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The ubiquitin-like ISG15 protein, as well as its conjugating enzymes, is induced by type I interferons
(IFNs). Experiments using ISG15 knockout (ISG15�/�) mice established that ISG15 and/or its conjuga-
tion inhibits the replication of influenza A virus. However, in contrast to the virus inhibition results for
mice, the rates of virus replication in ISG15�/� and ISG15�/� mouse embryo fibroblasts in tissue culture
were similar. Here we focus on human tissue culture cells and on the effect of ISG15 and/or its conjugation
on influenza A virus gene expression and replication in such cells. We demonstrate that IFN-induced
antiviral activity against influenza A virus in human cells is significantly alleviated by inhibiting ISG15
conjugation using small interfering RNAs directed against ISG15-conjugating enzymes. IFN-induced
antiviral activity against influenza A virus protein synthesis was reduced 5- to 20-fold by suppressing
ISG15 conjugation. The amounts of the viral proteins that were restored by these siRNA treatments were
approximately 40 to 50% of the amounts produced in cells that were not pretreated with IFN. Further, we
show that ISG15 conjugation inhibits influenza A virus replication 10- to 20-fold at early times after
infection in human cells. These results show that ISG15 conjugation plays a substantial role in the
antiviral state induced by IFN in human cells. In contrast, we show that in mouse embryo fibroblasts
ISG15 conjugation not only does not affect influenza A virus replication but also does not contribute to the
IFN-induced antiviral activity against influenza A virus gene expression.

Virus infection activates the synthesis of type I interferons
(IFN-� and IFN-�), which induce the synthesis of a large array
of proteins, many of which play crucial roles in the antiviral
response (1). One of the most strongly induced proteins is
ISG15, a 15-kDa ubiquitin-like protein that becomes conju-
gated to many cellular proteins (6, 8, 9, 12, 18, 22, 26, 30).
Three of the human enzymes that catalyze this conjugation, the
UbE1L E1 enzyme, the UbcH8 E2 enzyme, and the Herc5 E3
enzyme, are also induced by IFN-� (4, 10, 26, 27, 29). Although
it had been reported that UbcH8 functions in both ISG15 and
ubiquitin conjugation (3, 10, 13, 25, 28, 29), a recent study
demonstrated that UbcH8 is unlikely to function in ubiquitin
conjugation in vivo for two reasons: Km measurements re-
vealed that the E1 ubiquitin-activating enzyme, unlike UbE1L,
exhibits very low affinity for UbcH8, and UbcH8 is poorly, if
not at all, expressed in the absence of IFN treatment, indicat-
ing that UbcH8 functions only during the IFN response (5). A
large number of human proteins that are targets for ISG15
conjugation have been identified (22, 26, 30). Most of these
targets are constitutively expressed proteins that function in
diverse cellular pathways, but several of the targets are IFN-
�/-�-induced antiviral proteins.

Because the NS1 protein of influenza B virus (NS1B) was
shown to bind ISG15 and inhibit its conjugation to target
proteins, it was proposed that ISG15 and/or its conjugation is
inhibitory to the replication of influenza B virus (27). Subse-

quently, experiments using ISG15 knockout (ISG15�/�) mice
established that ISG15 and/or its conjugation inhibits the rep-
lication of not only influenza B virus but also influenza A virus
(16). For example, at one of the inoculum levels employed for
influenza A virus, 52% of the ISG15�/� mice died, whereas a
significantly smaller percentage, 23%, of the ISG15�/� mice
died. However, the effect of ISG15 and/or its conjugation on
influenza A virus replication was not detected in mouse em-
bryo fibroblasts (MEFs) in tissue culture. MEFs supported
only very limited replication of influenza A virus, and there was
no significant difference in virus replication between ISG15�/�

and ISG15�/� MEFs (16). These investigators postulated that
influenza A virus replication was probably selectively spared in
other cell types of the ISG15�/� mouse. A subsequent study
showed that ISG15 conjugation exerts its antiviral action
against influenza B virus (and presumably against influenza A
virus) in radioresistant stromal cells of the mouse (14). How-
ever, an antiviral effect of ISG15 conjugation against influenza
A virus has not yet been demonstrated in mouse cells in tissue
culture.

In the present study we focus on human tissue culture cells
and on the effect of ISG15 and/or its conjugation on the rep-
lication of influenza A virus in such cells. We show that IFN-
induced antiviral activity against influenza A virus in human
cells is significantly alleviated by inhibiting ISG15 conjugation
using small interfering RNAs (siRNAs) against ISG15-conju-
gating enzymes. Our results show that both the synthesis of
viral proteins and the early rate of virus replication are inhib-
ited by ISG15 conjugation. In contrast, we show that in MEFs
ISG15 conjugation not only does not affect influenza A virus
replication but also does not contribute to IFN-induced anti-
viral activity against influenza A virus gene expression.
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MATERIALS AND METHODS

Cells and viruses. A549 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum (FBS), and Calu3 cells
(23, 24) were maintained in Advanced MEM (Invitrogen) containing 10% FBS.
ISG15 wild-type (ISG15�/�) and ISG15�/� MEFs were kindly provided by
Deborah J. Lenschow (Washington University, St. Louis, MO) (16). MEFs were
grown in DMEM supplemented with 10% heat-inactivated FBS, 2 mM L-glu-
tamine, 100 units/ml penicillin, and 100 �g/ml streptomycin. Influenza
A/Udorn/72 (Ud) virus stocks were grown in 10-day-fertilized eggs, and virus
titers were determined by plaque assays of Madin-Darby canine kidney (MDCK)
cells. For single-cycle virus infections, human cells (A549 or Calu3 cells) or
MEFs were infected with the Ud virus at a high multiplicity of infection (MOI)
of 5 PFU/cell. Infected cells were incubated in DMEM containing 2% fetal calf
serum (A549 cells and MEFs) or OptiMEM (Invitrogen) containing 2% fetal calf
serum (Calu3 cells).

siRNA knockdowns. All siRNA duplexes were purchased from Invitrogen and
resuspended in diethyl pyrocarbonate-treated water to a final storage concen-
tration of 20 �M. The siRNA for UbcH8 has been described previously (29).
Three different siRNAs for ISG15 and UbE1L were purchased. Because all three
were effective, we will specify only one for each of the two targets: ISG15,
AAUCUUCUGGGUGAUCUGCGCCUUC; UbE1L, UAGUGCUGGCGUC
UCAGUUUCUCCU. siRNA transfection was performed on 80% confluent
A459 or Calu3 cells. The control siRNA, Stealth RNA interference negative
control (medium G/C), was obtained from Invitrogen. The cells were trypsinized,
washed, and resuspended in serum- and antibiotic-free OptiMEM at 3 � 105 to
6 � 105 cells/ml. Approximately 106 cells were seeded into one well of a six-well
tissue culture plate immediately before siRNA transfection. The Xtreme siRNA
transfection reagent (Roche) was used for all the siRNA transfections, which
were performed in accordance with the manufacturer’s protocol. Final concen-
tration of each siRNA was 20 nM, except for the ISG15 and UbE1L double
knockdown, where 40 nM of the UbE1L siRNA and 60 nM of the ISG15 siRNA
were used. siRNA-transfected cells were incubated in serum- and antibiotic-free
OptiMEM for 24 h at 37°C. The culture medium was replaced with DMEM
supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 100 units/ml
penicillin, and 100 �g/ml streptomycin for A549 cells or Advanced MEM with
10% FBS and penicillin-streptomycin-glutamine for Calu3 cells. Human IFN-�
(1,000 units/ml) (Betatheron; Berlix Co.) was added where indicated. Cells were
mock or IFN-� treated for 24 h prior to influenza A virus infection.

Quantitative immunoblots. Collected cells were extracted in radioimmuno-
precipitation assay buffer (50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 1% NP-40;
0.5% sodium deoxycholate; 0.1% sodium dodecyl sulfate) supplemented with
Complete protease inhibitor (Roche). Proteins (30 �g/sample) were separated
on 12% polyacrylamide-sodium dodecyl sulfate gels and transferred onto an
Immobilon-FL polyvinylidene difluoride membrane (Millipore) by a semidry
transfer method at 0.8 mA/cm2. The resulting blots were incubated with 5%
nonfat dried milk in phosphate-buffered saline (PBS) at room temperature for
1 h to minimize nonspecific binding of antibodies. Primary antibodies were
diluted in 5% milk in PBS plus 0.2% Tween 20 (PBST solution). The following
primary antibodies were used: rabbit anti-human ISG15, which was prepared by
Cocalico Biologics using recombinant glutathione S-transferase–human ISG15
as the antigen; goat anti-Ud NS1A protein; rabbit antibody against the major
structural proteins of the Ud virus, which detects the hemagglutinin (HA), NP,
and M1 (matrix) proteins, provided by Robert A. Lamb (2); rabbit antibody
against UbcH8 (Abgent); mouse antitubulin antibody; and rabbit antibody
against mouse ISG15, provided by Ivan Horak and Klaus-Peter Knobeloch (21).
Blots were incubated with the primary antibody at room temperature for 1 h or
at 4°C overnight. Two procedures were used to quantitate the levels of individual
proteins. In one procedure, the blots were washed four times with PBST at room
temperature and were then incubated in 5% milk (PBST solution) at room
temperature for an hour with a fluorescent-dye-conjugated secondary antibody:
Alexa Fluor 680 goat anti-rabbit immunoglobulin G (IgG) (Invitrogen), Dylight
800 goat anti-mouse IgG (Rockland Immunochemical), or Dylight 680 donkey
anti-goat IgG (Rockland Immunochemical). After being washed four times with
PBST and two times with PBS, the membranes were analyzed with a Odyssey
scanner and Li-Cor software. The same protein samples were also subjected to
a standard Western blot analysis using enhanced chemiluminescence reagents.
Quantitation was carried out by scanning the films and analyzing the scans using
ImageJ software (NIH). Tubulin levels were used to correct for gel loading
differences. In fact, tubulin levels varied by at most 10% in each analysis. The
same results were obtained by the two quantitation procedures. For the quanti-
tation of the level of ISG15 conjugates, it was possible to use only the second
procedure.

Northern blots. Cells were collected, and total RNA was extracted with Trizol
reagent (Invitrogen). RNA (10 �g) was resolved on 1.2% agarose gel and was
then transferred and UV cross-linked onto a nylon membrane (Nytran; What-
man Schleicher & Schuell). To prepare the 32P-labeled probe for NS1A mRNA,
the PCR product of the full-length NS gene was used as the template. Random
primers were produced by the Klenow fragment of DNA polymerase I in the
presence of [�-32P]dCTP (11). After hybridization, signal strength was deter-
mined by scanning the activated phosphor imaging screen (Bio-Rad) using Ty-
phoon Trio (GE Healthcare) and analyzed by ImageQuant software.

RESULTS

siRNA knockdown of ISG15 conjugation alleviates the IFN-
induced inhibition of influenza A virus gene expression. The
basic experimental design of our experiments with human cells
is diagrammed at the top of Fig. 1. Human cells were treated
with a high level of IFN-� (1,000 units/ml) for 24 h to achieve
efficient ISG15 conjugation. As a control, a different set of cells
was not treated with IFN. Twenty-four hours prior to IFN
treatment, the cells were transfected with siRNA(s) directed
against an enzyme in the ISG15 conjugation pathway to selec-
tively suppress IFN-induced ISG15 conjugation. As a control,
another set of cells was treated with a control siRNA. After the
successive siRNA and IFN treatments, the cells were infected
with Ud virus at a high MOI, 5 PFU/cell, for 8 h, and the
synthesis of viral proteins and RNAs was measured by immu-
noblotting and Northern blotting as described below.

We first targeted UbE1L, the E1 enzyme in ISG15 conjuga-
tion (27). However, siRNA knockdown of UbE1L in human
epithelial lung A549 cells alone did not achieve efficient inhi-
bition of ISG15 conjugation, and it was necessary to add a
siRNA directed against ISG15 itself. As analyzed from an
immunoblot, the combination of these two siRNAs effectively
inhibited most (�90%) IFN-induced ISG15 conjugation (Fig.
1, compare lanes 3 and 4 of the ISG15 Western blot). In
contrast, the reduction in free ISG15 was much less (�20%).
Consequently, it was not clear why it was necessary to add the
siRNA directed against ISG15 to achieve efficient inhibition of
ISG15 conjugation. As shown later, efficient inhibition of IFN-
induced free ISG15 was obtained in a different human cell line,
Calu3 cells (see Fig. 3). By inhibiting ISG15 conjugation in
A549 cells with the UbE1L and ISG15 siRNAs, the synthesis of
the viral NS1A, HA, NP, and M1 proteins was partially rescued
(Fig. 1, NS1A and Udorn Western blots). The amounts of the
NS1A, NP, and M1 proteins in the cells transfected with these
two siRNAs (lane 4) were approximately five- to sevenfold
higher than those in the cells transfected with the control
siRNA (lane 3). The difference was consistently higher for HA,
approximately 20-fold (compare lanes 3 and 4), because HA
synthesis was more strongly inhibited by IFN treatment than
that of the other three viral proteins (compare lane 3 to lanes
1 and 2). The amount of the restored viral proteins, including
HA, was approximately 50% of the amount produced in in-
fected cells not treated with IFN (compare lane 4 to lanes 1
and 2), indicating that ISG15 conjugation plays a substantial
role in the antiviral state induced by IFN in human cells. A
similar restoration (�40%) of the synthesis of NS1A mRNA
was observed in the cells treated with the two specific siRNAs,
as assayed by Northern analysis. Consequently, we concluded
that ISG15 conjugation inhibits the synthesis of several influ-
enza A viral proteins and at least one viral mRNA.
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To establish that ISG15 conjugation rather than free ISG15
mediated the inhibition of viral protein synthesis, we used an
siRNA that targeted UbcH8, the E2 enzyme in ISG15 conju-
gation (5, 10, 29). The UbcH8 siRNA effectively inhibited
UbcH8 protein production and ISG15 conjugation (greater
than 95% and 85%, respectively), whereas no effect on the
accumulation of free ISG15 was detected (Fig. 2A). We deter-
mined the effect of the UbcH8 siRNA on the synthesis of the
NS1A protein. The amount of the NS1A protein in the cells

transfected with the UbcH8 siRNA (lane 4) was approximately
12-fold higher than that in the cells transfected with the control
siRNA (lane 3), and the amount of rescued NS1A protein was
approximately 40% of the amount of the NS1A protein in
infected cells not treated with IFN (compare lane 4 to lanes 1
and 2). Similar results were obtained for other viral proteins
(data not shown). These results verify that IFN-induced ISG15
conjugation rather than IFN-induced free ISG15 is primarily
responsible for the inhibition of the synthesis of influenza A
virus proteins in human cells.

The inhibition of influenza A virus gene expression by
ISG15 conjugation in human cells is sufficient to result in
inhibition of virus replication at early times of infection. To
determine whether ISG15 conjugation inhibits the replication
of influenza A virus in human cells, we screened several human
cell lines to identify the cell line that afforded the highest rate
of influenza A virus replication during single-cycle growth.
Calu3 cells (24) were chosen. Remarkably, progeny virus was
detected as early at 2 h after infection of Calu3 cells with 5
PFU/cell of the Ud virus, and a 40-fold increase in virus titer
had already occurred by 4 h postinfection (Fig. 3A). The linear
phase of virus replication continued until at least 8 h postin-
fection, at which time 107 PFU/ml were produced. Virus yield
at 8 h varied been 107 and 7 � 107 PFU/ml.

We determined whether the UbE1L and ISG15 siRNAs also
effectively inhibited ISG15 conjugation in Calu3 cells. Unex-
pectedly, transfection of Calu3 cells with the control siRNA in
the absence of IFN treatment induced the production of a
substantial amount of free ISG15 as well as a small amount of
ISG15 conjugation (Fig. 3B, lane 1), which was not observed in
A549 cells (Fig. 1, lane 1). The UbE1L and ISG15 siRNAs in
Calu3 cells strongly inhibited the production of free ISG15 as
well as the ISG15 conjugation that occurred in the absence of
IFN (Fig. 3B, compare lanes 1 and 2). The amount of free
ISG15 in cells transfected with these two siRNAs (lane 2) was
only 10% of that in cells transfected with the control siRNA
(lane 1). IFN treatment coupled with transfection of the con-
trol siRNA led to a substantial (10-fold) increase in both the
production of free ISG15 and ISG15 conjugation compared to
transfection of the control siRNA alone (compare lanes 3 and
1). The UbE1L and ISG15 siRNAs reduced the IFN-induced
production of free ISG15 and ISG15 conjugation 12- and
8-fold, respectively, and the amounts of the HA, M1, and
NS1A proteins synthesized in cells transfected by these two
siRNAs were 6- to 8-fold higher than those in cells transfected
with the control siRNA (compare lanes 3 and 4). The amounts
of these three viral proteins that were rescued by the UbE1L
and ISG15 siRNAs were approximately 50% of the amounts
produced in the absence of IFN treatment (compare lane 4 to
lanes 1 and 2). Consequently, the overall effects of these two
siRNAs on the rescue of viral protein synthesis after IFN
treatment were similar to the effects in A549 cells.

Based on these results, we measured the rate of virus repli-
cation in IFN-treated Calu3 cells that had been transfected
with either the control siRNA or the UbE1L and ISG15
siRNAs (Fig. 3C). A clear difference between the effects of
these two transfections was seen at early times after infection:
the rate of virus replication during the first 4 h of infection in
cells transfected with the UbE1L and ISG15 siRNAs was ap-
proximately 10- to 20-fold greater than that in cells transfected

FIG. 1. siRNA knockdown of UbE1L in A549 cells inhibits ISG15
conjugation and causes a 5- to 20-fold increase in the synthesis of
several viral proteins during influenza A virus infection. The experi-
mental design is shown at the top. Extracts collected 8 h after Ud virus
infection of cells subjected to the indicated treatments were analyzed
by immunoblotting (WB) using antibodies against the indicated pro-
teins. Quantitation of the immunoblots was carried out as described in
Materials and Methods. In addition, the RNA extracted from these
extracts was analyzed by a Northern blotting (NB) for the amount of
NS1A mRNA as described in Materials and Methods.
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with the control siRNA. At 6 h postinfection, the rate of virus
replication in cells transfected with either the control siRNA or
the UbE1L and ISG15 siRNAs leveled off, presumably reflect-
ing the inhibition of virus replication by IFN-induced antiviral
proteins other than ISG15 conjugates. We were able to detect
this inhibition of influenza A virus replication by IFN-induced
ISG15 conjugation at early times of infection because of the
remarkably early rapid rate of virus replication in Calu3 cells.

IFN-induced ISG15 conjugation in MEFs does not contrib-
ute to IFN-induced antiviral activity against influenza A virus
gene expression. Although replication of influenza A/WSN/33
(WSN) virus was shown to be enhanced in ISG15�/� mice
compared to that in ISG15�/� mice, it was not enhanced in
ISG15�/� MEFs in tissue culture (16). In these experiments
ISG15�/� and ISG15�/� MEFs, which were not pretreated
with IFN, were infected with an intermediate MOI of 0.1
PFU/cell. Similar, but minimal levels of replication of the WSN
virus in ISG15�/� and ISG15�/� MEFs were observed. How-
ever, it was not determined whether significant ISG15 conju-
gation occurred in the virus-infected ISG15�/� MEFs in the
absence of IFN pretreatment. Further, these investigators
measured only the production of infectious virus and hence
could have missed effects on virus gene expression that did not
result in significant effects on virus yield.

To address these issues, we treated ISG15�/� and ISG15�/�

MEFs with a high level of mouse IFN-� for 24 h, followed by
influenza A (Ud) virus infection at high MOI (5 PFU/cell) and
determined whether influenza A virus gene expression was
enhanced in ISG15�/� MEFs compared to ISG15�/� MEFs
(Fig. 4). Viral gene expression was determined by monitoring
the synthesis of the HA, NP, M1, and NS1A proteins. Whereas
substantial amounts of these viral proteins were synthesized in
both ISG15�/� and ISG15�/� MEFs in the absence of IFN

treatment (lanes 1 and 2), only small amounts of the these
proteins were produced in both sets of MEFs that had been
pretreated with IFN (lanes 3 and 4). Essentially the same small
amounts of these viral proteins were synthesized in the two sets
of MEFs that were pretreated with IFN. Similar results were
obtained using the mouse-adapted WSN virus (data not
shown). An immunoblot using antibody against mouse ISG15
(21) showed that large amounts of ISG15 conjugates were
produced in IFN-treated ISG15�/� MEFs (Fig. 3, lane 3).
These results show that IFN-induced conjugation of the large
number of proteins in ISG15�/� MEFs does not contribute to
the IFN-induced antiviral activity against influenza A virus.
Consequently, IFN-induced antiviral proteins other than
ISG15 conjugates must be responsible for the strong inhibition
of influenza A virus gene expression in both ISG15�/� and
ISG15�/� MEFs.

DISCUSSION

IFN-�/-� treatment of human cells induces the synthesis
of ISG15 and three of its conjugating enzymes, resulting in
the conjugation of a large number of proteins (4–6, 9, 10, 12,
18, 22, 26, 27, 29, 30). In the present study we demonstrated
that IFN-induced ISG15 conjugation inhibits influenza A
virus gene expression in human cells in tissue culture. By
siRNA-mediated depletion of either of two enzymes
(UbE1L and UbcH8) that catalyze ISG15 conjugation, we
demonstrated that inhibition of ISG15 conjugation in hu-
man cells causes a 5- to 20-fold reduction in IFN-induced
antiviral activity against influenza A virus protein synthesis.
The amounts of the viral proteins that were restored by this
siRNA treatment were substantial, specifically, 40 to 50% of
the amounts produced in cells that were not pretreated with

FIG. 2. siRNA knockdown of UbcH8 in A549 cells inhibits ISG15 conjugation and causes a 12-fold reduction in the IFN-induced antiviral
activity against the synthesis of the NS1A protein during influenza A virus infection. (A) Extracts of cells transfected with a siRNA against UbcH8
or a control siRNA, followed by IFN-� treatment for 24 h, were analyzed by immunoblotting (WB) using antibody against UbcH8, ISG15, or
tubulin. (B) Extracts collected 8 h after Ud virus infection of cells subjected to the indicated treatments were analyzed by quantitative
immunoblotting using antibody against the viral NS1A protein or against tubulin.
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IFN. The results obtained with the siRNA against UbE1L
did not rule out the possibility that the effects were due to
free ISG15 as well as ISG15 conjugation because it was
necessary to include a siRNA against ISG15 to obtain effi-
cient knockdown of ISG15 conjugation. In contrast, the
results obtained with a siRNA against UbcH8 alone estab-
lished that IFN-induced ISG15 conjugation rather than
IFN-induced free ISG15 is primarily responsible for the
inhibition of the synthesis of influenza A virus proteins in
human cells. Nonetheless, these results do not rule out the
possibility that free ISG15 may have an additional antiviral
activity against influenza A virus in human cells.

Further, we showed that inhibition of influenza A virus gene
expression by ISG15 conjugation in human cells is sufficient to
result in inhibition of virus replication at early times of infec-
tion. We used Calu3 cells for these experiments because these
cells afforded a remarkably early rapid rate of influenza A virus
replication. The rate of virus replication during the first 4 h of
infection in Calu3 cells transfected with the UbE1L and ISG15
siRNAs was approximately 10- to 20-fold greater than that in
cells transfected with the control siRNA. This difference dis-
appeared at subsequent times after infection because virus
replication essentially ceased at 6 h postinfection whether the
cells were transfected with the UbE1L and ISG15 siRNAs or
with the control siRNA. We interpret these results as indicat-

ing that ISG15 conjugation is the predominant IFN-induced
antiviral activity acting at early times of influenza A virus
infection, whereas other IFN-induced antiviral proteins act
predominately at later times to cause the cessation of virus
replication. Based on this interpretation, it is reasonable to
propose that ISG15 conjugation targets early events in influ-
enza A virus replication.

In contrast, we show that in one type of mouse cell, MEFs,
IFN-induced ISG15 conjugation does not contribute to the
IFN-induced antiviral activity against influenza A virus gene
expression. It was shown previously that similar, albeit mini-
mal, levels of replication of influenza A virus occurred in
ISG15�/� and ISG15�/� MEFs (16). In the present study, we
treated both of these sets of MEFs with mouse IFN to induce
the production of large amounts of ISG15 conjugates in the
ISG15�/� MEFs, but not in the ISG15�/� MEFs, and deter-
mined whether viral protein synthesis during a subsequent
influenza A virus infection was inhibited to a greater degree in
the ISG15�/� MEFs. Essentially the same small amounts of
viral proteins were synthesized in the two sets of MEFs that
were pretreated with IFN. We conclude that IFN-induced an-
tiviral proteins other than ISG15 conjugates are responsible
for the strong inhibition of influenza A virus gene expression in
both ISG15�/� and ISG15�/� MEFs. These results demon-
strate a fundamental difference between MEFs and human

FIG. 3. Inhibition of IFN-induced ISG15 conjugation in Calu3 cells by siRNA knockdown of UbE1L leads to a significant increase in the rate
of influenza A virus replication at early times after infection. (A) Single-cycle growth curve for Ud virus in Calu3 cells. (B) Extracts of cells collected
8 h after Ud virus infection of Calu3 cells subjected to the indicated treatments were analyzed by immunoblotting (WB) using antibodies against
the indicated proteins. Quantitation of the immunoblots was carried out as described in Materials and Methods. (C) Calu3 cells were transfected
with either ISG15 and UbE1L siRNAs or a control siRNA and 24 h later were treated with 1,000 units/ml IFN-�. After an additional 24 h at 37°C,
the two sets of cells were infected with 5 PFU/cell of the Ud virus, and the amounts of virus produced at 2, 4, 6, and 8 h postinfection were
determined by plaque assays of MDCK cells.
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cells in tissue culture with respect to the role of ISG15 conju-
gation in the IFN-induced antiviral activity against influenza A
virus. In mice the anti-influenza virus activity caused by ISG15
conjugation apparently occurs primarily in radioresistant stro-
mal cells (14). It will be of interest to determine whether
influenza A virus infection of such mouse cells in tissue culture
exhibits the same sensitivity to IFN-induced ISG15 conjugation
as that exhibited in human tissue culture cells.

Recent studies have shown that ISG15 has antiviral activities
against other viruses. In the case of human immunodeficiency
virus type 1 and Ebola virus, the antiviral function is most likely

mediated by free ISG15 alone, which suppresses the ubiquiti-
nation of viral proteins that is required for efficient virus re-
lease (17, 19, 20). In contrast, ISG15 conjugation is responsible
for the antiviral activity against Sindbis virus (7, 15), which is
predominately the case for influenza A virus, as shown in the
present study.

ISG15 conjugation could exert its antiviral activity against
influenza A virus by two mechanisms that may not be mutually
exclusive. In one mechanism, ISG15 conjugation of cellular
target proteins, e.g., the previously identified antiviral MxA
and p56 protein targets (30), is required for, or at least strongly
enhances, their antiviral activities. In a second mechanism,
ISG15 conjugation of a viral protein(s) inhibits one or more of
its essential functions. Based on the present study, human cells
in tissue culture should provide tractable systems to delineate
the mechanisms by which ISG15 conjugation inhibits influenza
A virus replication.
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