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To date, there are few drugs licensed for the treatment of human cytomegalovirus (HCMV) infections, most
of which target the viral DNA polymerase and suffer from many drawbacks. Thus, there is still a strong need
for new anti-HCMV compounds with novel mechanisms of action. In this study, we investigated the anti-HCMV
activity of chemically sulfated derivatives of Escherichia coli K5 capsular polysaccharide. These compounds are
structurally related to cellular heparan sulfate and have been previously shown to be effective against some
enveloped and nonenveloped viruses. We demonstrated that two derivatives, i.e., K5-N,OS(H) and K5-
N,OS(L), are able to prevent cell infection by different strains of HCMV at concentrations in the nanomolar
range while having no significant cytotoxicity. Studies performed to elucidate the mechanism of action of their
anti-HCMV activity revealed that these compounds do not interact with either the host cell or the viral particle
but need a virus-cell interaction to exert antiviral effects. Furthermore, these K5 derivatives were able to inhibit
the attachment step of HCMV infection, as well as the viral cell-to-cell spread. Since the mode of inhibition of
these compounds appears to differ from that of the available anti-HCMV drugs, sulfated K5 derivatives could
represent the basis for the development of a novel class of potent anti-HCMV compounds. Interestingly, our
studies highlight that small variations of the K5 derivatives structure can modulate the selectivity and potency
of their activities against different viruses, including viruses belonging to the same family.

Human cytomegalovirus (HCMV) is a ubiquitous, opportu-
nistic pathogen that infects the majority of world’s population
(22). HCMV infection in the immunocompetent host is usually
benign and asymptomatic (except for occasional mononucleo-
sislike outcomes); however, primary infection or reactivation in
immunocompromised individuals such as AIDS patients or
transplant recipients represents a major concern, since these
conditions are often associated with high morbidity and mor-
tality (1). HCMV also represents the most common cause of
congenital defects in newborns.

To date, only few drugs have been approved for the man-
agement of HCMV infections (18). These are ganciclovir
(GCV) and its oral prodrug valganciclovir (VGCV), cidofovir
(CDV), and foscarnet (FOS). In addition, valacyclovir
(VACV) and fomivirsen (ISIS 2922) are used in certain coun-
tries for prophylactic therapy of transplant recipients and for
topical treatment of AIDS-related retinitis, respectively. All of
these drugs are endowed with several drawbacks, including
long-term toxicity, limited effectiveness, and poor bioavailabil-
ity (except for VACV and VGCV), and most of them share the
target. The latter feature can be a problem in the management
of emerging drug-resistant HCMV strains, since clinical strains
resistant to one of the anti-HCMV drugs may show cross-
resistance to the others. Furthermore, none of the current
anti-HCMV drugs has been approved for the treatment of
congenital infection. For all of these reasons, the efforts spent

in developing novel drugs to combat HCMV should be focused
in identifying safer compounds with targets different from
those of the currently licensed drugs.

The first events of the virus cycle, including attachment and
entry, represent an attractive target for the development of
novel antiviral compounds. In particular, in the case of HCMV
such inhibitors would block not only the expression of viral
immediate-early genes, whose products play a key role in the
pathogenesis of HCMV infection, but also the host immuno-
modulation and the changes to cell physiology induced by the
first events of virus infection (28).

In the last few years, many new drugs that act by blocking
virus entry have been developed (14, 15, 25). Among these,
some chemically sulfated derivatives of the K5 capsular poly-
saccharide from Escherichia coli have emerged as a promising
novel class of antiviral compounds. The K5 polysaccharide has
the same structure of N-acetyl-heparosan, the biosynthetic pre-
cursor of heparin. The addition of sulfate groups at the N or O
position of the sugars led to the synthesis of several derivatives
with different degrees of sulfation and charge distribution that
are analogs of heparan sulfate proteoglycans (HSPGs). HSPGs
are components of the cell membrane and play a key role in
the entry process of a number of pathogenic viruses. Impor-
tantly, these sulfated K5 derivatives are devoid of toxicity and
anticoagulant activity (24) and have already shown antiviral
activity against both enveloped and nonenveloped viruses, i.e.,
human immunodeficiency virus (HIV), herpes simplex virus
type 1 (HSV-1) and HSV-2, and human papillomaviruses
(HPVs) (17, 23, 32).

In the present study, we investigated the antiviral properties
of different K5 derivatives against HCMV and demonstrated
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that two N-/O-sulfated derivatives are able to inhibit potently
virus attachment and cell-to-cell spread.

MATERIALS AND METHODS

Compounds. K5 polysaccharide derivatives, i.e., K5-OS(L) (average molecular
weight [MW], 14,000; sulfate/carboxyl [SO3�/COO�] ratio, 1.41), K5-OS(H)
(MW, 11,000; sulfate/carboxyl ratio, 3.77), K5-NS (MW, 15,000; sulfate/carboxyl
ratio, 1.00), K5-N,OS(L) (MW, 13,000; sulfate/carboxyl ratio, 1.70), and K5-
N,OS(H) (MW, 15,000; sulfate/carboxyl ratio, 3.84) were obtained either by O
sulfation (K5-OS) or by N deacetylation/N sulfation (K5-NS) and O sulfation
(K5-N,OS) of a single batch of K5 polysaccharide as previously reported (16).
The 13C nuclear magnetic resonance (NMR) spectrum analysis, the sulfate/
carboxyl ratio analysis, and the MW determination of the different compounds
were performed as described previously (2, 3, 9). Unmodified unfractionated
beef mucosa heparin (MW, 15,000; sulfate/carboxyl ratio, 2.14) was obtained
from Laboratori Derivati Organici, Milan, Italy. All of the sulfated K5 deriva-
tives, as well as heparin, were solubilized in sterile water and stored at �20°C.
GCV was purchased from Sigma (catalogue no. G2536).

Cells and viruses. Human foreskin fibroblasts (HFFs), isolated at the Micro-
biology and Virology Unity of Padua University Hospital (Italy), and NIH 3T3
cells (ATCC CCL-92), purchased from the American Type Culture Collection
(ATCC; Manassas, VA), were maintained in Dulbecco modified Eagle medium
(DMEM; Life Biotechnologies, catalogue no. 41965) supplemented with 10%
fetal bovine serum (FBS; Life Biotechnologies, catalogue no. 10270), 100 U of
penicillin/ml, and 100 �g of streptomycin/ml (Sigma, catalogue no. P0781).
HCMV strain AD169 (ATCC VR-538) was purchased from the ATCC. HCMV
strain Towne (ATCC VR-2356) was kindly provided by L. Barzon, University of
Padua, Padua, Italy. HCMV TB40-UL32-GFP was kindly provided by C. Sinzger,
University of Tuebingen, Tuebingen, Germany. HCMV clinical isolates were
collected at the Microbiology and Virology Unity of Padua University Hospital
(Italy) from 2008 and 2009 and were all under passage 4 after primary isolation.
HCMV strains resistant to antiviral drugs were obtained from the NIH AIDS
Research and Reference Reagent Program (Rockville, MD). Murine cytomeg-
alovirus (MCMV) strain Smith was purchased from the ATCC (ATCC VR-194).

Cytotoxicity assays. The cytotoxicity of K5 derivatives and heparin in HFF
cells was determined as described previously (19), with minor modifications.
Briefly, HFFs were seeded at a density of 103 cells per well into 96-well plates,
allowed to attach, and treated with various concentrations of each compound in
triplicate for 120 h. Cell viability was then determined by the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma, catalogue no.
M2128) method.

Plaque reduction assays. HFFs or NIH 3T3 cells were seeded at a density of
1.5 � 105 cells per well or 2 � 105 per well, respectively, in 24-well plates. The
next day, the cells were infected at 37°C with HCMV or MCMV at 80 PFU per
well in DMEM in the presence of different concentrations of test compounds. At
2 h postinfection, the inocula were removed, the cells were washed, and media
containing various concentrations of each compound, 5% FBS, and 0.6% meth-
ylcellulose (MC) were added. All compound concentrations were tested at least
in duplicate. After incubation for 10 to 11 days (for HCMV) or 5 days (for
MCMV) at 37°C, the cell monolayers were stained with crystal violet, and viral
plaques were counted.

Attachment assays. The effects of K5 derivatives on HCMV attachment were
analyzed as previously described (20). Briefly, 100 PFU of HCMV AD169 and
various concentrations of K5 derivatives or heparin as a control were added to
HFF monolayers prechilled at 4°C and incubated for either 2 or 4 h at 4°C. Cells
were then washed to remove the compound and unattached virus, overlaid with
compound-free medium containing 0.6% MC, and incubated for 10 days at 37°C.
To confirm that incubation at 4°C allowed only viral attachment and not entry,
cells to which virus had been preattached at 4°C were treated for 1 min with
acidic citrate buffer (40 mM citrate, 10 mM KCl, 135 mM NaCl [pH 3.0]) to
inactivate attached but not yet penetrated virus, and then incubated with medium
containing 0.6% MC for 10 days at 37°C. This reproducibly resulted in 100%
inhibition of plaque formation in untreated cells (data not shown), indicating
that no virus had entered cells during the adsorption phase. Cells were then fixed
and stained with crystal violet, and plaques were counted.

Entry assays. To analyze the effects of K5 derivatives on the penetration of
preattached virions, a procedure already described (20) was followed. Briefly,
100 PFU of HCMV AD169 were added to prechilled HFF monolayers and
incubated for 2 h at 4°C to allow viral attachment. Cells were then washed to
remove unattached virus. Various concentrations of K5 derivatives diluted in
serum-free medium were added to the cells, and the temperature was shifted to
37°C for 2 h. The cells were then treated for 1 min with citrate buffer to inactivate

the virus that had not entered the cells, washed three times with phosphate-
buffered saline (PBS) to restore neutral pH, overlaid with medium containing
0.6% MC, and incubated for 10 days at 37°C. Plates were then fixed and stained
with crystal violet, and the plaques were counted. The plaque number derived
from cells incubated at 4°C with the virus but not treated was set as 100%.

Virus inactivation assays. To evaluate the virucidal activity of sulfated K5
derivatives on HCMV virions, a procedure based on that of Shogan et al. (27)
was followed, with minor modifications. Briefly, 2 � 105 PFU of HCMV AD169
were incubated with either K5-NS or K5-N,OS(H) derivative (concentrations
ranging from 1,667 to 0.17 nM) at 37°C for 1, 2, or 4 h. After incubation, samples
were five times 10-fold diluted to reach conditions well below the active concen-
trations, and then the amount of infectious virus in the lowest dilution was
titrated on fresh monolayers of HFF cells. The virus titer determined in samples
incubated at 37°C for 1, 2, or 4 h but not treated with compounds was set as
100%.

Cell pretreatment assays. To investigate the effects of pretreatment of HFF
cells with K5 derivatives on HCMV infectivity, HFFs were incubated with sul-
fated K5 derivatives at different concentrations for either 2 or 6 h at 37°C. At the
end of incubation, cells were extensively washed with PBS to remove K5 deriv-
atives and infected with HCMV AD169 according to the same protocol described
for plaque reduction assays (except for the absence of compounds during and
after infection). Cells were then incubated for 10 days at 37°C and successively
fixed and stained with crystal violet. Plaques were then counted.

Cell-to-cell spread inhibition assays. The ability of K5 derivatives to block
HCMV cell-to-cell spread was evaluated as previously described (11), with minor
modifications. Briefly, HFF cells seeded on coverslips in 24-well plates were
infected at a low multiplicity of infection (MOI; 0.003 PFU/cell) with HCMV
AD169 for 2 h at 37°C. After infection, virus that had not entered was inactivated
with acidic citrate buffer, and either K5-N,OS(H) or K5-NS diluted in DMEM
containing 2% FBS was added at different concentrations. Viral spread was
detected by indirect immunofluorescence as follows. Cells were incubated for 5
days at 37°C and then fixed for 15 min with 4% paraformaldehyde in PBS. The
samples were blocked with 4% FBS in PBS and reacted with a mouse anti-
HCMV immediate-early antigens (IEA) monoclonal antibody (MAb; clone E13
[Argene Biosoft], diluted 1:500). After incubation for 1 h at 37°C, coverslips were
washed thoroughly with PBS and incubated with a secondary goat anti-mouse
immunoglobulin G MAb conjugated to fluorescein isothiocyanate (Argene Bio-
soft, diluted 1:500) for 1 h at 37°C. The coverslips were then counterstained with
Evans blue dye (Sigma, catalogue no. 206364) prior to being washed with PBS,
mounted on slides by using 70% glycerol in PBS, and examined by using a Leica
TCS-NT/SP2 confocal microscope with a 20� objective. Images were then dig-
itally analyzed with Leica software. Uninfected monolayers were stained in
parallel to detect nonspecific reaction. The software ImageJ 1.43 (http://rsbweb
.nih.gov/ij) was used to quantify the plaque size.

RESULTS

Chemical features of K5 sulfated derivatives. K5 is a bacte-
rial polysaccharide whose structure is the same as the heparin/
heparan sulfate biosynthetic precursor, N-acetyl heparosan.
Structurally, it is formed by the repetition of D-glucuronic acid
�(1-4) linked to N-acetylglucosamine. Through the modifica-
tion of this starting material, the synthesis of derivatives that
differ in the number and position of the sulfate groups can be
pursued, thus mimicking the structure of the nonanticoagulant
heparan sulfates, the main components of proteoglycans. Ac-
cording to Casu et al. (4), different methods of sulfation can be
applied to K5 polysaccharide to obtain derivatives with differ-
ent structural characteristics (Table 1). In the present study,
two classes of O-sulfated compounds were considered, i.e., the
highly sulfated (H) and the low sulfated (L) derivatives, which
can be either 100% N acetylated [K5-OS(H) and K5-OS(L)] or
N sulfated [K5-N,OS(H) and K5-N,OS(L)]. In addition,
through N deacetylation/N sulfation of the K5 polysaccharide
the K5-NS derivative was obtained as previously described
(16).

Inhibition of HCMV replication by sulfated K5 derivatives.
The K5 derivatives were first examined for their effects on
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HCMV AD169 replication in HFF cells by a modified plaque
reduction assay in which test compounds were present in cell
medium both during and after virus adsorption. In these ex-
periments, GCV was included as a control for inhibition, while
the polysaccharide heparin, structurally related to HSPG and
known to prevent HCMV adsorption (12), was included for a
comparison. Consistent with previous results (12), heparin in-
hibited HCMV replication with a 50% effective concentration
(EC50) in the nanomolar range (EC50, 28.1 nM, Table 2). No
comparable effect on HCMV replication was observed when
infected cells were treated with K5 polysaccharide as well as
with its sulfated derivatives K5-NS, K5-OS(L), and K5-OS(H),
which all possess sulfate groups only at either N or O positions
(Table 2). In contrast, two derivatives characterized by sulfa-
tion at both N and O positions, i.e., K5-N,OS(L) and K5-
N,OS(H), impaired HCMV infection with EC50s in the nano-
molar range (EC50, 76.9 and 12.7 nM, respectively; Table 2),
with the highly N-/O-sulfated derivative showing the greater
inhibitory activity.

To exclude the possibility that the antiviral activity of K5-
N,OS(L) and K5-N,OS(H) derivatives might be due to cyto-
toxicity, the effects on uninfected HFF cells of all K5 deriva-
tives were investigated by MTT assays. As reported in Table 2,
all compounds did not exhibit toxic effects, at least in the range
of the examined concentrations, thus resulting in a very favor-
able selectivity index for the active compounds.

K5-N,OS(L) and K5-N,OS(H) affect the first events of
HCMV replication cycle. In order to elucidate the nature of
the antiviral properties of the active K5 derivatives, we exam-
ined their effects on the early stages of viral infection, i.e.,
attachment and entry. First, we evaluated the inhibition of
HCMV plaque formation when sulfated K5 derivatives were
present for either 2 or 4 h only during viral attachment at 4°C
(a condition that is known to allow virus adsorption only) and
removed before virus entry. As a positive control, the suscep-
tibility of viral attachment to heparin was tested. As previously
reported (12), heparin was able to inhibit virus attachment
potently (EC50, 8.7 nM; Table 3). Consistent with the results
obtained in plaque reduction assays, K5 and some of the sul-
fated K5 derivatives tested [i.e., K5-NS, K5-OS(L) and K5-
OS(H)] were determined to be inactive, whereas both K5-
N,OS(L) and K5-N,OS(H) efficiently prevented HCMV
attachment to HFF cells (EC50, 22.3 and 2 nM, respectively)
after both 2 and 4 h of incubation (Table 3 and data not
shown).

Next, to test the effects of the K5 derivatives on viral entry,
experiments were performed in which HCMV was allowed to
preattach to cells at 4°C in the absence of compound; various
concentrations of test compounds were then added, and in-
fected cells were shifted to 37°C for 2 h to permit virus entry.
As shown in Table 3, under these experimental conditions the

TABLE 1. Chemical features of sulfated K5 derivatives

Compound MW SO3
�/COO�

ratio

Chemical composition (%)

Glc-NSO3
� Glc-6SO3

� GlcA-OSO3
� GlcA2,3SO3

�a Nonsulfated GlcA

K5 30,000 0 0 0 0 0 100
K5-NS 15,000 1.00 100 0 0 0 100
K5-OS(L) 14,000 1.41 0 90 �10 0 �90
K5-OS(H) 11,000 3.77 0 100 0 100 0
K5-N,OS(L) 13,000 1.70 100 90 �10 0 �90
K5-N,OS(H) 15,000 3.84 100 100 30 70 0

a GlcA2SO3
� or GlcA3SO3

�.

TABLE 2. Antiviral activity against HCMV AD169 and cytotoxicity
of K5 derivatives

Compound Antiviral activity
(EC50, nM)a

Cytotoxicity
(CC50, nM)b SIc

K5 �833 �3,333 �4
K5-NS �1,667 �6,667 �4
K5-OS(L) �1,785 �7,142 �4
K5-OS(H) �2,227 �9,090 �4
K5-N,OS(L) 76.9 � 30.8 �7,690 �100
K5-N,OS(H) 12.7 � 10.1 �3,333 �262
Heparin 28.1 � 10.7 �6,667 �237
GCV 1,900 � 200 550,000 � 75,000 289

a That is, the compound concentration that inhibits 50% of plaque formation,
as determined by modified plaque reduction assays against HCMV AD169 in
HFF cells as described in Materials and Methods. Reported values represent the
means � the SD of data derived from at least three independent experiments in
performed duplicate.

b That is, the compound concentration that produces 50% of cytotoxicity, as
determined by MTT assays in HFF cells. Reported values represent the means
� the SD of data derived from at least three independent experiments per-
formed in quadruplicate.

c SI, selectivity index (determined as the ratio between CC50 and EC50).

TABLE 3. Effects of K5 derivatives on attachment and
entry of HCMV

Compound

Mean EC50 (nM) � SD

Attachment inhibition
assaya

Entry inhibition
assayb

K5 ND ND
K5-NS 1,133 � 707 �1,667
K5-OS(L) 1,142 � 100 ND
K5-OS(H) �2,272 ND
K5-N,OS(L) 22.3 � 12.3 1,154 � 138
K5-N,OS(H) 2.0 � 0.7 333 � 100
Heparin 8.7 � 7.3 �1,667

a That is, a compound concentration that inhibits 50% of plaque formation, as
determined by attachment inhibition assays against HCMV AD169 in HFF cells.
The results presented here were obtained when test compounds were present for
2 h during virus attachment at 4°C; similar results were obtained when com-
pounds were present for 4 h (data not shown). The reported values represent the
means of data derived from at least three independent experiments performed in
duplicate. ND, not determined.

b That is, a compound concentration that inhibits 50% of plaque formation, as
determined by entry inhibition assays against HCMV AD169 in HFF cells.
Reported values represent the means of data derived from at least three inde-
pendent experiments performed in duplicate. ND, not determined.
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K5-N,OS(H) and K5-N,OS(L) derivatives exhibited EC50s
�100-fold higher than those observed when the compounds
were present only during virus adsorption.

The sulfated K5 derivatives do not exhibit virucidal activity
against HCMV. Next, we investigated whether K5 derivatives
could exert their antiviral activity by inactivating HCMV par-
ticles. Therefore, virus inactivation assays with the most active
derivative, i.e., K5-N,OS(H) and the inactive compound
K5-NS as a control, were performed in which 2 � 105 PFU of
HCMV AD169 were incubated at 37°C with different concen-
trations of test compounds for 1, 2, or 4 h. After incubation,
samples were diluted well below the active concentrations and
the infectivity of preincubated virions was assayed. As shown in
Fig. 1, in the presence of either compound there was no de-
tectable loss of infectivity, since virus titers of samples treated
with either K5-N,OS(H) or K5-NS were comparable to those
determined in untreated samples. Similar results were ob-
tained incubating HCMV virions with the compounds at 4°C
(data not shown).

Cell pretreatment with sulfated K5 derivatives does not
affect HCMV replication. To gain further insights on K5 de-
rivatives mode of action, we investigated whether they could
exert antiviral activity by interacting with a cellular compo-
nent(s). To do this, we preincubated HFFs for either 2 or 6 h
with different concentrations of either the active compounds

K5-N,OS(H) and K5-N,OS(L), the inactive compound K5-NS,
or heparin as a control. After incubation, the cells were exten-
sively washed to ensure the complete removal of test com-
pounds from the media and infected with HCMV. As shown in
Fig. 2, the pretreatment of cells with all compounds did not
produce any inhibitory effect on the viral plaque formation,
suggesting that, upon treatment, HFF cells remained suscep-
tible to viral infection.

K5-N,OS(H) inhibits cell-to-cell spread of HCMV. Then, we
wanted to investigate whether K5-N,OS(H) was able to block
the cell-to-cell transmission of HCMV. For this, HFFs infected
with HCMV in the absence of compounds were incubated with
medium containing either K5-N,OS(H) or the inactive deriv-
ative K5-NS as a negative control. After 5 days, virus spreading
was evaluated by indirect immunofluorescence. As shown in
Fig. 3A, K5-N,OS(H) was able to block the transmission of
HCMV from a single originally infected cell to neighboring
cells in a dose-dependent manner. In contrast, K5-NS, when
added after the entry of HCMV, did not block virus spread, as

FIG. 1. Effects of pretreatment of HCMV virions with sulfated K5
derivatives on virus infectivity. HCMV AD169 was incubated at 37°C
for 1, 2, or 4 h with either K5-N,OS(H) (A) or K5-NS (B). The virus
(2.5 � 105 PFU) was then five times 10-fold diluted and titrated on
fresh HFF monolayers. The data shown represent the means � the
standard deviations (SD) of data of three independent experiments
performed in triplicate. FIG. 2. Effects of pretreatment of HFF cells with sulfated K5 de-

rivatives on HCMV replication. HFFs were incubated with either sul-
fated K5 derivatives or heparin as a control at 37°C for either 2 (A) or
6 (B) h; the compounds were then removed from cell media, and cells
were infected with HCMV AD169. The data shown are expressed as a
percentage of the plaque number determined in treated samples with
respect to the untreated mock-infected samples and represent the
means � the SD of three independent experiments done in duplicate.
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demonstrated by the high number of IEA-positive cells per
focus observed at all tested compound concentrations. To eval-
uate quantitatively these observations, the sizes of the infected
foci were measured. A statistically significant reduction in the
plaque size with respect to infected, untreated cells was ob-
served in infected cells treated with K5-N,OS(H) from 66.7 nM
upward (Fig. 3B); in contrast, the control compound K5-NS
did not exert any effect on viral plaque formation at either
tested concentration (Fig. 3B).

K5-N,OS(H) inhibits the replication of different HCMV
strains and also of MCMV. Next, we wanted to evaluate the
antiviral properties of the most active derivative against
HCMV other than the laboratory AD169 strain. Thus, the
antiviral activity of K5-N,OS(H) was evaluated against the
HCMV strains Towne and TB40, as well as against a panel of
clinical isolates recovered from infected patients. The EC50s of
this K5 derivative against the selected viruses were in the same
range of that obtained for the AD169 strain (compare Table 4
and Table 2), suggesting that the antiviral properties of this
compound do not depend on virus strain. Furthermore, K5-
N,OS(H) was also able to block MCMV replication in infected

NIH 3T3 cells (Table 4) with EC50s similar to those observed
for HCMV.

K5-N,OS(H) retains activity against viruses resistant to an-
ti-HCMV drugs. Finally, since the emergence of drug-resistant
HCMV strains is becoming a problem of major concern in the

FIG. 3. Effects of sulfated K5 derivatives on cell-to-cell spread of HCMV. (A) HFFs were infected with HCMV AD169 (MOI, 0.003 PFU/cell)
in the absence of compounds (HCMV) or not infected (Mock). Either K5-N,OS(H) or K5-NS was then added at different concentrations, and cells
were incubated for 5 days at 37°C. Viral cell-to-cell spread was assessed by indirect immunofluorescence with an anti-IEA MAb. (B) Fifteen
representative infected foci per concentration were analyzed with ImageJ software to determine the viral plaques size in the presence of the test
compounds. The data shown represent the means � the SD. The asterisks denote a statistically significant difference (*, P � 0.05; **, P � 0.001).

TABLE 4. Antiviral activity of K5-N,OS(H) against different HCMV
laboratory strains, HCMV clinical isolates, and MCMV

Virus straina Mean antiviral activity
(EC50, nM) � SDb

HCMV Towne....................................................................18.5 � 6.5
HCMV TB40......................................................................17.2 � 6.5
HCMV 389025U* ..............................................................32.0 � 2.5
HCMV 395909A* ..............................................................20.4 � 7.2
HCMV 388438U* ..............................................................29.2 � 3.8
MCMV Smith.....................................................................31.1 � 8.3

a *, Clinical isolate.
b That is, a compound concentration that inhibits 50% of plaque formation, as

determined by modified plaque reduction assays against different HCMV strains
or MCMV as described in Materials and Methods. The reported values repre-
sent the means of data derived from at least three independent experiments
performed in duplicate.
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management of HCMV-infected patients, we tested the activ-
ity of the most active derivative, i.e., K5-N,OS(H), against
viruses resistant to the current licensed anti-HCMV drugs
GCV, CDV, and FOS. As reported in Table 5, K5-N,OS(H)
retained full antiviral activity against both GCV- and FOS-
resistant viruses, as well as against the multiple drug-resistant
virus GDGrP53 (29).

DISCUSSION

HCMV remains one of the major causes of life-threatening
diseases in immunocompromised individuals; furthermore, it
also represents one of the most common causes of congenital
defects. The few drugs approved for the treatment of HCMV
infections are becoming insufficient due to their toxicity in the
context of prolonged antiviral therapy and to the emergence of
drug-resistant strains. Furthermore, none of the currently
available anti-HCMV drugs is suitable for use during preg-
nancy and for treatment of congenital infection. Therefore, the
development of new anti-HCMV drugs with improved efficacy
and novel mechanisms of action is still a priority.

In the present study, we report the identification of two
compounds structurally related to the heparan sulfate moiety
of cellular HSPG, i.e., K5-N,OS(H) and K5-N,OS(L), that
prevent the entry process and cell-to-cell spread of HCMV.
Importantly, the most active of these compounds, K5-
N,OS(H), is able to inhibit potently the replication not only of
laboratory HCMV strains but also of a panel of clinical viral
isolates recovered from infected patients. Furthermore, thanks
to the different mechanism of action, K5-N,OS(H) retains an-
tiviral activity also against HCMV strains resistant to the anti-
HCMV drugs currently used for therapy, thus suggesting that
it may represent an alternative therapeutic option in the case
of resistance outcomes.

These compounds arise from a novel class of antiviral sub-
stances, the sulfated derivatives of E. coli capsular polysaccha-
ride K5, characterized by broad-spectrum activity against a
number of enveloped and nonenveloped viruses (25). In line
with this, the K5-N,OS(H) derivative, which potently blocks
HCMV infection, is also an efficient inhibitor of other viruses
such as HSV-1 and -2, genital HPVs, and HIV-1 (17, 23, 32).
Thus, K5-N,OS(H) may represent a new, broad-spectrum an-
tiviral compound. On the other hand, structural variations of
antiviral sulfated polysaccharides, including K5 derivatives,
have been shown to modulate their potency and specificity

(25). Consistently, the anti-HCMV activity of sulfated K5 de-
rivatives appears to depend both on sulfation degree [the
amount of sulfate groups on the molecule correlated with
anti-HCMV activity, since the highly sulfated K5-N,OS(H) was
more efficient in preventing HCMV infection than the less
sulfated derivative K5-N,OS(L)], and on distribution of sulfate
groups. In fact, our results indicate that the presence of sulfate
groups at both the N and the O position of the sugar backbone
is required for potent anti-HCMV activity, because com-
pounds with O-sulfate groups only [i.e., (K5-OS(H) and K5-
OS(L)] or N-sulfate groups only (i.e., K5-NS) showed an anti-
HCMV activity much lower than that of the N,O-sulfated
compounds (see Table 2). In addition, a certain selectivity of
K5 derivatives is evident; in fact, in contrast to the results
obtained for HCMV, the O-sulfated K5-OS(H) derivative pre-
vented the replication of HIV and HPVs as efficiently as K5-
N,OS(H) (17, 32). Remarkably, our work also highlights that
differences can exist in the activity of K5 derivatives against
viruses more closely related. In fact, while the low sulfated
compound K5-N,OS(L) exhibited an EC50 against HCMV in
the nanomolar range, its EC50 against HSV-1 was in the mi-
cromolar range (23).

Studies to gain deeper insights into the nature of the anti-
HCMV activity of sulfated K5 derivatives suggested that they
might affect a step in the attachment/entry process of HCMV
in which viral and cellular components are interacting and then
undergoing either a conformational modification or the trans-
fer from HSPGs to a more stable, still unknown, cellular re-
ceptor, events which have been proposed to take place during
HCMV entry (5). This hypothesis is supported by several lines
of evidence. First, K5-N,OS(L) and K5-N,OS(H) appeared to
interfere with the adsorption of HCMV virions in attachment
inhibition assays with a potency similar to that of heparin,
which has been shown to prevent HCMV infection by compet-
ing with cellular HSPGs for binding to virion components. It is
known that HSPGs mediate HCMV attachment to the host
cell and provide the initial binding site for components of the
viral envelope (5). Thanks to the structural resemblance to
HSPGs, sulfated K5 polysaccharide derivatives could likely
exert antiviral activity by interfering with the interactions be-
tween viral glycoproteins and HSPGs that occur during attach-
ment and consequently preventing the virus penetration into
the host cell. Second, HFFs pretreated with different K5 de-
rivatives remained fully susceptible to HCMV infection, thus
excluding that these compounds could act by stably interacting
with a cellular component(s) and preventing its/their interac-
tion with viral glycoproteins, as it has been reported for other
anti-HCMV compounds (21, 26). Third, preincubation of
HCMV virions with the active sulfated K5 derivatives did not
result in loss of infectivity, suggesting that the antiviral activity
of the compounds does not rely on inactivation of virion com-
ponent(s), as it has been reported for some antiherpetic com-
pounds endowed with virucidal activity (8, 10, 27). Thus, K5-
N,OS(H) and K5-N,OS(L) seem not to interact with either
cellular or viral components alone, but rather a virus-cell in-
teraction appears to be required for their antiviral activity.

Interestingly, the K5-N,OS(H) derivative is not only able to
interfere with the virus entry process, but it also efficiently
prevents cell-to-cell spread of HCMV in a dose-dependent
manner at nontoxic concentrations. Such antiviral properties

TABLE 5. Antiviral activity of K5-N,OS(H) against drug-resistant
HCMV strains

HCMV strain Reference Drug resistance Antiviral activity
(EC50, nM)a � SD

AD169 None 12.7 � 10.1
759rD100 29 GCV 16.5 � 6.2
PFArD100 30 PFA, ACV 21.3 � 7.5
GDGrK17 31 GCV 18.9 � 9.2
GDGrP53 29 CDV, GCV 20.1 � 4.3

a That is, a compound concentration that inhibits 50% of plaque formation as
determined by modified plaque reduction assays against drug-resistant HCMVs
as described in Materials and Methods. Reported values represent the means of
data derived from at least three independent experiments in performed dupli-
cate.
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might be useful in the clinical setting, where K5-N,OS(H)
might be able to prevent both cell-to-cell spread, which repre-
sents the predominant route of transmission for HCMV in vivo
(1), and the transmission of cell-free virus, which is often
present in body fluids at high titers. Pharmacokinetic and bio-
availability studies are necessary to understand whether K5
derivatives could be administered parenterally and/or per-
orally. Taken as a group, sulfated polysaccharides are poorly
bioavailable, although some of them can be adsorbed after oral
administration (6). The parenteral route seems more promis-
ing for the K5 derivatives. We do not expect high toxicity since
their structure is similar to that of heparin but, unlike heparin,
they are devoid of anticoagulant activity (24). Moreover, for
one of them, K5-OS(H), a preliminary toxicology study was
performed that evaluated acute toxicity in mice and a 50%
lethal dose of �1 g/kg was found (P. Oreste, unpublished
results). Finally, a previous study reported that intravenous
administration of a sulfated polysaccharide (i.e., curdlan sul-
fate) to HCMV-infected individuals resulted in anti-HCMV
activity with low toxicity (7). For all this, K5 derivatives are
promising candidates for the development of a novel class of
potent anti-HCMV compounds. However, the species specific-
ity of HCMV infection often makes it difficult to determine the
efficacy of an anti-HCMV compound in an animal model.
MCMV infection of mice is a well-established model for pre-
clinical evaluation of anti-CMV agents (13). Our finding that
K5 derivatives are active against MCMV infection in vitro
paves the way for further studies aimed at investigating the
antiviral efficacy of some K5 derivatives in MCMV-infected
mice.
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