp8)-integrin was consistently seen in three systems,

i.e., in cells cotransfected with the four entry glycoproteins
(gD, gH, gL, and gB) plus avp6-integrin (or avp8-integrin) and
nectinl; in a coculture system where the donor cells expressed
the glycoprotein quartet (and thus mimicked virions) and the
target cells expressed the receptors avp6-integrin plus nectinl;
and in virions at infection of cells positive for avp6-integrin and
nectinl. In all three systems, the conditions for the gL dissocia-
tion were that gD, nectinl, and gB were also present. This is
relevant because these conditions lead to gD activation by its
receptor nectinl. In the absence of gD, nectinl, or gB, avp6-
integrin maintained the ability to interact with gH/gL by a
number of assays, including surface plasmon resonance (20).
However, gL dissociation did not take place. The gL dissociation
from gH/gL was observed in a human epithelial cell line and in
the model receptor-negative J cell transgenically expressing
avp6-integrin plus nectinl, and was not associated to acidic
endosome entry pathway.

How Does Integrin Promote the Dissociation of gL from gH/gL?
Functional and structural data rule out that the binding site of
gL in gH is one and the same as the binding site of integrin in gH,
and consequently that gl. and integrin compete for the same
binding site to gH. Foremost, the binding of avp6- or avf8-
integrin to gH/gL in the absence of nectinl, gD, or gB did not
result in gL dissociation. Second, the crystal structures of HSV-2
gH/gL, of a fragment of pseudorabies virus gH (lacking domain I
and gL), and of EBV gH/gL show that the integrin-binding RGD
motif in gH, located at the boundaries between domain II and
domain I, does not overlap with the binding site of gL in gH,
located entirely within domain I (7-9). In agreement with the
structural studies, current and previous studies with a mutant
form of gH in RGD indicate that this motif is critical for the

Integrin-mediated release of gL from gH/glL as part of
gH activation critical for HSV entry
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Fig. 9. Redefining the central role of the gH/gL heterodimer in the process of HSV entry. The “Triggering” event in the process is the binding of gD to one of
its receptors. avp6 (or avp8)-integrin, together with receptor-bound gD, promote the dissociation of gL from gH/gH. This ensues in gH activation. In turn,
the gH/glL-activated integrins promote virus endocytosis by way of the signaling C-tail of the p subunit. Activated gH signals to gB. gB executes the virion—

cell fusion.
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avpo-integrin-mediated virus entry and gL dissociation (20).
Together, the data favor the view that gL dissociation results
from conformational changes induced by integrins to gH/gL.

Why Is gL Released from gH/gL? Several lines of evidence indicate
that gl dissociation from gH/gL is part of the process of HSV
entry. (i) Foremost, the infection-blocking MAb LP11 to gH
prevented gL dissociation. The effect was specific because a
nonneutralizing MAb and a neutralizing MAb directed to a
different region of gH did not prevent gL dissociation. (ii) The
gL dissociation occurred only when all of the actors of the entry
process were simultaneously present and was prevented by a
block in virus entry (e.g., by antibodies to gD or absence of gB)
or by a mutation in gH (RGD to ADA), which hampers avp6-
integrin—dependent entry. (iii) gH underwent a conformational
change at virus absorption/entry that likely reflects an active state
of the molecule. (iv) The infectivity of gH ™'~ virions was rescued
by soluble gH,/gL (better so by the combination of soluble
gH/gl. and gD;), with concomitant release of gL. Our inter-
pretation of these findings is that gl dissociation enables virus
entry and, consequently, that in resting virions, gL prevents the
activation of the entry machinery, most likely of gH. We note
that, although the preponderance of the results argue that re-
lease of gL promotes viral entry, causality has not been proven,
and we cannot rule out that gL release follows entry. Further
studies are needed to test the proposed model. The process of
activation of a molecule upon conformational changes to the
molecule and release of an inhibitor is well established. Just as
an example, the activation of cytoplasmic NF-kB subunits (relA-
relB) occurs through the release of the IkBa inhibitor (37). To
our knowledge, such a mechanism has not been observed in the
case of activation of the glycoproteins that form the entry ma-
chinery of viruses.

Why Did HSV Evolve to Have a Hetererodimer as a Conserved
Constituent of the Entry Machinery? gl enables gH to adopt a
proper conformation at the time of biosynthesis in endoplasmic
reticulum and enables gH transport along the exocytic pathway
(38, 39). In essence, gH needs unknown molecular chaperones,
of which gL. may be part, for correct folding and transport. In
contrast with the behavior of chaperon machines, inexplicably,
gL remains in complex with gH after gH transport is completed.
The proposed role of gL as an inhibitor of gH in virions before
their encounter with receptor-positive cells adds a second func-
tion that would explain why gL remains associated to gH after its
transport is completed.

It has been proposed that HSV is a control freak (40). gL may
provide yet another example of this lifestyle. We speculate that
given the multipartite nature of the entry machinery of herpes-
viruses and their stepwise activation by cellular receptors, the
presence of an Activator (gH), kept in an inactive form by an
Inhibitor (gL), may ensure a tighter control on the process of
activation of the glycoproteins. A premature activation might
take place, for example, in the exocytic pathway of the cells
during progeny virus maturation and assembly, and lead to the
premature exhaustion of the fusion machinery. Different viruses
deal with this problem with different strategies. The closest ex-
ample is probably that of alpha and flaviviruses; cognate proteins
enable the transport of the E1 (or E) fusion proteins; however,
the cognate proteins are cleaved in the trans-Golgi network and,
in contrast to gL, do not remain in heterodimeric association
with their partners (41, 42).

Refinement of the Model of HSV Entry. The current results and
previous finding that avp6- and avf8-integrins serve as gH/gL.
receptors provide a better understanding of the process of HSV
entry and more clearly define three steps, as follows (Fig. 9).
(i) Triggering. This step occurs upon the interaction of virion
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gD with one of its alternative receptors, nectinl or HVEM.
(ii). Activation. The actor is gH (Activator). gH/gL receive two
series of signals, one from receptor-bound gD and one from its
integrin receptor. The end result is the dissociation of gL (Inhibitor)
from gH/gL. heterodimer. Activated gH then signals to gB. In a
reciprocal process, the gH/gl -activated integrins promote endocy-
tosis by way of the signaling C-tail of the p subunit. (iii) Fusion
execution. The actor is gB. gB receives a signal from activated gH
and, perhaps and possibly, from its own receptors.

This schematic view provides a frame to interpret divergence
in the entry mechanisms across the Herpesviridae family. Basi-
cally, steps 1 and 2 have undergone considerable species-specific
diversity, finalized to diversify and expand the tropism of the
various species. In some case, the “Activation” is carried out
through the direct binding of integrins to gH/gL, without a prior
triggering event. This is the case for EBV entry into epithelial
cells and for equine herpesvirus entry. Alternatively, “Trigger-
ing” might be carried out by gH accessory proteins. This is the
case for gp42, which binds MHC-II to enable EBV entry into
lymphocytes. Members of the human cytomegalovirus pentamer
or gH accessory proteins in human herpesvirus 6 may well fall
into this category (43-46). In Kaposi’s sarcoma-associated her-
pesvirus, integrins directly activate gB (24).

Current findings raise the possibility that dissociation from an
inhibitory regulator represents a previously unidentified mech-
anism of activation of viral fusion glycoproteins.

Materials and Methods
Detailed methods are available in S/ Materials and Methods.

Viruses and Soluble Proteins. The K26-GFP AgB-KAT, AgH SCgHZ HSV mu-
tants were previously described (32, 35, 47). Soluble gD s290t-299t (48) was a
gift from G. H. Cohen and R. Eisenberg, University of Pennsylvania, Phil-
adelphia. Soluble gHy/gL was previously described (33).

Strep-Tagged Forms of gD and Nectin1. gD and nectin1 were tagged with the
Strep epitope at the C terminus.

B6N1 Construct and Characterization. The B6N1 chimera contains the ecto-
domain of p6-integrin fused to the transmembrane and C-tail of nectin1.
Briefly, the ectodomain of nectin1 was removed from plasmid pCF18HNK
(21), which carries the entire nectin1 ORF, and replaced with PCR-amplified
p6-integrin.

Pulldown Experiments. Pulldown experiments were carried out from lysates of
transfected cells or of cocultured donor and target cells by means of Nec-
tin1strep, aVstrep, and gDstrep and Strep-Tactin Sepharose (IBA, Solutions for
Life Sciences) (17).

Integrin Silencing and RT-PCR. Integrins were silenced in SW480 cells by means
of ON-TARGET plus, smart pools (Dharmacon), as previously described (49).
Control cells were transfected with siRNA to E.coli-polA_0054 (20). Extent of
silencing was determined by RT-PCR using TagMan gene expression assay
(Applied Biosystems) (20).

Flow Cytometry and Immunofluorescence Assay and Analysis of Media. J cells
transfected with the indicated receptors were exposed to HSV-1 or AgB-KAT
at 1 plaque forming unit (PFU) per cell and then fixed with 4% (wt/vol)
paraformaldehyde and incubated with 53S or 52S MAbs and secondary an-
tibody. At the end of virus absorption, the culture medium was concen-
trated, devoid of serum IgGs by Protein A-Sepharose, and subjected
to SDS/PAGE.

Rescue of Infection with gH™'~ Virions by Soluble Forms of gH. gH™'~ virions
(5 pL corresponding to 30 PFU equivalents per cell) were mixed with soluble
gHy/gL (33) or soluble gHy/gL plus soluble gD x290t-209t (48) (300 NM each) and
added to the cells, grown in 24 wells. The extent of infection was expressed
as p-gal arbitrary units.

VIRUS ELISA (VIR-ELISA). HSV-1 virions (1 x 108 PFU per well) were immobi-
lized onto 96 wells and then reacted with a suspension of J cells expressing
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avp6-integrin plus nectin1 or nectin1 alone for 1 h at 37 °C. Cells were re-
moved. Virions were reacted with MAbs 525 or 535, followed by peroxidase-
conjugated secondary antibody. Immunoreactivity was measured by means
of O-phenyilendiamine substrate and reading of the optical density at
490 nm.

Statistical Analyses. \When appropriate, data were expressed as the mean +
SD from at least three independent samples. For comparison of the mean of
two groups, statistical significance was determined by Student’s t test. Sta-
tistical significance was defined as *P < 0.05, ** P < 0.01, ***P < 0.001.
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