
Intracytoplasmic Trapping of Influenza Virus by a Lipophilic
Derivative of Aglycoristocetin

Evelien Vanderlinden,a Els Vanstreels,a Eline Boons,a Wouter ter Veer,c Anke Huckriede,c Dirk Daelemans,a Alfons Van Lommel,d
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We report on a new anti-influenza virus agent, SA-19, a lipophilic glycopeptide derivative consisting of aglycoristocetin coupled
to a phenylbenzyl-substituted cyclobutenedione. In Madin-Darby canine kidney cells infected with influenza A/H1N1, A/H3N2,
or B virus, SA-19 displayed a 50% antivirally effective concentration of 0.60 �M and a selectivity index (ratio of cytotoxic versus
antiviral concentration) of 112. SA-19 was 11-fold more potent than unsubstituted aglycoristocetin and was active in human and
nonhuman cell lines. Virus yield at 72 h p.i. was reduced by 3.6 logs at 0.8 �M SA-19. In contrast to amantadine and oseltamivir,
SA-19 did not select for resistance upon prolonged virus exposure. SA-19 was shown to inhibit an early postbinding step in virus
replication. The compound had no effect on hemagglutinin (HA)-mediated membrane fusion in an HA-polykaryon assay and
did not inhibit the low-pH-induced refolding of the HA in a tryptic digestion assay. However, a marked inhibitory effect on the
transduction exerted by retroviral pseudoparticles carrying an HA or vesicular stomatitis virus glycoprotein (VSV-G) fusion
protein was noted, suggesting that SA-19 targets a cellular factor with a role in influenza virus and VSV entry. Using confocal
microscopy with antinucleoprotein staining, SA-19 was proven to completely prevent the influenza virus nuclear entry. This vi-
rus arrest was characterized by the formation of cytoplasmic aggregates. SA-19 appeared to disturb the endocytic uptake and
trap the influenza virus in vesicles distinct from early, late, or recycling endosomes. The aglycoristocetin derivative SA-19 repre-
sents a new class of potent and broad-acting influenza virus inhibitors with potential clinical relevance.

Influenza A and B viruses are highly contagious respiratory
pathogens and the cause of a considerable medical and socio-

economical burden. The annual influenza epidemics and unpre-
dictable yet potentially severe pandemics are the consequence of
the continuing variation of these viruses, which is mainly related
to the antigenic instability of the viral surface proteins hemagglu-
tinin (HA) and neuraminidase (NA). Currently available drugs
for prevention and treatment of influenza virus infections are
the M2 ion channel blockers (amantadine and rimantadine) and
the neuraminidase inhibitors (oseltamivir and zanamivir) (9).
The potential usefulness of amantadine and rimantadine is lim-
ited, due to their lack of activity against influenza B virus, the
global distribution of amantadine-resistant influenza A viruses,
and the occurrence of neurological side effects (11). In clinical
practice, the NA inhibitors are preferred, since they are effective
against influenza A and B, are well tolerated, and have a higher
barrier for drug resistance. Nevertheless, the isolation of oseltami-
vir-resistant mutants in A/H3N2- and A/H5N1-infected patients
receiving this drug and the worldwide spread (during the period
2007 to 2009) of oseltamivir-resistant A/H1N1 strains, even
among untreated patients, underline the urgent necessity for
novel antiviral drugs to be adequately prepared for future influ-
enza epidemics and pandemics (26, 35).

In humans, influenza presents as an acute infection, causing an
abrupt and predominantly respiratory illness with a strong in-
flammatory component (15). Because of this acute onset, an in-
tervention to block the initial virus entry into the host cell is an
attractive antiviral strategy. Initiation of influenza virus infection
requires the cooperative binding of multiple HA molecules to ter-
minal sialic acid moieties on cell surface glycoproteins and glyco-
lipids. This interaction may possibly be blocked by multivalent

sialic acids, which have been described as potent inhibitors of
adenovirus binding to sialic acids (22). A compound for use in an
alternative strategy, enzymatic removal of the sialic acid moieties
from the host cell receptors, is currently being explored in the
form of Fludase (also known as DAS181) (4). After internalization
of the bound influenza virions by endocytosis, the acidic pH inside
the endosome triggers an extensive and irreversible rearrange-
ment of the HA protein to adopt its fusogenic conformation, re-
sulting in fusion of the viral and endosomal membranes. For most
influenza virus strains, the optimal pH to trigger this fusion pro-
cess is in the range of 5.0 to 6.0, and it is therefore assumed that the
virus can be released from the endosomes only after their matu-
ration from the early to the late form (6). However, influenza virus
HA mutants which are able to fuse at a pH as high as 6.4 have been
previously described (8). Several groups, including ours, have
been able to identify small-molecule inhibitors of the acid-in-
duced conformational change of HA. Unfortunately, clinical de-
velopment of these influenza virus fusion inhibitors has been
hampered by their low barrier for resistance selection (largely re-
lated to the rapid selection of HA mutants with increased fusion
pH) and the group- or subtype-specific antiviral activity (46, 59).
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An exception is the broad-spectrum antiviral drug arbidol, which
has been reported to inhibit HA-mediated fusion by preventing
the HA conformational change (28), although its fusion-inhibit-
ing effect may also be related to membrane perturbation (61). HA
dependency may be circumvented by targeting the more con-
served viral nucleoprotein (NP), as recently proposed by Kao et al.
(24). That group identified a compound, named nucleozin, that
was shown to cause NP aggregation, thereby preventing nuclear
import of the viral ribonucleoproteins (vRNPs). Besides targeting
viral factors, alternative approaches focus on inhibition of cellular
proteins involved in influenza virus entry, such as PI3K/Akt sig-
naling factors (13) or protein kinase C (PKC) (45).

We previously reported on the chemical synthesis (38, 54) and
basic anti-influenza virus activity of a new series of aglycoristoce-
tin derivatives (36). Aglycoristocetin is the aglycone form of the
glycopeptide compound ristocetin, which was discovered many
years ago (7) and belongs to the same class of antibiotics as van-
comycin (Fig. 1). Their antibacterial activity is based on a specific
binding interaction with the D-Ala-D-Ala termini of peptidogly-
can precursors in the bacterial cell membrane. Although vanco-
mycin is one of the few antibiotics with activity against the meth-
icillin-resistant Staphylococcus aureus (MRSA) pathogen, the
increasing incidence of vancomycin-resistant isolates has been a
major reason for concern. Fortunately, these resistant isolates re-

FIG 1 Chemical structures of SA-19 and related glycopeptide derivatives. SA-19 is a derivative of aglycoristocetin in which the primary amine group is coupled
to a phenylbenzylgroup via a cyclobutenedione group. The identical lipophylic substitution is present in SA-48 (the teicoplanin analogue of SA-19); ERJ-147
(which lacks the chloro substituents on rings C and E of SA-48); and SA-26 (the vancomycin analogue of SA-19). The glycopeptide ristocetin (not shown) differs
from aglycoristocetin in having three sugar substituents at the positions marked with an asterisk: D-mannose on ring A, L-ristosamine next to ring C, and the
tetrasaccharide D-arabinose–D-mannose–D-glucose–L-rhamnose on ring D.
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main sensitive to a new class of hydrophobic side-chain-substi-
tuted glycopeptides (designated “lipoglycopeptides”) (12). The
complex glycopeptide backbone structure, with its characteristic
heptapeptide core, permits a variety of structural modifications to
fine tune the pharmacological profile of new derivatives. Interest-
ingly, a number of modified glycopeptides have been reported as
active against various viruses, i.e., HIV, hepatitis C virus (HCV),
and coronaviruses (1, 2, 37). Whereas the structure-activity rela-
tionships with respect to these unrelated viruses are clearly diver-
gent, the addition of a hydrophobic substituent on the glycopep-
tide backbone appears to be a common prerequisite. Their
versatility is further illustrated by the observation that the pub-
lished lead compounds for HIV and coronaviruses were found to
act during viral entry (1, 2), whereas a different glycopeptide com-
pound with anti-HCV activity was shown to inhibit a postentry
event (37). The study reported here is the first to elaborate on the
anti-influenza virus potential of glycopeptide derivatives. We fo-
cused on a compound designated SA-19, which contains an agly-
coristocetin moiety coupled to a phenylbenzyl-substituted cy-
clobutenedione and displays consistent activity against a wide
range of influenza A and B viruses. Since SA-19 was found to
interfere with a step in the virus entry process preceding its nuclear
uptake, thorough mechanistic studies were performed to under-
stand its precise mode of action. Our combined data indicate that
SA-19 interacts with a cellular component, causing disturbance of
the endocytic uptake of the virus.

MATERIALS AND METHODS
Cells and virus strains. Madin-Darby canine kidney (MDCK) cells and
MDCK-SIAT1 cells (MDCK cells stably expressing human 2,6-sialyltrans-
ferase) (29) (a kind gift from M. Matrosovich, Marburg, Germany) were
cultured as described previously (59). For MDCK-SIAT1 cells, the me-
dium was supplemented with 1 mg per ml G418(Geneticin). Human lung
carcinoma A549 cells, quail fibroblasts (QT6), and human embryonic
kidney 293T cells (obtained from the American Type Culture Collection
[ATCC]) were subcultivated as recommended by the supplier. African
green monkey Vero cells were cultured in minimum essential medium
(MEM), supplemented with 10% fetal calf serum (FCS) (Integro), 2 mM
L-glutamine, and 0.11% sodium bicarbonate.

The human influenza virus strains A/PR/8/34 (A/H1N1) and B/HK/
5/72 were obtained from ATCC. The strains A/X-31 (A/H3N2) [A/Aichi/
2/68 (H3N2) � A/PR/8/34 (H1N1)] and A/HK/7/87 (A/H3N2) were a gift
from J. Neyts (Leuven, Belgium), whereas the following strains were gen-
erously provided by R. Fouchier (Rotterdam, The Netherlands): A/FM/
1/47 (A/H1N1); A/HK/2/68 and A/Victoria/3/75 (A/H3N2); and B/Lee/
40. The A/Ishikawa/7/82 strain was a kind gift from M. Hosoya
(Fukushima, Japan) (21). The A/X-31 strain (HA-D1122N; the suffix 1 or
2 denotes the location in the HA1 or HA2 subunit, respectively) was se-
lected in the presence of the fusion inhibitor 4c (59). For these laboratory-
adapted strains, virus stocks were prepared in 10-day-old embryonated
hen eggs. In addition, two clinical isolates [A/Ned/378/05 (A/H1N1) and
B/Ned/537/05; a generous gift from R. Fouchier], which underwent one
passage in eggs, were used. The A/Virginia/ATCC3/2009 (A/H1N1) virus
(purchased from ATCC) underwent passage once in MDCK cells.

To perform the immunocytochemistry and electron microscopy ex-
periments, the A/X-31 virus was purified and concentrated. After clarifi-
cation of the allantoic fluid by centrifugation (1,800 � g; 30 min; 4°C), the
virus was pelleted by ultracentrifugation (35,000 � g; 3 h; 4°C) in a su-
crose-NTE buffer (consisting of 30% sucrose, 0.1 M NaCl, 0.01 M Tris
HCl, 0.001 M EDTA at pH 7.4) and resuspended in phosphate-buffered
saline (PBS).

Test compounds and antiviral assays. The chemical synthesis of the
glycopeptide derivatives aglycoristocetin, SA-19, and SA-26 has been de-

scribed before (36), whereas the synthesis of the compounds SA-48 and
ERJ-147 is to be published elsewhere. The following reference compounds
were included: ribavirin (Virazole from ICN Pharmaceuticals); rimanta-
dine (from Sigma); oseltamivir carboxylate (GS-4071) (a kind gift from T.
Cihlar, Gilead Sciences, Foster City, CA); chloroquine (from Sigma); bis-
indolylmaleimide I (45) (from Calbiochem); nucleozin (24) (from
Sigma); 6-methyl-N-(2,8-dimethyl-3-oxo-1-thia-4-azaspiro[4.5]dec-4-
yl)imidazo[2,1-b][1,3]thiazole-5-carboxamide (4c) (59) (synthesized by
N. Cesur, Istanbul, Turkey); and NMSO3 (25) (a generous gift from G.
Wright, Microbiotix, Worcester, MA).

The medium used for virus infections consisted of UltraMDCK me-
dium (Lonza), supplemented with 0.0225% sodium bicarbonate, 2 mM
L-glutamine, and 2 �g/ml TPCK (tosylphenylalanylchloromethylketon)-
treated trypsin (from Sigma). Anti-influenza virus activity was deter-
mined in MDCK cells using a multicycle cytopathic effect (CPE) reduc-
tion assay (59). At day �1, MDCK cells were seeded into 96-well plates at
7,500 cells per well. Serial dilutions of the compounds were added to-
gether with the influenza virus (multiplicity of infection [MOI], 50 50%
cell culture infective doses [CCID50s] per well, corresponding to 0.0004
PFU per cell). After 3 days of incubation at 35°C, the CPE was scored by
microscopy and antiviral activity was expressed as the compound concen-
tration producing 50% inhibition of virus-induced CPE (EC50). In addi-
tion, the minimum cytotoxic concentration (MCC) of a test compound
was defined as the concentration causing minimal alterations in cell mor-
phology. Then, the formazan-based MTS cell viability assay was per-
formed (CellTiter 96 AQueous One Solution Cell Proliferation assay from
Promega) and the data expressed as the optical density at 490 nm (OD490)
were used to calculate the 50% effective concentration (EC50) and 50%
cytotoxic concentration (CC50).

Separate plates containing uninfected MDCK cells were used to deter-
mine the compound cytostatic activity. After 72 h of incubation with serial
dilutions of the compounds, the cells were counted with a Z1 Coulter
Counter apparatus (Beckman Coulter). Data were expressed as the con-
centration causing 50% inhibition of cell proliferation (IC50).

The amount of virus released in the supernatant was determined in
virus yield assays based on titration of infectious virus. MDCK cells were
incubated with virus and compounds as described above, and at day 3
postinfection (p.i.), the supernatants were collected. These samples were
serially (5-fold) diluted and added to 96-well plates containing 7,500
MDCK cells per well. After 3 days of incubation at 35°C, microscopy was
performed to score the viral CPE and the virus titer was calculated by the
CCID50 method (42).

Inhibition of A/X-31 replication in different cell lines. MDCK,
MDCK-SIAT1, A549, Vero, and QT6 cells were seeded into 24-well dishes
at 125,000 cells per well. After 16 h of incubation at 35°C, the compounds
plus virus (A/X-31 at an MOI of 0.0004 PFU per cell) were added. At 8 h
p.i., the supernatant was removed and the cells were subjected to RNA
extraction with an RNeasy minikit (Qiagen). In order to quantify the
negative-sense virus RNA (vRNA), the samples were analyzed by two-step
real-time reverse transcriptase PCR (RT-PCR) (59). cDNA synthesis was
performed on 0.5 �g of total RNA using Moloney murine leukemia virus
(MMLV) reverse transcriptase (Invitrogen) and 500 nM M1-FOR primer.
Then, real-time PCR was performed, using M1-FOR and M1-REV prim-
ers, the M1 probe and standard, and quantitative PCR (qPCR) MasterMix
(Eurogentec) (59). All samples were analyzed in duplicate.

Time-of-addition experiment. MDCK cells were seeded into 24-well
dishes at 125,000 cells per well. After 16 h of incubation at 35°C, influenza
virus A/X-31 was added at an MOI of 0.0004 PFU per cell, and the com-
pounds were added at �30 min, 0 h, 30 min, 1 h, 3 h, 5 h, or 8 h p.i. At 10
h p.i., the medium was discarded and total cellular RNA extracts were
prepared to quantify the negative (�) vRNA, using the two-step real-time
RT-PCR assay as described above.

Virus binding assay. MDCK cells were seeded into 24-well plates at
250,000 cells per well and incubated for 16 h at 35°C. After 2 h of incuba-
tion at 35°C with a compound (SA-19, SA-26, or aglycoristocetin [final
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concentration, 10 �M] or NMSO3 [25] [final concentration, 200 �M]),
the cells were cooled on ice during 15 min and infected with precooled
A/X-31 virus at an MOI of 0.04 PFU per cell. Then, the cells were incu-
bated on ice for 1 h, followed by three careful washings with ice-cold
UltraMDCK infection medium. Total cellular RNA extraction and two-
step real-time RT-PCR quantification of (�) vRNA were performed as
described above.

Fusion assays. A detailed description of the trypsin susceptibility assay
can be found elsewhere (59). Briefly, influenza virus A/X-31 (allantoic
stock; diluted 1:10 in PBS) was incubated with compound at 37°C for 15
min. The pH was lowered to pH 5.0, and after 10 min of incubation at
37°C, the mixture was neutralized to pH 7.2. Then, samples were incu-
bated with 10 mg per ml trypsin (from Sigma) at 37°C for 1 h, and the
reaction was terminated by incubation (20 min at 37°C) with 5 mg per ml
soybean trypsin inhibitor (from Sigma). Subsequently, the samples were
analyzed by Western blotting using anti-HA1 mouse monoclonal anti-
body clone InA246 (from Hytest) and a horseradish peroxidase-linked
goat anti-mouse immunoglobulin polyclonal antibody (from Dako).

To perform the polykaryon assay (see reference 59 for all details),
HeLa cells seeded in 12-well plates were transfected with the pCA-
GEN-HA (A/X-31) plasmid (derived from Addgene plasmid 11160 [30])
using Lipofectamine 2000 reagent and Opti-MEM I (both from Invitro-
gen). Two days later, the HA was first cleaved by incubation with TPCK-
treated trypsin during 15 min at 37°C. After preincubation with test com-
pound during 15 min at 37°C, the cells were incubated with a pH 5.0
buffer containing the corresponding concentration of test compound.
After exactly 15 min of incubation at 37°C, the cells were rinsed, and
medium containing 10% FCS was added, followed by 3 h of incubation at
37°C. When indicated, test compound was further added during this syn-
cytium formation stage. Finally, the cells were fixed with 96% ethanol,
stained with Giemsa, and examined by microscopy at �200 magnifica-
tion.

Confocal microscopy. MDCK cells were plated on 8-well glass Lab-
Tek chamber slides (from Nunc) at 55,000 cells per well and incubated for
16 h at 35°C. The compounds were added to the cells, followed by addition
of the ultracentrifugated A/X-31 virus at an MOI of 4 PFU per cell. After 1
h of incubation at 35°C, cells were washed three times with PBS and fixed
with 4% formaldehyde (Formaldehyde Ultra Pure; from Polysciences)–
PBS for 15 min at room temperature. After two washes and permeabili-
zation with 0.01% Triton X-100 during 10 min at room temperature, the
cells were blocked with 10% goat serum (diluted in PBS). Then, the pri-
mary antibody (diluted in 10% goat serum–PBS) was incubated with the
cells for 1 h at room temperature. After two washes, the secondary anti-
body, diluted in PBS with 10% goat serum, was added for 1 h at room
temperature. After two washes with PBS, the nuclei were stained with
4=,6-diamidino-2-phenylindole (DAPI) during 5 min. The primary anti-
bodies were monoclonal mouse anti-NP IgG2 (from Abcam), rabbit poly-
clonal anti-early endosome autoantigen 1 (EEA1) (from Abcam), and
monoclonal mouse anti-lysobisphosphatidic acid (anti-LBPA) IgG1 (Z-
PLBPA; from Echelon). The secondary antibodies used were Alexa Fluor
488- or Alexa Fluor 568-labeled goat anti-mouse IgG2 immunoglobulin
G, Alexa Fluor 568-labeled goat anti-rabbit IgG, Alexa Fluor 568-labeled
goat anti-mouse IgG1, and Alexa Fluor 633-labeled goat anti-mouse IgG
antibody (all from Invitrogen). In double-labeling experiments, the cells
were first incubated with a mixture of the two relevant primary antibodies
and then with a mix of the two corresponding secondary antibodies.

After mounting of the cells with Prolong Gold Antifade reagent (In-
vitrogen), the preparations were analyzed on a Leica TCS SP5 confocal
microscope (Leica Microsystems) equipped with an acousto-optical beam
splitter (AOBS), using an HCX PL APO 63.0� oil immersion lens (nu-
merical aperture [NA], 1.40). Different fluorochromes were detected se-
quentially using excitation lines of 405 nm (DAPI), 488 nm (AlexaFluor
488), and 561 nm (AlexaFluor 568) or an excitation line of 633 nm (Al-
exaFluor633), and emission was detected between 410 and 480 nm, be-
tween 493 and 565 nm, and between 566 and 670 or between 650 and 720

nm, respectively. For presentation, images were processed by applying a
3-by-3 median filter and mild contrast adjustment.

To achieve transient expression of green fluorescent protein (GFP)-
coupled Rab4, Rab5, Rab7, and Rab11 or of yellow fluorescent protein
(YFP)-coupled LAMP-1, expression plasmids were used (Rab4, Rab5,
Rab7, and Rab11 plasmids were a kind gift from P. Courtoy, Louvain-La-
Neuve, Belgium; the LAMP-1 plasmid was plasmid 1816 from Addgene
[49]). MDCK cells were seeded in chamber slides as described above.
Transfection was carried out with 73 ng plasmid DNA per well and Lipo-
fectamine 2000, following the manufacturer’s instructions. After 23 h of
incubation at 35°C, virus was added at an MOI of 16 PFU per cell, and at
1 h p.i., fixation, permeabilization, and NP staining were performed, as
described above.

To perform the acridine orange staining, the MDCK cells were seeded
in 35-mm-diameter glass-bottom culture dishes (MatTek Corporation)
at 650,000 cells per dish and incubated for 16 h at 35°C. After treatment of
the cells with SA-19, bafilomycin A1, or chloroquine, during 1 h at 35°C,
acridine orange was added (at a final concentration of 4 �g per ml) and the
cells were analyzed by confocal microscopy. Acridine orange fluorescence
was detected after 488-nm excitation in two emission windows: 493 to 560
nm and 590 to 720 nm, respectively.

Experiments with pseudotyped retroviral particles. GFP-expressing
pseudotyped retroviral MMLV particles carrying influenza virus HA and
NA, or the vesicular stomatitis virus glycoprotein (VSV-G), were gener-
ated as previously published (5), with some modifications. The expression
plasmids for A/PR/8/34 HA (pVP-HA) and NA (pVP-NA), which are part
of the eight-plasmid reverse genetics system, were generated and kindly
donated by M. Kim (Daejeon, South Korea). Human embryonic kidney
293T cells were seeded in 60-mm-diameter dishes (at 700,000 cells per
dish), in Dulbecco’s modified Eagle’s medium (DMEM) with 10% FCS,
and grown overnight at 37°C. Cells were transfected using calcium phos-
phate, with 10 �g pQCXIP-AcGFP (derived from pQCXIP; Clontech)
and 8 �g pCGGagPol (56) per dish and either 1 �g pVP-HA plus 1 �g
pVP-NA or 2 �g pCF-VSVG (56). After overnight incubation at 37°C, the
medium was replaced by 2 ml DMEM. On the next day, the supernatant
containing the pseudotyped particles was harvested. The HA was acti-
vated by addition of 30 �g/ml TPCK-treated trypsin and 20 min of incu-
bation at 37°C. Finally, the harvests were clarified by centrifugation (10
min at 1,500 � g) and stored at �80°C.

To determine the inhibitory effect of the compounds on pseudovirus
transduction, MDCK cells were seeded in 96-well plates at 2,500 cells per
well and grown overnight. After removal of the medium and a single wash
step with PBS, UltraMDCK infection medium containing the test com-
pound was added to the cells, followed by addition of the pseudotyped
virus. After 72 h of incubation, the cells were trypsinized and fixed with
paraformaldehyde (final concentration, 3%) and transduction efficiency
was finally examined by flow cytometric analysis on a FACSCalibur in-
strument (BD Biosciences) equipped with a 488-nm argon-ion laser and a
530/30-nm bandpass filter (FL1; detector of GFP).

RESULTS
Activity of glycopeptide derivatives against human influenza
A/H1N1, A/H3N2, and B viruses. The basic anti-influenza virus
activity of the glycopeptide derivatives (see Fig. 1 for chemical
structures) was evaluated in a CPE reduction assay with two virus
strains, i.e., A/HK/7/87 (A/H3N2) and B/HK/5/72. Analysis of the
antiviral EC50 data (Table 1) enabled us to further define the struc-
ture-activity relationship, initially described by Naesens et al. (36).
The most potent compound, SA-19, which consists of aglycoris-
tocetin coupled to a cyclobutenedione and substituted with a phe-
nylbenzyl group (Fig. 1), showed an average EC50 of 0.39 �M. Its
concentration causing minimal cytotoxicity (MCC; as determined
by microscopy) was 20 �M, yielding a selectivity index (ratio of
MCC to EC50) of 51. To determine the inhibitory effect of SA-19
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on cell proliferation, a cell-counting assay was performed, and
from the results (Table 1) the selectivity index of SA-19 (i.e., ratio
of IC50 to EC50) was calculated as 172. Intermediate antiviral ac-
tivity was observed for unsubstituted aglycoristocetin, which
showed an 11-fold-higher EC50 than SA-19. Underivatized risto-
cetin (containing three sugar substituents; see legend to Fig. 1) was
inactive (highest concentration tested, 500 �M). Interestingly, no
activity was noted for SA-26, the aglycovancomycin analogue of
SA-19, and SA-48, the aglycoteicoplanin analogue. These data in-
dicate that both the aglycoristocetin moiety and the lipophilic
substituent are crucial for anti-influenza virus activity. Aglycoris-
tocetin and aglycoteicoplanin contain similar central heptapep-
tide cores, the structural differences being that (i) aglycoristocetin
carries a �-hydroxy on the tyrosine of the E unit, (ii) aglycoristo-
cetin lacks the chloro substituents on the C and E rings present in
aglycoteicoplanin, and (iii) the F unit of aglycoristocetin consists
of a 3,5-hydroxy-4-methyl phenylglycine, whereas the 4-methyl
substituent is missing in aglycoteicoplanin. Of these structural
differences, the chloro substituents appear to have the highest
negative impact on anti-influenza virus activity, since removal of
these chlorines to obtain compound ERJ-147 (Fig. 1) yields a fa-
vorable antiviral activity similar to that of SA-19 (EC50 of ERJ-147,
0.61 �M for the A/HK/7/87 virus).

Next, the lead compound SA-19 was evaluated against a broad
panel of human influenza viruses, including laboratory-adapted
strains as well as clinical isolates of A/H1N1, A/H3N2, and B vi-
ruses (Table 2). SA-19 was shown to have very consistent activity
against all virus strains tested, with an average EC50 of 0.60 �M.
The compound was fully active against two amantadine-resistant
strains, i.e., the 2009 pandemic A/H1N1 virus (strain A/Virginia/
ATCC3/2009), which carries an S31N mutation in M2, and the
A/PR/8/34 strain, that has two (V27T and S31N) amantadine re-
sistance mutations in the M2 protein. SA-19 was equally effective
against wild-type A/X-31 virus and an HA-D1122N A/X-31 mu-
tant. The latter mutation results in an increased pH of HA-medi-
ated fusion and renders the A/X-31 virus resistant to the fusion
inhibitor 4c (59).

The strong activity of SA-19 was confirmed in virus yield ex-

periments. SA-19 (at a concentration of 0.8 �M) produced a 3.6-
log10 reduction in virus titer in the supernatant of A/X-31-infected
MDCK cells at 72 h p.i., based on titration of infectious virus by
the CCID50 method. The EC99 values (i.e., the compound concen-
trations producing a 99% reduction in virus titer) were 0.55 �
0.03 �M for SA-19, 0.12 � 0.06 �M for oseltamivir, and 10 � 2
�M for ribavirin (Table 2). These values were very similar to the
antiviral EC50s for the A/X-31 virus strain determined by the CPE
reduction assay.

SA-19 inhibits influenza virus replication in various human
and nonhuman cell lines. A one-cycle assay was performed to
determine the anti-influenza virus activity of SA-19 in A549 (hu-
man lung carcinoma) cells, Vero (African green monkey kidney)
cells, QT6 (quail fibroblast) cells, MDCK cells, and MDCK-SIAT1
cells (an MDCK transfectant expressing 2-fold-larger amounts of
6-linked sialic acids and 2-fold-smaller amounts of 3-linked sialic
acids, compared to parent MDCK cells) (29). All five cell lines
were found to efficiently support A/X-31 vRNA synthesis. Fluo-
rescence-activated cell sorter (FACS) analysis of the expression
levels of the NeuAc�(2,3)-Gal [NeuAc�(2,3)-galactosidase]-type
and NeuAc� (2,6)-Gal-type sialylated receptors (using the fluo-
rescein isothiocyanate [FITC]-labeled Maackia amurensis lectin
and Sambucus nigra-I lectin, respectively) demonstrated that all
cell lines expressed both types of receptors. Compared to the ex-
pression seen with MDCK cells, the expression level of the � (2, 6)
receptor type (which is preferred by the A/X-31 virus [53]), was
3-fold lower in QT6 cells, 2-fold lower in Vero cells, and 2-fold
higher in MDCK-SIAT1 cells, whereas A549 cells showed the same
� (2, 6) expression level as MDCK cells. The A/X-31 virus was able
to replicate in all cell lines used, since the increase in vRNA copies
between 0 and 8 h p.i. was at least 50-fold in all cases (Fig. 2). In the
presence of 10 �M SA-19, viral RNA replication was decreased by
97% to 99% (�2-log10 reduction) in the four mammalian cell
lines tested. SA-19 also proved effective in avian QT6 cells, al-
though in this case the inhibition was less pronounced (90% or a
1-log10 reduction in vRNA).

SA-19 acts at an early stage in the replication cycle. In a one-
cycle time-of-addition assay, the antiviral compounds were added

TABLE 1 Activity in influenza virus-infected MDCK cellsa

Compoundb

Antiviral EC50
c (�M) Cytotoxicityd

A/HK/7/87 B/HK/5/72

MCC (�M) CC50 (�M) IC50 (�M)CPE MTS CPE MTS

Ristocetin �500 �500 �500 �500 �500 �500
Aglycoristocetin 4.6 � 1.4 2.5 � 1.0 5.1 � 1.8 5.4 � 2.1 81 � 16 44 � 6
SA-19 0.36 � 0.15 0.58 � 0.06 0.30 � 0.10 0.33 � 0.08 20 � 0 39 � 7 67 � 11
ERJ-147 0.52 � 0.13 0.70 � 0.16 �100 �100 16 � 0 20 � 6
SA-48 �50 �50 �50 �50 0.80 � 0.00 6.6 � 0.1
SA-26 �50 �50 �50 �50 �50 �50

Oseltamivir carboxylate 1.4 � 0.8 2.7 � 1.5 5.8 � 2.2 4.9 � 1.6 �100 �100 80 � 7
Ribavirin 8.2 � 1.1 6.4 � 0.9 8.8 � 0.5 7.2 � 0.8 100 � 0 �100 16 � 2
a MDCK, Madin-Darby canine kidney cells. Data shown represent the means � SEM of the results of 2 to 5 independent tests.
b See Fig. 1 for chemical structures.
c Antiviral activity was expressed as the EC50, defined as the compound concentration producing 50% inhibition of virus replication, as estimated by microscopic scoring of the
cytopathic effect (CPE) or by measuring cell viability in the formazan-based MTS assay.
d Cytotoxicity was expressed as the minimum cytotoxic concentration (MCC; compound concentration producing minimal changes in cell morphology, as estimated by
microscopy); the 50% cytotoxic concentration (CC50; estimated by the MTS cell viability assay); or the concentration causing 50% inhibition of cell proliferation (IC50; determined
by cell counting).
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at times in a range from �30 min to 8 h p.i. The following refer-
ence compounds were included: 4c (an inhibitor of the acid-in-
duced conformational change of the HA, which is crucial for fu-
sion of the viral and endosomal membranes) (59); rimantadine
(an M2 ion channel blocker); chloroquine (a weak base that in-
creases the endosomal pH); bisindolylmaleimide I (a protein ki-
nase C inhibitor that prevents nuclear entry of the vRNPs) (45);
and ribavirin (which inhibits viral RNA synthesis). At 10 h p.i.,
vRNA copies in the cells were quantified by RT-PCR. In the ab-
sence of compounds, the increase in the number of vRNA copies,

relative to the virus added at 0 h, was 150-fold (Fig. 3A). When
SA-19 was added at �30 min p.i., vRNA synthesis was strongly
inhibited, while the compound lost its antiviral effect when added
at 1 h p.i. or later. Partial inhibition was observed under the con-
ditions that included addition of SA-19 at 0 or 30 min p.i. A similar
time dependency was observed for 4c, rimantadine, and chloro-
quine. The curve was slightly shifted to the right for the nuclear
entry blocker bisindolylmaleimide I. With ribavirin, ongoing
RNA synthesis between 1 h and 8 h p.i. was reflected in a gradual
increase in vRNA synthesis as a function of compound addition
time.

SA-19 has no effect on influenza virus binding. We next per-
formed a binding inhibition assay with influenza A/X-31 virus on
MDCK cells, preincubated with compound during 2 h at 35°C,
followed by cooling on ice for 10 min. After addition of the virus,
the cells were further incubated during 1 h at 4°C, and, after re-
moval of unbound virus, the attached virus was quantified by
RT-PCR. Under the conditions in which no compound was
added, the total number of bound viral copies was found to be �2
� 107 copies per well (corresponding to 70 virus particles per cell),
which was 100-fold above the detection limit of our RT-PCR as-
say. In the presence of NMSO3, a sulfated sialyl lipid (25), influ-
enza virus binding to the cells was reduced by 98% (Fig. 3B). In the
case of SA-19, a moderate binding inhibition of 51% was ob-
served. However, a similarly modest inhibition of virus binding
was observed with SA-26, the aglycovancomycin analogue which
was antivirally inactive in the CPE assay, and aglycoristocetin,
which is 11-fold less active than SA-19. The finding that the effect
of these compounds on binding was rather limited and uncorre-
lated to their antiviral activity in the multicycle CPE assay suggests
that inhibition of virus binding does not account for the potent

TABLE 2 Antiviral activity in influenza A/H1N1, A/H3N2, and B virus-infected MDCK cellsa

Strain

CPE reduction assay: antiviral EC50
b (�M) Virus yield reduction assay: EC99

c (�M)

SA-19 Ribavirin Oseltamivir carboxylate

SA-19 Ribavirin
Oseltamivir
carboxylateCPE MTS CPE MTS CPE MTS

A/H1N1
A/PR/8/34 0.12 � 0.03 �0.069 10 � 0 13 � 3 8.7 � 4.2 7.3 � 4.6
A/FM/1/47 0.30 � 0.12 0.53 � 0.47 11 � 1 13 � 0 2.4 � 1.2 �2.4
A/Ned/378/05 0.22 � 0.10 	0.051 9.5 � 2.6 7.8 � 3.3 0.18 � 0.04 	0.20
A/Virginia/ATCC3/2009 0.087 � 0.019 0.067 � 0.020 8.9 � 0.0 9.4 � 0.8 �1.8 �1.9

A/H3N2
A/X-31 0.32 � 0.08 0.67 � 0.30 9.3 � 0.7 11 � 2 	0.10 	0.10 0.55 � 0.03 10 � 2 0.12 � 0.06
A/X-31 (HA2-D112N)d 0.41 1.1 16 25 0.056 0.082
A/HK/2/68 1.5 � 0.5 1.9 � 0.5 10 � 0 10 � 1 1.2 � 0.6 5.9 � 2.8
A/Victoria/3/75 0.86 � 0.28 0.88 � 0.26 8.3 � 1.4 8.3 � 2.0 �0.20 	0.20
A/HK/7/87 0.36 � 0.15 0.58 � 0.06 8.2 � 1.1 6.4 � 0.9 1.4 � 0.8 2.7 � 1.5
A/Ishikawa/7/82 0.77 � 0.22 0.73 � 0.08 9.6 � 0.6 9.5 � 0.9 2.6 � 1.4 1.1 � 0.4

B
B/Lee/40 1.4 � 0.8 0.91 � 0.49 14 � 7 16 � 4 �1.3 1.4 � 0.9
B/HK/5/72 0.30 � 0.10 0.33 � 0.08 8.8 � 0.5 7.2 � 0.8 5.8 � 2.2 4.9 � 1.6
B/Ned/537/05 1.1 � 0.6 0.74 � 0.29 7.8 � 2.3 6.8 � 2.5 2.5 � 1.2 �0.34

a MDCK, Madin-Darby canine kidney cells. Data shown represent the means � SEM of the results of 3 to 5 independent tests.
b Antiviral activity was expressed as the EC50, defined as the compound concentration producing 50% inhibition of virus replication, as estimated by microscopic scoring of the
cytopathic effect (CPE) or by measuring cell viability in the formazan-based MTS assay.
c The EC99 value represents the compound concentration producing a 2-log10 reduction in virus yield. Virus released in the supernatant at 72 h p.i. was quantified by determining
the infectious virus titer, using the CCID50 method.
d Data are from one individual experiment.

FIG 2 SA-19 inhibits influenza virus replication in different cell lines. Cells
were infected with A/X-31 virus, at an MOI of 0.0004 PFU per cell, in the
presence of 10 �M SA-19. At 8 h p.i., total cellular RNA was extracted and the
number of vRNA copies was determined by real-time RT-PCR. Virus replica-
tion is shown as the fold increase in vRNA copy number relative to the virus
input at time zero. Data shown represent the means � standard errors of the
means (SEM) of the results of 3 to 5 independent experiments. VC: virus
control receiving no compound.
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antiviral effect of SA-19. Instead, it is likely related to the tendency
of these lipophilic glycopeptides to exhibit aspecific protein bind-
ing (57), causing some interference with the virus-receptor inter-
action.

Next, the potential effect of SA-19 on the acid-induced confor-
mational change of HA and subsequent membrane fusion was
addressed in an HA trypsin susceptibility assay and a polykaryon
assay in HA-expressing HeLa cells. As a control compound, we
included the fusion inhibitor 4c, which binds to prefusion HA and
prevents its conformational change (59). The trypsin susceptibil-
ity assay is based on the exposure of trypsin cleavage sites in the
HA1 polypeptide upon acid-induced refolding of the HA protein.
Virus that was preincubated with 4c prior to acidification and
subsequent trypsin treatment was clearly protected against trypsin
digestion, since its HA1 was shown to be intact (Fig. 3C). In con-
trast, the HA1 band was absent in the presence of SA-19, indicat-

ing that SA-19 does not inhibit HA refolding at pH 5. Likewise,
SA-19 was found to be inactive in the polykaryon assay (Fig. 3D).
HA-expressing HeLa cells were preincubated with compound and
then briefly exposed to pH 5 to trigger refolding of HA, resulting
in fusion of plasma membranes and syncytium formation.
Whereas polykaryon formation was fully inhibited in cells ex-
posed to 4c (Fig. 3D), no inhibition was seen with SA-19, whether
added during the preincubation stage or the acid pulse and/or
syncytium formation phase. The absence of any inhibitory effect
under the latter conditions argues against an aspecific effect of
SA-19 on membrane fluidity.

Virus sensitivity to SA-19 remains unchanged after repeated
virus passages. To determine whether influenza virus acquires
resistance to SA-19 upon prolonged exposure to the compound,
we performed a resistance selection study, using amantadine and
oseltamivir as the reference compounds (in a procedure similar to

FIG 3 SA-19 inhibits virus entry yet has no effect on virus binding or on low-pH-induced HA refolding. (A) Inhibitory effect of SA-19 on vRNA synthesis as a
function of the time of compound addition. MDCK cells were infected with A/X-31 influenza virus at an MOI of 0.0004 PFU per cell, and compounds were added
at �30 min, 0 h, 30 min, 1 h, 3 h, 5 h, or 8 h p.i. At 10 h p.i., the cells were subjected to RNA extraction for subsequent vRNA analysis by real-time RT-PCR. The
vRNA synthesis is presented as the fold increase in the number of vRNA copies at 10 h p.i. relative to the amount of virus particles added at time zero. Data shown
represent the means � SEM (numbers of experiments are shown in parentheses). (B) Effect of SA-19 and related derivatives on influenza virus binding to MDCK
cells. After 2 h of incubation with compounds at 35°C, MDCK cells were cooled and allowed to bind the A/X-31 virus (MOI: 0.04 PFU per cell) for 1 h on ice in
the further presence of compound. In order to quantify the virus bound to the cells, cellular RNA extracts were prepared and two-step real-time RT-PCR was
performed. Virus binding is shown as the vRNA copy number, relative to that in the virus control receiving no compound. Compound concentrations were 10
�M for SA-19, SA-26, and aglycoristocetin and 200 �M for NMSO3. Data shown represent the means � SEM of 3– 6 independent determinations. (C) SA-19
does not inhibit the conformational change of HA at low pH, as demonstrated by trypsin digestion assay. A/X-31 virus was incubated at 37°C for 15 min in the
presence of various concentrations of SA-19 or 4c, and the pH was lowered to 5.0. After neutralization, the mixtures were treated with trypsin. The lysates were
subjected to Western blot analysis under reducing conditions and using an anti-HA1 antibody. The low-pH-induced conformational change renders the HA
sensitive to trypsin digestion, causing disappearance of the HA1 band. (D) SA-19 has no effect on low-pH-induced polykaryon formation in HA-transfected
HeLa cells. HeLa cells expressing A/X-31 HA were treated with trypsin to cleave HA0, washed, and incubated during 15 min in the presence of compound. Then,
the pH was lowered to 5.0 and the cells were incubated for 15 min at 37°C in the presence of compound. Following syncytium formation for 3 h at 37°C in the
presence of compound, the cells were fixed, stained with Giemsa, and examined by microscopy (original magnification, �200). Representative fields are shown.
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that described in reference 59). These experiments were done with
the A/Ned/378/05 (A/H1N1) virus strain, which has a wild-type
(i.e., amantadine-sensitive) M2 protein. Its HA sequence was
shown to be �99% identical to that of the contemporary A/Rhein-
land-Pfalz/58/2005 isolate (3a). The A/Ned/378/05 virus under-
went passage in MDCK cells in the continuous presence of SA-19,
amantadine, or oseltamivir. A control (no-compound) experi-
ment was included to detect any potential changes associated with
cell culture adaptation. With each virus passage, the supernatants
from selected wells showing 5% to 100% CPE at day 3 p.i. were
collected and used to infect fresh MDCK cells, with further addi-
tion of compound at gradually increasing concentrations. In the
presence of SA-19, no sign of resistance to the compound was
observed after 15 passages with SA-19 at up to 10 �M. The result-
ing virus stock was subjected to plaque purification, and three
clones (designated 15-cl1, -cl2, and -cl3) were randomly selected
for antiviral testing. Their antiviral EC50s for SA-19, amantadine,
and oseltamivir (Table 3) were similar to the values obtained for
the A/Ned/378/05 starting virus (Table 2) or the control clones
obtained after 15 passages in the absence of compound (Table 3).
In the presence of amantadine, virus breakthrough was observed
after only 5 passages. Two amantadine-resistant virus clones were
isolated, and these viruses displayed a 32-fold increase in antiviral
EC50 for amantadine compared to the control clones. In the case of
oseltamivir, virus clones collected after 7 passages showed a 324-
fold increase in sensitivity to the compound. Neither of the clones
showed cross-resistance among the three test compounds. Se-
quencing revealed that both amantadine-resistant clones that we
selected contained a mutation in HA (D181Y or H252Q; number-
ing according to reference 16), whereas their M2 protein was un-
changed. Since both amino acid substitutions produce a charge
change, they likely result in an increased fusion pH, as previously
described for other HA mutations associated with amantadine
resistance (8). Somewhat unexpectedly, the clones selected after 7

passages with oseltamivir contained no mutations in the neur-
aminidase but possessed two changes in HA: R1561G and G1891R.
This agrees with previous reports that in vitro passages with osel-
tamivir can select for mutations in HA which render the virus less
dependent on NA and, hence, confer cross-resistance to oseltami-
vir and zanamivir (as also observed with our mutant virus) (18).
In the three virus clones isolated after 15 passages in the presence
of SA-19 (none of which showed phenotypic resistance to any of
the test compounds), an E692G change in HA was detected. The
control virus that underwent passage in the absence of compound
contained no mutations in HA.

SA-19 causes intracellular trapping of the virus and prevents
its nuclear entry. To unravel the precise mode of action of SA-19,
MDCK cells were infected with A/X-31 influenza virus in the pres-
ence of SA-19 or several reference compounds, and, at 1 h p.i.,
virus was localized by confocal microscopy based on NP staining.
In the absence of compounds, the vRNPs released from the endo-
somes efficiently entered the nucleus within 1 h p.i. (Fig. 4, panels
E1 and E2). SA-19 (added at the time of infection at a concentra-
tion of 10 �M) produced a virtually complete inhibition of the
nuclear entry of vRNP (panels A1 and A2). SA-19-treated cells
contained large aggregates which showed an intense NP fluores-
cence staining. This indicates that the intracellular uptake of in-
fluenza virus was not reduced by SA-19. The pattern of NP stain-
ing in the presence of SA-19 was different from that obtained with
the reference compounds. The recently described nucleozin (pan-
els D1 and D2) triggers aggregation of the viral NP and inhibits its
nuclear entry, leading to the formation of a halo of NP surround-
ing the perinuclear region (24). In the infected cells treated with
bisindolylmaleimide I (panels C1 and C2), the NP staining
showed a speckled pattern that was more diffuse throughout the
cytoplasm. The fusion inhibitor 4c (panels B1 and B2) caused a
punctate pattern, mostly unipolar to the nucleus, in what is as-
sumed to be a late endosomal compartment. This NP localization

TABLE 3 Antiviral susceptibility of influenza virus after serial passages with SA-19, amantadine, or oseltamivir

Selecting compound (concn)a

Passage no.-
virus cloneb Mutation(s)c

Antiviral EC50
d (�M) of:

SA-19 Amantadine
Oseltamivir
carboxylate Zanamivir Ribavirin

SA-19 (10 �M) 15-cl1 HA: E692G 0.29 � 0.11 11 � 8 0.16 � 0.10 0.16 7.1 � 3.0
15-cl2 HA: E692G 0.36 � 0.02 6.5 � 3.7 0.58 � 0.39 0.40 9.2 � 0.3
15-cl3 HA: E692G 0.45 � 0.19 12 � 9 0.16 � 0.00 0.20 9.7 � 1.1

Amantadine (500 �M) 5-cl1 M2, none; HA, D181Y 0.39 � 0.05 �500 0.47 � 0.04 0.47 9.8 � 0.3
5-cl2 M2, none; HA, H252Q 0.37 � 0.02 �500 0.45 � 0.19 0.26 9.9 � 0.2

Oseltamivir carboxylate (100 �M) 7-cl1 NA, none; HA, R1561G; G1891R 0.27 � 0.04 189 � 33 �100 �100 10 � 0
7-cl2 NA, none; HA, R1561G; G1891R 0.29 � 0.06 105 � 24 �100 �100 12 � 2
7-cl3 NA, none; HA, R1561G; G1891R 0.42 � 0.06 198 � 98 �100 �100 11 � 0

Control (no compound) 15-cl1 HA, M2, NA: none 0.25 � 0.10 11 � 8 0.21 � 0.05 0.10 9.1 � 0.5
15-cl2 HA, M2, NA: none 0.21 � 0.00 30 � 17 0.46 � 0.05 0.40 9.9 � 0.2
15-cl3 HA, M2, NA: none 0.25 � 0.10 5.4 � 2.2 0.26 � 0.06 0.51 10 � 0

a The highest compound concentration used during the selection procedure is shown in parentheses.
b The influenza virus isolate A/Ned/378/05 (A/H1N1) was subjected to serial passage in MDCK cells in the presence of increasing concentrations of SA-19, amantadine, or
oseltamivir carboxylate. After the indicated number of passages, virus clones were isolated by plaque purification and tested for susceptibility against the five test compounds.
c Only the indicated genes supposedly involved in the antiviral mode of action were sequenced. HA numbering is according to reference 16; the suffix 1 or 2 denotes the location in
the HA1 or HA2 subunit, respectively.
d The EC50 represents the 50% effective concentration, or compound concentration producing 50% inhibition of virus-induced cytopathic effect in MDCK cells. Values represent
the means � SEM of the results of two to three tests (except for the zanamivir data, which are from one experiment).
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is consistent with the mode of action of 4c and its activity in the
fusion assays. Compared to the reference compounds, the trap-
ping by SA-19 was characterized by the formation of larger and
bright aggregates. A correlation between this virus-trapping effect
and the inhibitory effect on virus replication in the multicycle CPE
reduction assay was demonstrated by evaluating the structural
analogues of SA-19. While the inactive aglycovancomycin ana-
logue, SA-26 (Fig. 4, panels I1 and I2), and underivatized ristoce-
tin (panels F1 and F2) did not inhibit the nuclear entry of the
vRNP, we observed a moderate inhibition with aglycoristocetin
(panels G1 and G2). With SA-48 (panels H1 and H2), the agly-
coteicoplanin analogue of SA-19, a complete inhibition was ob-
served, but only at cytotoxic concentrations.

Virus trapping by SA-19 is reversed by washing. MDCK cells
were incubated with A/X-31 virus and compound during 1 h at
35°C and then washed three times and incubated for another hour
at 35°C. In the cells treated with SA-19, followed by washing, the
virus was fully able to resume its nuclear entry process, resulting in
exclusively nuclear staining for NP (Fig. 5, panels C1 to C3). The
observation that these cells showed a less intense nuclear NP stain-
ing compared to the no-compound condition (Fig. 5, panels A1 to

A3) is explained by the bulk of NP synthesis between 1 and 2 h p.i.
in the cells that received no SA-19.

Colocalization studies with markers of early and late endo-
somes. Two well-established endosomal markers, i.e., EEA1 and
LBPA, were used to identify the early and late endosomes, respec-
tively. Incubation with virus and compounds was performed as
described above, and dual labeling was performed for the viral NP
(green labeling; Fig. 6) and the early or late endosome markers
(red labeling). The EEA1- and LBPA-positive endosomes showed
a punctate distribution near the nucleus. The virus captured by the
4c fusion inhibitor was constrained at a similar juxtanuclear loca-
tion, although colocalization between the anti-NP antibody
(green) and the EEA1 or LPBA (red) markers was not apparent. In
contrast, SA-19 caused the virus to be trapped at a location that
was clearly distinct from that of the EEA-1- or LBPA-positive en-
dosomes. In mock-infected cells, staining for EEA1 and LBPA was
unchanged by SA-19 or 4c (data not shown), indicating that nei-
ther of the two compounds exerts an aspecific effect on the forma-
tion of early and late endosomes.

Next, we transiently expressed GFP-coupled Rab proteins in
MDCK cells and then performed virus infection followed by NP

FIG 4 Localization of influenza virus NP in infected MDCK cells treated with (panels A to D) SA-19 or reference compounds or (panels F to I) analogues of
SA-19. MDCK cells were infected with A/X-31 influenza virus (MOI: 4 PFU per cell) in the presence of compound and incubated for 1 h at 35°C. After fixation
and permeabilization, the cells were stained with anti-NP antibody and Alexa Fluor 488-labeled secondary antibody (green). The nuclei were visualized with
DAPI (blue). Bar, 25 �m. See Fig. 1 for the chemical structures of (aglyco)ristocetin, SA-19, SA-48, and SA-26.
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staining at 1 h p.i. Rab GTPases are key regulators of the sequential
transport steps along the endocytic-recycling pathway, and their
detection enables discrimination of the different endosomal
stages. Rab5 mediates the formation of early endosomes; Rab4
and Rab11 regulate fast and slow endocytic recycling, respectively;
and Rab7 acts upon the degradative (lysosomal) traffic. In addi-
tion, we included an expression plasmid for the lysosomal marker
lysosome-associated membrane protein-1 (LAMP-1). To avoid
the possibility that overexpression of the Rab proteins or LAMP-1
could modify their localization, the amount of Rab or LAMP-1
plasmid DNA used for transfection was kept as small as possible
(32). Upon confocal microscopy, the green color representing
GFP-coupled Rab4, Rab5, Rab7, or Rab11 or YFP-coupled
LAMP-1 (Fig. 7) showed a punctate pattern, indicating that the
bulk of the expressed proteins was indeed associated with endo-
somal vesicles. Virus infection of these transfected cells in the ab-
sence or presence of SA-19, followed by NP staining at 1 h p.i. (Fig.
7, red color), again demonstrated that SA-19 inhibits nuclear en-
try of the virus by causing the formation of intracellular aggre-
gates. This means that overexpression of the endosomal-lyso-

somal proteins Rab4, Rab5, Rab7, and Rab11 or of LAMP-1 did
not change the antiviral effect of SA-19. Strikingly, at least under
our experimental conditions, none of the endosomal or lysosomal
markers appeared to colocalize with the virus trapped by SA-19.

Finally, to exclude the possibility that SA-19 could influence
the endosomal pH, staining with acridine orange was performed.
Upon entry of acridine orange into acidic endosomes, this dye
becomes protonated and sequestered and fluoresces red. This red
fluorescence was not observed when endosomal acidification was
prevented by the proton pump inhibitor bafilomycin A1 (66) or
the weak lysosomotropic base chloroquine (50). In contrast,
SA-19 was clearly shown to have no effect on the endosomal pH
(Fig. 8).

Activity of SA-19 against other viruses or pseudotyped lenti-
viral particles. As previously reported (36), broad antiviral testing
by CPE reduction assays revealed that SA-19 has no marked anti-
viral effect on other enveloped or nonenveloped RNA viruses, i.e.,
HIV, coronavirus, vesicular stomatitis virus (VSV), coxsackie B4
virus, respiratory syncytial virus, parainfluenza-3 virus, reovi-
rus-1, Sindbis virus, and Punta Toro virus. When antiherpesvirus

FIG 5 Virus trapping by SA-19 is reversed by washing. MDCK cells were infected with A/X-31 influenza virus (at 4 PFU per cell) in the presence of 10 �M SA-19.
After 1 h of incubation at 35°C, the cells were washed three times (if indicated) and incubated for an additional hour at 35°C. Then, the cells were fixed,
permeabilized, and stained. Influenza virus was detected with anti-NP antibody and Alexa Fluor 488-labeled secondary antibody (green). The nuclei were
visualized with DAPI (blue). Bar, 25 �m.
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activity was evaluated, we noticed that SA-19 has a pronounced
antiviral effect on varicella-zoster virus (VZV) (antiviral EC50 of
0.55 �M and selectivity index [ratio of cytotoxic concentration to
antiviral concentration] of 180), whereas herpes simplex virus and
cytomegalovirus were not markedly inhibited. Thus, a general an-
tiviral effect of SA-19 on diverse viruses (whether naked or envel-
oped) can be excluded.

We next examined whether SA-19 inhibits the entry of GFP-
expressing pseudotyped retroviral particles carrying the influenza

virus HA and NA (to allow release of the particles from the pro-
ducer cells) (62). As a reference, we included particles pseu-
dotyped with the VSV-G fusion protein, which, like HA, requires
an acidic pH to adopt a fusogenic conformation and cause fusion
of the viral and endosomal membranes (44). MDCK cells were
infected with these pseudotype particles in the presence of SA-19
or chloroquine (an inhibitor of endosome acidification), and flow
cytometry was performed to quantify the transduction efficiency.
Under our experimental conditions, the transduction efficiency of
the HA-NA-pseudotyped particles was considerably lower than
that of the VSV-G-containing particles, since the percentage GFP
positivity in the control cells (receiving no compound) was 10%
for the HA-NA- and 70% for the VSV-G-pseudotyped particles.
Subset analysis of the fluorescent cell population was thus per-
formed to estimate the inhibitory effect of the test compounds.
Both SA-19 and chloroquine produced a marked and dose-depen-
dent inhibition of the transduction by HA-containing pseudopar-
ticles (Fig. 9). Interestingly, both compounds also inhibited the
transduction of VSV-G-carrying particles. These data indicate
that SA-19 inhibits a step in virus entry that is common to influ-
enza virus and VSV. Furthermore, its effect appears to be directed
toward the influenza virus spike protein (HA or NA) or the virus
envelope, since the other influenza virion components (such as
the M1 capsid protein) were not present in the influenza virus-
pseudotyped retroviral particles. Finally, we noticed that the
strong effect of SA-19 with respect to VSV entry, as observed in the
VSV pseudoparticle assay (which is based on a single VSV-G-
mediated entry event), was not detected in a multicycle and highly
stringent CPE reduction test (36).

DISCUSSION

Despite the availability of influenza vaccines and two classes of
anti-influenza virus drugs, influenza viruses remain the cause of
significant morbidity and mortality, posing a serious health threat

FIG 6 Dual staining for influenza virus NP and the endosomal markers EEA1
and LBPA. MDCK cells were infected with A/X-31 virus (at 4 PFU per cell) in
the presence of 10 �M SA-19 or 100 �M 4c and incubated at 35°C for 1 h. After
fixation and permeabilization, the cells were double labeled. Influenza virus
was visualized with anti-NP antibody and Alexa Fluor 488-labeled secondary
antibody (green). Analysis was performed with anti-EEA1 and LBPA primary
antibodies as early and late endosome markers and Alexa Fluor 568-labeled
secondary antibodies (red). The nuclei were visualized with DAPI (blue). Bar,
25 �m.

FIG 7 Colocalization between influenza virus NP and Rab or LAMP-1 markers of endosomal-lysosomal compartments. MDCK cells were transfected with
expression plasmids for GFP-coupled Rab4, Rab5, Rab7, or Rab11 or for YFP-coupled LAMP-1 (green), incubated for 23 h at 35°C, and subsequently infected
with A/X-31 virus (at 16 PFU per cell) in the presence or absence of SA-19. After 1 h of incubation at 35°C, the cells were fixed, permeabilized, and stained with
anti-NP and Alexa Fluor 633-labeled secondary antibody (red). The nuclei were visualized with DAPI (blue). Bar, 10 �m.
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during seasonal outbreaks as well as periodic pandemics (34). The
acute nature of influenza virus infection and the accompanying
inflammatory disease make an intervention strategy blocking the
early viral entry process particularly attractive (15). The only in-
fluenza virus entry inhibitors that are presently available, i.e., the
M2 inhibitors amantadine and rimantadine, have a low barrier for
resistance selection, which explains their limited value in current
influenza virus therapy (9). In the present work, we report on the
antiviral activity and mechanism of action of a new influenza virus
entry inhibitor, the glycopeptide derivative SA-19. This molecule
consists of a central aglycoristocetin moiety that is coupled to a
phenylbenzyl-substituted cyclobutenedione. SA-19 shows robust
activity against all influenza A and B virus strains tested, with an
average EC50 of 0.60 �M, and a 50% cytostatic concentration of 67
�M, yielding a selectivity index of 112. From a comparison with
closely related analogues, the following conclusions can be drawn
regarding the essential structural elements in SA-19. First, the ac-
tivity is confined to aglycoristocetin compounds, since the ana-

logues derived from aglycovancomycin and aglycoteicoplanin
were found to be inactive. For the latter compound, the lack of
anti-influenza virus activity is clearly related to the two chloro
functions in the heptapeptide core (cf. the inactive aglycoteicopla-
nin analogue SA-48 versus the active analogue ERJ-147, in which
both chlorine atoms are absent). Second, compared to SA-19, un-
substituted aglycoristocetin displays 11-fold-lower antiviral activ-
ity, whereas the parent ristocetin compound is inactive. These
data indicate that the anti-influenza virus activity requires re-
moval of the sugar substituents, which is known to increase the
lipophilicity of glycopeptide compounds (41). Likewise, the anti-
viral efficacy is considerably improved by addition of a lipophilic
phenylbenzyl side chain, present in the optimized lead compound
SA-19. As previously demonstrated in a more detailed SAR study,
the neutral charge and steric bulkiness of this lipophilic group are
important determinants for anti-influenza virus activity of these
aglycoristocetin derivatives (36).

Although the lipophilic substituent of SA-19 causes a marked
(11-fold) increase in antiviral potency, the aglycoristocetin moiety
appears to be the essential part of the molecule, since unsubsti-
tuted aglycoristocetin is also active. Ristocetin (i.e., aglycoristoce-
tin [Fig. 1] with three sugar substituents) is well known for its
property of causing thrombocyte aggregation, due to stimulation
of the interaction of the von Willebrand factor (vWF) with the
platelet GP Ib-IX-V complex (23). This effect is related to the
binding of ristocetin to proline-rich peptides containing proline-
glycine loops (33). The rhamnose substituent is considered to play
an essential role in the interaction of ristocetin with vWF, since
removal of this rhamnose was found to eliminate the thrombo-
cyte-aggregating activity (3, 55). Based on this, aglycoristocetin
proved superior to ristocetin during clinical development of these
antibiotics (7). Since SA-19 is a derivative of aglycoristocetin, and
thus lacks this rhamnose moiety, there is no apparent parallel
between the interaction of ristocetin with vWF and the anti-influ-
enza virus activity of SA-19. The clinical implication of this is that
SA-19 can be expected to have a minimal (if any) platelet-aggre-
gating side effect. This is also in accordance with our studies on a
similar series of aglycoristocetin derivatives carrying an hexose
substituent at the R position (Fig. 1), since their anti-influenza
virus activity was found to be uncorrelated to a platelet-aggregat-
ing effect (39).

FIG 8 SA-19 has no effect on acidification of the endosomes. After treatment of MDCK cells with compound during 1 h at 35°C, acridine orange was added and
the cells were subsequently analyzed by confocal microscopy. Acridine orange is an acidotropic dye. Its fluorescence is green at low concentrations, which changes
to orange-red at high concentrations (as obtained in the lysosomes in which acridine orange is protonated and sequestered). Acridine orange also intercalates in
DNA, resulting in green fluorescence in the nucleus. Upon treatment with the V-ATPase inhibitor bafilomycin A1, lysosomal acidification is completely
inhibited, and, hence, the dye’s accumulation in the lysosomes is prevented. Chloroquine induces lysosomal swelling and a decrease in lysosomal pH, giving a
shift to yellow fluorescence. In the presence of SA-19, the acridine orange staining is identical to that observed in untreated cells. Bar, 25 �m.

FIG 9 Inhibition of transduction by GFP-expressing retroviral pseudopar-
ticles carrying influenza virus HA and NA (upper panel) or VSV-G (lower
panel). The test compounds (SA-19 at 1, 5, or 10 �M or chloroquine at 50 �M)
were added to MDCK cells together with the pseudoparticles. After 72 h, the
cells were subjected to flow cytometry for quantification of transduction effi-
ciency. The bars represent the percentages of GFP-positive cells (relative to the
untreated control) (data represent averages � SEM of the results of three
tests).
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The broad and robust antiviral activity against all influenza
virus A and B strains tested, when examined in human or nonhu-
man (e.g., avian) cell lines, implies that SA-19 targets a conserved
(possibly cellular) factor with a critical role in influenza virus rep-
lication. This is consistent with our observation that influenza
virus remained fully sensitive to SA-19 after 15 sequential passages
in MDCK cells in the presence of SA-19 (at concentrations up to
10 �M). In parallel, virus mutants with marked resistance to
amantadine or oseltamivir appeared after only five or seven pas-
sages with amantadine or oseltamivir, respectively. The high resis-
tance barrier for SA-19 may be considered an advantage in terms
of its potential clinical application. The amantadine-resistant mu-
tants that we selected contained mutations in HA (D181Y and
H252Q, both located in the HA stem structure) which probably
increase its fusion pH (8). The R1561G and G1891R mutations in
the HA of our oseltamivir-resistant virus are located in the glob-
ular head of HA and most likely decrease the efficiency of binding
of HA to its cell receptor, thereby reducing the neuraminidase
dependency for virus release (18). An as-yet-unresolved yet in-
triguing observation is the E692G mutation in HA that was de-
tected after 15 virus passages in the presence of SA-19. This virus
manifested wild-type sensitivity to SA-19, amantadine, and osel-
tamivir and displayed no obvious replication defects. The Glu692

residue is located in the B-loop of HA that is relieved from the
prefusion state in the early steps of fusion activation (65). Since
the E692G mutant virus was equally sensitive to SA-19, we antic-
ipate that its appearance may be the result of an accidental muta-
tion. However, in order to definitely exclude a role for this Glu692

residue in the antiviral mode of action of SA-19, additional resis-
tance selection experiments should be performed.

In time-of-addition experiments, SA-19 lost its anti-influenza
virus activity when added at 1 h p.i., indicating that its target is
situated in the viral entry process. Our confocal microscopy stud-
ies demonstrated that, under our experimental conditions, the
influenza virus entered the nucleus of MDCK cells within 1 h p.i.
The consecutive stages in influenza virus entry consist of (i) HA-
mediated binding to sialylated glycan receptors; (ii) endocytosis of
the virus particle, presumably by the clathrin-mediated pathway
(although other clathrin-independent mechanisms have also been
proposed) (51); (iii) virus uncoating (due to M2 proton channel
activity) and low-pH-induced rearrangement of HA, resulting in
fusion of the viral and endosomal membranes and release of the
vRNP in the cytoplasm; and (iv) import of the vRNP into the
nucleus (6). To pinpoint which of these events are inhibited by
SA-19, appropriate mechanistic assays were performed. First, our
virus binding experiments at 4°C provided evidence that SA-19
has only a minor inhibitory effect on receptor-mediated virus
binding. The weak activity of SA-19 in both tests is in agreement
with our confocal microscopy data, showing that, in the presence
of SA-19, cellular uptake of the virus is not visibly inhibited,
whereas nuclear entry of the vRNP is completely blocked. More
specifically, SA-19-treated cells were found to contain NP-con-
taining aggregates outside the nucleus. This intense intracellular
NP staining demonstrates that SA-19 does not diminish the initial
uptake of influenza virus at the site of the plasma membrane. A
second possible mode of action for SA-19, i.e., prevention of the
low-pH-induced conformational change of HA (which is required
for fusion of the endosomal and viral membranes) is negated by
the lack of any inhibitory effect in the tryptic digestion assay with
virus particles or in the polykaryon assay in HA-expressing cells.

Furthermore, an aspecific inhibitory effect on endosomal acidifi-
cation was excluded by acridin orange staining. HA-mediated
membrane fusion requires a low-pH-induced and extensive rear-
rangement of the coiled regions in the HA stem structure and
extrusion of the conserved hydrophobic fusion peptide (6). The
role of fatty acid moieties attached to the cytoplasmic HA domain
is not entirely clear, although it is conceivable that these fatty acids
might play a role at a later stage in the membrane fusion process by
perturbing membrane lipid organization. Removal of the HA acy-
lation sites has been shown to impair HA-mediated syncytium
formation in some studies, whereas others have found contradict-
ing data (60). Taken together, our negative results in the binding
and fusion experiments contradict a direct interaction of SA-19
with either the receptor-binding site of HA or its regions involved
in membrane fusion (i.e., the fusion peptide, stem structure, or
fatty-acid-substituted intracellular domain). However, we do not
rule out that SA-19 may interact with a part of HA that is exposed
during endosome formation or trafficking. One argument in favor
of this hypothesis is the appearance of the E692G mutation in HA
after prolonged exposure to SA-19 (though not causing viral re-
sistance to the compound).

In the presence of SA-19, virus replication is arrested by the
formation of NP-containing aggregates in the cytoplasm which
exclude subsequent entry of the vRNPs into the nucleus. Interest-
ingly, this virus-trapping effect by SA-19 was shown to be revers-
ible, since the virus resumed its nuclear entry when SA-19 was
washed away after an initial 1-h incubation with the compound.
These data exclude the possibility that SA-19 could cause devia-
tion of the entering virus to an end-stage degradative (lysosomal)
compartment. Furthermore, irreversible (covalent) binding of
SA-19 to a cellular or viral factor can be eliminated. Finally, the
finding that SA-19 is readily removed from the cell by washing
suggests that its membrane transport may occur via passive diffu-
sion. The NP staining pattern in SA-19-treated cells (with the
characteristic formation of aggregates) was clearly distinct from
that seen with unrelated virus entry inhibitors, namely, the fusion
inhibitor 4c, which prevents the conformational change of HA at
low pH (59); bisindolylmaleimide I, a PKC inhibitor preventing
nuclear entry of the vRNP (45); and nucleozin, which causes pe-
rinuclear accumulation of NP complexes (24). The NP-contain-
ing aggregates formed in the presence of SA-19 are not located in
EEA1- or LBPA-positive endosomes. The EEA1 early endosome
marker used in our study is specifically associated with the cyto-
plasmic face of the early endosome membrane (63), whereas the
LBPA late endosome marker is present in the complex system of
internal membranes within the lumen of the late endosomes (27).
Since the virus trapped by SA-19 appears not to be located in early
or late endosomes, it may be blocked at (or deviated to) an inter-
mediate stage, such as recycling endosomes or multivesicular bod-
ies (MVBs) (17). To address this issue, we performed virus infec-
tion in cells after transient overexpression of Rab4, Rab5, Rab7,
Rab11, or the lysosomal marker LAMP-1. Rab GTPases are key
regulators of endocytic vesicle formation and trafficking (43).
Rab5 and Rab7, which regulate early and late endosome function,
respectively, have been implicated in influenza virus endocytic
trafficking (52). Strikingly, in virus-infected cells treated with SA-
19, we did not observe colocalization between the NP-containing
aggregates and any of the four Rab proteins or LAMP-1. It thus
appears that SA-19 deviates the virus to a vesicular compartment
which is separate from the dynamic endocytic sorting pathway
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(whether or not clathrin mediated) (47), which the virus depends
on for its uptake, low-pH-induced fusion, and endosomal release.
The most striking outcome of these colocalization experiments is
the lack of costaining with Rab5, since virtually all endocytic path-
ways seem to merge at this early endosomal regulator (31). The
most plausible interpretation is that SA-19 dysregulates the endo-
cytic uptake of the virus at the site of the plasma membrane by
capturing the entering virus in distinct vesicles. Support for this
hypothesis is given by our studies in HA- or VSV-G-pseudotyped
retroviral particles. Sieczkarski and Whittaker (52) demonstrated
that, while influenza virus requires trafficking to the late endo-
somes to undergo its acid-induced fusion, VSV entry proceeds
from the early endosomal compartment. This is consistent with
the notion that the conformational rearrangement of the VSV-G
fusion protein occurs at a higher pH than that of HA. The arrest of
VSV-G pseudoparticle transduction by SA-19 should thus occur
either before their uptake into or within the early endosomes. The
last possibility seems contradicted by our observation that (at least
for influenza virus) the arrest does not occur in Rab5- or EEA1-
positive vesicles. Thus, a disturbance effect of SA-19 during early
endocytic vesicle formation appears more plausible. In this re-
gard, it is relevant that the HA and VSV-G proteins also govern the
virus-receptor interaction, and, hence, our HA/NA or VSV-G-
bearing retrovirus particles most likely follow the same receptor-
mediated endocytic uptake mechanism as authentic influenza or
VSV virions. Another virus that was found to be strongly inhibited
by SA-19 is VZV (36). Although no mechanistic data for VZV are
yet available, we tend to speculate that SA-19 may interfere with
the receptor-mediated and low-pH-dependent endocytosis of
VZV (14, 19). The inhibitory activity of SA-19 against three unre-
lated viruses (i.e., influenza virus, VSV, and VZV), combined with
its high barrier for selection of resistant influenza virus, provides a
strong argument that SA-19 interacts with a cellular component
that is critically involved in the endocytic uptake of these hetero-
geneous viruses.

The chemical structure of SA-19 is reminiscent of that of the
new antibiotic oritavancin, a lipoglycopeptide derivative of van-
comycin carrying a p-chloro-phenylbenzyl side chain on the sugar
moiety (12). Due to its marked amphipathic character, oritavan-
cin is able to specifically interact with anionic phospholipids that
are enriched in the bacterial membrane, causing membrane per-
meabilization. Likewise, in the case of SA-19, the potentiating ef-
fect of the lipophilic phenylbenzyl substituent could be related to
a cell membrane binding effect. This effect, however, cannot be
the principal antiviral mode of action, since the aglycovancomy-
cin analogue carrying the same lipophilic substituent (SA-26) was
shown to be antivirally inactive, whereas unsubstituted aglycoris-
tocetin, lacking the lipophilic substituent, did show anti-influenza
virus activity. In addition, the finding that SA-19 was devoid of
any inhibitory effect in the polykaryon assay contradicts the no-
tion that SA-19 could act as a membrane fluidity modulator at the
level of the plasma membrane. To compare, the neutral glycolipid
compound fattiviracin (FV-8) was shown to be markedly active in
a cell-cell fusion assay in HIV-infected cells, and this inhibition
was attributed to its membrane fluidity-modulating effect (20).
On the other hand, an interaction of SA-19 with specific cell mem-
brane lipids appears plausible, since it would be in accordance
with the high selectivity index of SA-19 in influenza virus-infected
cells. Tentative proof for this is provided by our observations in a
pyrene excimer fluorescence-based fusion assay (10). When influ-

enza virosomes were preincubated with SA-19, prior to their acid-
ification to promote fusion with erythrocyte ghosts, premature
membrane destabilization was seen, since the pyrene excimer flu-
orescence was found to be decreased before the acidification took
place. We therefore hypothesize that the intracellular trapping of
influenza virus by SA-19 may (at least in part) be related to a
hydrophobic interaction between SA-19 and one or more cell
membrane (phospho)lipids. To validate this hypothesis, special-
ized biochemical techniques with model membranes would be
useful, provided that they sufficiently mimic the heterogeneous
composition of the outer or inner leaflet of the plasma membrane
or of the various endosomal membranes.

As an alternative, we performed transmission electron micros-
copy on SA-19-treated MDCK cells at 1 h p.i., in an attempt to
characterize the NP-containing aggregates formed in the presence
of SA-19. Under these conditions, we did not observe any signs of
aberrant vacuolization or formation of virus particle aggregates.
However, when SA-19 exposure was extended to 24 h, extensive
accumulation of multivesicular bodies (MVBs) was seen, inde-
pendent of whether the cells were virus infected or not (data not
shown). Under physiological conditions, MVBs are endocytic
sorting organelles intermediate between early and late endosomes
which are characterized by the presence of intraluminal vesicles
and have different functions related to protein sorting, recycling,
transport, storage, and release (40). Several pharmacological
agents (including the lipoglycopeptide oritavancin mentioned
above) are known to induce accumulation of MVBs, which, in the
case of oritavancin, appears to be related to a lipid storage disorder
(58). Whether SA-19 has similar effects on lipid storage is pres-
ently unknown. In addition, it is not clear whether the MVB ac-
cumulation induced by SA-19 (after 24 h of exposure to the com-
pound) is related to its anti-influenza virus activity, since its virus-
trapping effect was obtained in a much shorter time, i.e., within 1
h after incubation of the cells with virus and compound.

During the last several years, diverse approaches to design in-
hibitors of influenza virus entry have been proposed in the litera-
ture, namely, interference with HA-mediated receptor binding
(4); inhibition of HA-mediated membrane fusion (28, 46, 59);
inactivation of the viral envelope (64); nucleoprotein aggregation
(24); and inhibition of diverse cellular protein kinases (such as
protein kinase C) (45, 48). By comparing SA-19 to several of these
reference compounds in our mechanistic studies, we conclude
that the antiviral mode of action of SA-19 is clearly distinct from
any of these known concepts.

In summary, the lipophilic aglycoristocetin derivative SA-19
represents a broadly active inhibitor of influenza virus entry acting
on a step subsequent to binding but preceding nuclear entry of the
virus. SA-19 appears to reversibly disturb the endocytic uptake of
the virus by the host cell, causing virus trapping in a distinct ve-
sicular compartment that does not contain common markers of
early, late, or recycling endosomes. Further exploration of SA-19
or related analogues for their potential use in influenza virus ther-
apy is warranted.
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