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The suppressor of cytokine signaling 1 (SOCS-1) protein modulates cytokine signaling by binding to and
inhibiting the function of Janus kinases (JAKs), ErbB, and other tyrosine kinases. We have developed a small
tyrosine kinase inhibitor peptide (Tkip) that binds to the autophosphorylation site of tyrosine kinases and
inhibits activation of STAT transcription factors. We have also shown that a peptide corresponding to the
kinase-inhibitory region of SOCS-1, SOCS1-KIR, similarly interacts with the activation loop of JAK2 and
blocks STAT activation. Poxviruses activate cellular tyrosine kinases, such as ErbB-1 and JAK2, in the
infection of cells. We used the pathogenesis of vaccinia virus in C57BL/6 mice to determine the ability of the
SOCS-1 mimetics to protect mice against lethal vaccinia virus infection. Injection of mice intraperitoneally
with Tkip or SOCS1-KIR containing a palmitate for cell penetration, before and at the time of intranasal
challenge with 2 X 10° PFU of vaccinia virus, resulted in complete protection at 100 pg. Initiation of treatment
1 day postinfection resulted in 80% survival. Administration of SOCS-1 mimetics by the oral route also
protected mice against lethal effects of the virus. Both SOCS1-KIR and TKip inhibited vaccinia virus tran-
scription and replication at early and possibly later stages of infection. Vaccinia virus-induced phosphorylation
of ErbB-1 and JAK2 was inhibited by the mimetics. Protected mice mounted a strong humoral and cellular
response to vaccinia virus. The use of SOCS-1 mimetics in the treatment of poxvirus infections reveals an

endogenous regulatory system that previously was not known to have an antiviral function.

Poxviruses are complex, large, double-stranded DNA viruses
that replicate in the cytoplasm of the cell. The variola strain of
poxviruses is responsible for some of the most devastating
pandemics in the history of mankind and is estimated to have
caused up to 500 million smallpox deaths worldwide in the 20th
century (16, 22). Remarkably, global immunization has essen-
tially eradicated smallpox, but with discontinuation of vaccina-
tion for more than several decades, the world population is
highly vulnerable to reintroduction of the virus either acciden-
tally or deliberately.

Poxviruses are highly adept at evading host innate defense
mechanisms because of the many poxvirus evasion genes (7,
23). There are, for example, greater than 18 proteins that are
produced by poxviruses that interfere with a variety of host
defense factors. The interferon (IFN) system is particularly
ineffectual in inhibiting poxviruses such as vaccinia virus, where
both type I and type II IFNs are inactivated by virus-induced
decoy receptors (7, 23).

We have circumvented the neutralizing effects of vaccinia
virus IFN-y decoy receptor B8R by the development of a
small-peptide mimetic of IFN-y that functions intracellularly
(1-3). The only antiviral drug that has been approved for the
treatment or prevention of poxvirus infections is an acyclic
nucleoside phosphonate called cidofovir (6, 12, 16, 27, 29).
Cidofovir is not effective orally and may cause renal toxicity.
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Thus, there is much interest in other therapeutics. Recently, it
was shown that inhibitors of key cellular tyrosine kinases could
reduce the virulence and lethality of poxvirus infection (28,
35), which suggests a novel approach to thwarting the patho-
genicity of these viruses. Specifically, the Abl tyrosine kinase
inhibitor Gleevec protected mice against lethal vaccinia vi-
rus infection (28), while the epidermal growth factor (EGF)
receptor ErbB-1 inhibitor CI-1033 similarly protected mice
against vaccinia virus (35). Neither kinase inhibitor interfered
with vaccinia virus replication, but Gleevec inhibited the re-
lease of extracellular enveloped virus (EEV) from actin tails
(28). Vaccinia virus and variola virus code for EGF-related
growth factors called vaccinia virus growth factor (VGF) and
smallpox virus growth factor (SPGF), respectively (9, 17).
These growth factors act on ErbB-1 and are important for virus
replication and release (9, 10, 26, 32). In this regard, the kinase
inhibitors, through their action on ErbB-1, may block down-
stream effects of ErbB-1 by inactivating other kinases such as
Src. A different kind of drug called ST-246 has recently been
shown to have therapeutic effects against vaccinia virus infec-
tions in mice (34). ST-246 was discovered by high-throughput
screening of thousands of compounds. Among the drugs men-
tioned here, the IFN mimetic is unique in that it is directly
related to the endogenous IFN antiviral pathway of the host
defense (1-3).

We have developed small-peptide mimetics of the negative
cytokine regulatory protein suppressor of cytokine signaling 1
or SOCS-1, which is another approach to the development of
a novel endogenous antiviral pathway (13, 14, 33). These ty-
rosine kinase inhibitor peptides, similar to SOCS-1, inhibit the
Janus kinase JAK2, as well as ErbB-1. One mimetic corre-
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TABLE 1. Amino acid sequences of the peptides used in this study
and alignment with SOCS5-KIR*

Peptide Sequence

SOCS1-KIR S3DTHFRTFRSHSDYRRI

SOCS1-KIR2A ... >3DTHFATFASHSDYRRI
WKVH-TQIDY
WLVF-FVIFYFFR
WLVFFVIAYFAR
WLVAAVIAYFAA

IFN-y(95-106)... 95 AKFEVNNPQVQR

IFN-y(95-132)... 95 AKFEVNNPQVQORQAFNELIRVVHQLLPESSLR
KRKRSR

“All of the peptides were synthesized with an attached lipophilic group,
palmitic acid, for cell penetration. SOCS1-KIR2A and Tkip2A are alanine sub-
stitution-containing mutant forms of SOCS1-KIR and Tkip, respectively, that do
not show any biological activity. IFN-y(95-106) is a truncated form of IFN-y(95-
132) and lacks any biological activity. The SOCS5-KIR sequence is presented for
comparison with the Tkip sequence. Identical residues in SOCS5-KIR and Tkip,
as described by Nicholson and colleagues (11), are in boldface type.

sponds to the kinase-inhibitory region (KIR) of SOCS-1 and is
referred to as SOCS1-KIR (36). The other was developed
based on hydropathic complementarity to the autophosphory-
lation site of JAK2 and is referred to as the tyrosine kinase-
inhibitory peptide or Tkip (13, 14). We thus examined whether
SOCS1-KIR and Tkip could inhibit vaccinia virus replication in
cell culture, as well as blockage of lethal vaccinia virus infec-
tion of mice. JAK2 is of particular interest, since tyrophostin
AG490, an inhibitor of JAK2 and other kinases, has been
shown to inhibit myxoma virus replication (21). Our data show
that SOCS1-KIR and Tkip are effective inhibitors of lethal
vaccinia virus infection. Additionally, unlike Gleevec and CI-
1033, these JAK inhibitors blocked the production of infec-
tious vaccinia virus particles and not simply the release of
EEV. Thus, the SOCS-1 mimetics may represent potent ther-
apeutics against poxviruses. Recently, it has been suggested
that the host response to poxvirus infection may contribute to
virus pathology via overproduction of cytokines, resulting in a
“cytokine storm,” which ends up causing more harm than the
virus itself (16, 30). Negative regulators of cytokines, such as
SOCS1-KIR and Tkip, may have a role in suppressing this
cytokine storm via inhibition of kinases such as JAK2.

MATERIALS AND METHODS

Cells and virus. BSC-40, 1929, and WISH cells were obtained from the
American Type Culture Collection (Manassas, VA) and propagated on Dul-
becco modified Eagle medium with 10% fetal bovine serum. All cells were grown
at 37°C in a humidified atmosphere with 5% CO,. The vaccinia virus Western
Reserve strain was a kind gift from Richard Condit (University of Florida).
Vaccinia virus was grown, titrated on BSC-40 cells, and purified on a sucrose
gradient as described previously (5).

Peptides. The sequences of the peptides used in this study are presented in
Table 1. These peptides were synthesized on an Applied Biosystems 9050 auto-
mated peptide synthesizer by conventional 9-fluorenylmethoxy carbonyl chem-
istry as described previously (31). The addition of a lipophilic group (palmitoyl-
lysine) to the N terminus of the synthetic peptide was performed as a last step by
a semiautomated protocol. Peptides were characterized by mass spectrometry
and purified by high-pressure liquid chromatography.

Binding assays. Binding assays were performed as previously described (13),
with minor modifications. Tkip, Tkip2A, SOCS1-KIR, SOCS1-KIR2A, and a
control peptide were bound to 96-well plates in binding buffer (0.1 M sodium
carbonate-sodium bicarbonate [pH 9.6]) at 3 wg/well. The wells were washed
three times in wash buffer (0.05% Tween 20 in Tris-buffered saline) and incu-
bated in blocking buffer (2% gelatin and 0.05% Tween 20 in phosphate-buffered
saline [PBS]) for 1 h at room temperature. Wells were then washed three times
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and incubated with various concentrations of biotinylated JAK2(1001-1013) for
1 h at room temperature. Following incubation, wells were washed five times and
bound biotinylated peptides were detected with horseradish peroxidase (HRP)-
conjugated neutravidin (Molecular Probes, Eugene, OR) and o-phenylenedi-
amine (OPD) in stable peroxidase buffer (Pierce, Rockford, IL). The chromo-
genic reaction was stopped by the addition of 2 M H,SO, (50 ul) to each well.
Absorbance was measured at 490 nm with a 450 microplate reader (Bio-Tek,
Winooski, VT). Similar binding assays were performed with an antibody enzyme-
linked immunosorbent assay (ELISA). Briefly, peptides were bound as described
above; this was followed by washing and blocking for 1 h. Wells were then washed
three times and incubated with various concentrations of SOCS1-KIR for 1 h at
room temperature. Following incubation, wells were washed five times, serum
obtained from rabbits immunized with SOCS1-KIR peptide conjugated to key-
hole limpet hemocyanin (GenScript Corporation, Piscataway, NJ) was added,
and the mixture was incubated for 1 h at room temperature. Wells were washed
five times and incubated with a goat anti-rabbit immunoglobulin G (IgG)-HRP
conjugate (Santa Cruz Biotechnology, Santa Cruz, CA); this was followed by
washing and addition of OPD. The chromogenic reaction was stopped by the
addition of 2 M H,SO, (50 wl) to each well. Absorbance was measured at 490 nm
with a 450 microplate reader.

Western blot analysis. Western blot analysis was carried out to determine
whether Tkip and SOCS1-KIR inhibited the phosphorylation of the STAT sub-
strate by the various JAKs in cultured cells. Cells were incubated with various
concentrations of lipophilic Tkip, Tkip2A, SOCS1-KIR, SOCS1-KIR2A, or a
control peptide for 2 h, after which IFN was added and the cells were incubated
for an additional 2 h. The cells were washed in cold PBS and harvested in
radioimmunoprecipitation assay buffer containing protease and phosphatase in-
hibitor cocktails (Santa Cruz). Protein concentration was measured with a bicin-
choninic acid assay kit (Pierce), and lysates were resolved by 12% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto
nitrocellulose membranes, and probed with various antiphosphotyrosine anti-
bodies. The membranes were then stripped and reprobed with the indicated
antiprotein antibodies. All of the antibodies used were from Santa Cruz Bio-
technology. Scanning of band intensity was carried out with Image J software
from NIH.

Mice. All of the animal protocols used were approved by the Institutional
Animal Use and Care Committee at the University of Florida. Female C57BL/6
mice (6 to 8 weeks old) were purchased from Jackson Laboratories (Bar Harbor,
ME). Peptides dissolved in PBS in a volume of 100 wl were administered intra-
peritoneally (i.p.). For oral administration of the peptides, the indicated amounts
of peptide in 0.5 ml PBS were given with a feeding needle. I.p. administration of
vaccinia virus was done in a volume of 100 pl. For intranasal administration,
vaccinia virus was taken in a volume of 10 wl, and 5 pl was delivered into each
of the nostrils of a lightly anesthetized mouse. Following infection, mice were
observed daily for signs of disease such as lethargy, ruffled hair, weight loss, and
eye secretions. Moribund mice were euthanized and counted as dead.

Measurement of intracellular and extracellular vaccinia virus formation.
BSC-40 cells were seeded and grown overnight to confluence. Peptides at the
concentrations indicated were added to cells, which were incubated for 1 h and
then infected with vaccinia virus at a multiplicity of infection (MOI) of 5 for 1 h.
This was followed by addition of growth medium containing the same amount of
peptides as before and incubation for the time periods indicated. Supernatants
were harvested, and the cells were scraped into 0.2 ml of cell lysis buffer con-
sisting of 50 mM Tris-HCI (pH 7.5), 250 mM NaCl, 0.1% NP-40, 50 mM NaF,
and 5 mM EDTA and then subjected to three cycles of freeze-thawing and
sonication. The virus titers in the supernatants (extracellular) and cell extracts
(intracellular) were measured by plaque assay on BSC-40 cells.

Measurement of vaccinia virus-specific cellular response by proliferation as-
say. Spleens obtained from naive mice or mice that recovered at the times
indicated were homogenized to a single-cell suspension. Splenocytes (10° cells
per well) were incubated with medium alone or medium containing UV-inacti-
vated vaccinia virus at 37°C for 96 h. The cultures were then pulsed with [*H]thy-
midine (1 nCi/well; Amersham Biosciences) for 8 h before harvesting onto filter
paper discs with a cell harvester. Cell-associated radioactivity was counted with
a scintillation counter.

Measurement of vaccinia virus-specific cellular response by IFN-y ELISPOT
assay. CD4 depletion of splenocytes from naive mice or mice that recovered was
carried out with the L3T4 antibody bound to Dynabeads (Invitrogen, Carlsbad,
CA). An enzyme-linked immunospot (ELISPOT) assay was carried out with a kit
from Mabtech USA. Briefly, CD4-depleted cells (10° per well) were seeded into
a microtiter plate that had previously been coated with an antibody to IFN-y and
incubated in the absence or presence of increasing amounts of purified vaccinia
virus for 24 h at 37°C. After washing, diluted monoclonal antibody was added,
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the mixture was incubated for 2 h and washed, and streptavidin-HRP was added.
After 1 h at room temperature, the wells were washed, 3,3'5,5'-tetramethylben-
zidine substrate was added, and absorbance was measured in a plate reader.

Measurement of anti-vaccinia virus antibody response by ELISA. Microtiter
plates were coated with 10° PFU of purified, UV-inactivated (900,000 wJ/cm? for
5 min in a DNA cross-linker) vaccinia virus in 100 pl of binding buffer (carbon-
ate-bicarbonate [pH 9.6]) overnight at 4°C. Plates were blocked for 2 h at room
temperature with PBS containing 5% fetal bovine serum. Mouse serum was
serially diluted in PBS containing 0.1% Tween 20 (wash buffer). A 0.1-ml volume
of the diluted serum was added to each well. The plate was incubated for 2 h at
room temperature and washed three times with wash buffer. Peroxidase-conju-
gated goat anti-mouse IgA (a chain specific) or IgG (y chain specific) (both from
Santa Cruz Biotechnology, Santa Cruz, CA), diluted in a volume of 0.1 ml, was
added to each well, and the plates were incubated for 1 h and washed five times
with wash buffer. OPD in a volume of 0.1 ml was added, and the mixture was
incubated for 15 min. The reaction was stopped by the addition of 50 wl of 3 N
HCI. The optical density at 490 nm was determined with a microtiter plate
reader.

Measurement of vaccinia virus-neutralizing antibodies. A plaque reduction
assay was carried out to test the ability of antibodies to inhibit viral infection of
target cells, by the procedure previously described (15). BSC-40 cells were
seeded to confluence in a six-well plate the day before the assay. Sera obtained
from mice on the days indicated were heated at 56°C for 30 min to inactivate the
complement. Purified vaccinia virus (100 PFU) was incubated with a known
dilution of serum at 37°C for 1 h and then added to BSC-40 cells. One hour later,
the virus-containing medium was replaced with fresh medium containing 0.5%
agarose and 0.01% neutral red. Three days later, the plaques were counted. The
number of plaques in wells with vaccinia virus alone was taken as 100%. The
percent reduction in other treatments carried out in triplicate was measured and
is presented as the average and standard deviation.

Western blot analysis for JAK2 and EGFR. For the Western blot assays shown
below (see Fig. 9), cells were treated with 25 puM SOCS-1 mimetic or a control
peptide for 1 h and then infected with vaccinia virus (MOI of 5) for the times
indicated. Cells were washed in PBS and harvested in radioimmunoprecipitation
assay buffer containing protease inhibitor cocktail (Santa Cruz Biotechnology,
Santa Cruz, CA). Protein concentration was measured with a bicinchoninic acid
assay kit from Pierce (Rockford, IL). Protein (50 wg of each) was immunopre-
cipitated with phosphotyrosine antibody, electrophoresed on an acrylamide gel,
transferred to an Immobilon-P filter, and probed with the antibodies indicated.
HRP-conjugated antibodies were used. Detection was by chemiluminescence
(Pierce). All of the antibodies used were from Santa Cruz Biotechnology. Scan-
ning of band intensity was carried out with Image J software from NIH.

Quantitative RT-PCR. BSC-40 cells were treated with Tkip, SOCS1-KIR, or a
control peptide or mock treated for 1 h and then infected with vaccinia virus
(MOI of 5) for 1 h. The virus was washed away, and the cells were incubated for
18 h in the presence of peptides. Total RNA was extracted with Trizol reagent
(Invitrogen, Carlsbad, CA) and treated with DNase (Invitrogen, Carlsbad, CA)
to remove contaminating DNA. One microgram of total RNA was used to
synthesize the first strand of cDNA with the random hexamer and the reagents
provided in a reverse transcriptase kit from Bio-Rad (Hercules, CA). The cDNA
was diluted 1:100, and 1 pl of the diluted cDNA was taken in a 50-pl reaction
mixture with primers and a PCR mixture containing SYBR green (Bio-Rad,
Hercules, CA) and used for PCR in a Mini Opticon thermal cycler (Bio-Rad,
Hercules, CA). The following conditions were used. Initial denaturation was
carried out at 94°C for 5 min and followed by 45 cycles of denaturation at 94°C
for 30 s, annealing at 55°C for 30 s, and polymerization at 72°C for 30 s. This was
followed by incubation at 72°C for 7 min. The following primers were used. Early
transcription was followed with primers from the D12L gene (forward primer
5'-GAACGCATGTCCTTCTTCCA-3' and reverse primer 5'-CATGTCGGT
CGGCATTCTAT-3"). The A1L gene was used for intermediate gene transcrip-
tion (forward primer 5'-GGGTGGTGAAGTTGGGTATT-3" and reverse
primer 5'-CTTCCGTAAACGCCGTCTTT-3'). For late gene transcription, A7L
primers were used (forward primer 5'-CGCGTCCGATATAGGAAAGA-3' and
reverse primer 5'-CATTCCCGCGTCAGATTGAA-3"). For actin transcription,
forward primer 5'-GGACTTCGAGCAAGAGATGG-3' and reverse primer 5'-
AGCACTGTGTTGGCGTACAG-3" were used. The expression of early, inter-
mediate, and late genes was normalized to the levels of actin gene expression,
and the relative levels of different transcripts were analyzed with the Genex
software from Bio-Rad (Hercules, CA).

Statistical analysis. All experimental data on mouse studies were measured
for statistical significance by the Kaplan-Meier survival curve and the log rank
test with the GraphPad Prism software from GraphPad Software, Inc., San
Diego, CA.
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FIG. 1. Hydropathic profiles of the JAK kinase JAK2 and TYK2
autophosphorylation sites and sequence alignment. (a) Hydropathic
profiles of murine JAK2 and TYK2 as determined by the Kyte-
Doolittle hydropathic plot (18) with a window of three amino acids.
The two JAKs have similar, but not identical, profiles, suggesting
similar structures. (b) Alignment of the amino acid sequences of the
autophosphorylation sites of murine JAK kinases JAK2 and TYK2.

RESULTS

SOCS1-KIR and Tkip recognition of autophosphorylation
sites of different JAKs with biotinylated peptides. SOCS-1 has
been reported to recognize and modulate the function of the
JAKs (4, 11, 36, 37). We were interested, therefore, in deter-
mining the ability of SOCS1-KIR and Tkip to bind to and
modulate the kinase activity of JAK2 and TYK2, as these JAKs
are involved in type I and type II IFN signaling. First, we
plotted the hydropathic profiles of the JAK autophosphoryla-
tion sites with the Kyte-Doolittle hydropathic plot (18). The
two JAKSs have similar, but not identical, profiles, suggesting
similar structures (Fig. la). In general, the amino acid se-
quences of the autophosphorylation sites of the JAKs show
significant homology (Fig. 1b).

We have previously shown that Tkip and SOCS1-KIR bound
to the autophosphorylation or activation loop site of JAK2
(33). We therefore synthesized peptides corresponding to the
autophosphorylation sites of the JAKs (Fig. 1b) and compared
TYK2 with JAK2 for binding to SOCS1-KIR and Tkip. As
previously reported, SOCS1-KIR and Tkip bound to the JAK2
autophosphorylation site (Fig. 2a) (33). SOCS1-KIR and Tkip
also specifically bound to the autophosphorylation site of
TYK2 (Fig. 2b), a JAK that plays a key role in the mediation
of type I IFN signaling (20). Thus, SOCS1-KIR and Tkip bind
to the autophosphorylation sites of the IFN JAK kinases. Fur-
ther, the KIR of SOCS-1 may be key to SOCS-1 recognition of
the JAKs.

Phenylalanines at positions 56 and 59 of SOCS-1 have pre-
viously been identified as critical for SOCS-1 binding to JAK2
and for its function (36). Accordingly, the bindings in Fig. 2
also include SOCS1-KIR with alanine substitutions at positions
56 and 59 (SOCS1-KIR2A), as well as Tkip with alanine sub-
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FIG. 2. SOCS1-KIR and Tkip bind to the autophosphorylation site
peptides of JAK2 and TYK2. (a) SOCS1-KIR binds to JAK2 auto-
phosphorylation site peptide JAK2(1001-1013). SOCS1-KIR, SOCS1-
KIR2A (alanines substituted for phenylalanines at positions 56 and 59
of SOCS1-KIR), Tkip, Tkip2A, and a control peptide were immobi-
lized in 96-well plates at 3 pg/well. Following blocking, various con-
centrations of biotinylated JAK2(1001-1013) peptide were added and
the plates were incubated for 1 h. Bound biotinylated JAK2(1001-
1013) was detected with an avidin-neutravidin-HRP conjugate. Absor-
bance was measured with a standard plate reader. There were statis-
tically significant differences between SOCS1-KIR and SOCS1-KIR2A
(P < 0.001) and between Tkip and Tkip2A (P < 0.001), as determined
by the Mann-Whitney signed-rank test. (b) SOCS1-KIR and Tkip bind
in a dose-dependent manner to biotinylated TYK2 autophosphoryla-
tion site peptide. There were statistically significant differences be-
tween SOCS1-KIR and SOCS1-KIR2A (P < 0.001) and between Tkip
and Tkip2A (P < 0.001), as determined by the Mann-Whitney signed-
rank test. All of the binding assays were carried out in triplicate, and
the data are representative of at least three independent experiments.
Where there are no error bars, the values were essentially identical.

stitutions at positions 8 and 11 (Tkip2A), which correspond to
possible sites of homology with KIR (13). SOCS1-KIR2A com-
pletely lost the ability to bind to any of the JAKSs, which is
consistent with previous studies of the requirement of residues
56 and 59 for SOCS-1 function (36). Importantly, these results
further confirm the ability of SOCS1-KIR to bind to the auto-
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phosphorylation site of JAK2 and demonstrate the possible
role of previously identified residues in SOCS-1 that are
critical to its function. We have previously shown that Tkip
recognized the JAK2 autophosphorylation site similarly to
SOCS1-KIR but not in precisely the same manner (33).
Tkip2A showed reduced binding to JAK2 and TYK2 com-
pared to Tkip. As indicated, Tkip binding to these two kinases
was similar to that of SOCS1-KIR.

SOCS1-KIR mimetic binds to JAK2 and TYK2 in an anti-
SOCS1-KIR ELISA. It has been suggested that the KIR of
SOCS-1 functions as a pseudosubstrate rather than by binding
to the activation loop of JAK2, as we have previously reported
(33) and shown above in the biotinylation ELISA. Accordingly,
we immunized rabbits with SOCS1-KIR conjugated to keyhole
limpet hemocyanin and used a standard ELISA approach for
detection of SOCS1-KIR binding to JAK2 and TYK2 activa-
tion loop sites to confirm the above bindings. The binding
curve for the specificity of anti-SOCS1-KIR binding to SOCS1-
KIR is shown in Fig. 3a. SOCS1-KIR, but not SOCS1-KIR2A,
bound to the anti-SOCS1-KIR antibody. As shown in Fig. 3b,
SOCS1-KIR bound to JAK2 and TYK?2, similar to the binding
in the biotinylation ELISA of Fig. 2. The fact that the anti-
SOCSI1-KIR antibody did not recognize SOCS1-KIR2A pre-
cluded binding assays with this mutant by this approach. Cer-
tainly, the agreement between JAK2 and TYK2 binding in the
two ELISA approaches, along with the absence of SOCS1-
KIRZ2A binding of Fig. 2, supports results indicating that the
KIR of SOCS-1 recognizes the activation loops of JAK2 and
TYK2. This does not preclude the possible recognition of
other regions or domains of the JAKs. The binding results are
important in the context of the mechanism of SOCS-1 mimetic
inhibition of vaccinia virus replication in culture and protection
of mice against lethal vaccinia virus infection as presented
below.

Tkip and SOCS1-KIR inhibition of STAT phosphorylation.
As a functional correlate of the binding of Tkip and SOCSI1-
KIR to the autophosphorylation site of the JAK kinases, we
stimulated cells with IFN-y and the type I IFN IFN-1. IFN-y
interaction with its receptor activates JAK1 and JAK2, which
are responsible for phosphorylation of STATla (19). Like
other type I IFNs, IFN-t activates JAK1 and TYK2, which
phosphorylate STAT1a, STAT2, STAT3, and probably other
STATs (8). As previously reported (33), both lipo-Tkip and
lipo-SOCS1-KIR inhibited the IFN-y-induced phosphoryla-
tion of STAT 1« in fibroblast cells (Fig. 4a), which is consistent
with binding to JAK2 by both peptides. IFN-t caused phos-
phorylation of STAT1a and STAT3 in mouse L1929 cells and
STAT?2 in WISH cells, all of which were inhibited by Tkip and
SOCS1-KIR (Fig. 4b), which is consistent with the recognition
of TYK2 by both peptides. WISH cells were used here because
of the availability of the relevant antibody. The ability of Tkip
and SOCS1-KIR to inhibit relevant STAT activation is consis-
tent with their binding to the activation loop of the JAKs.

SOCS1-KIR and Tkip require previously identified amino
acid residues for inhibition of STAT1a phosphorylation
involving TYK2. We next determined the ability of SOCS1-
KIR2A and Tkip2A to inhibit IFN-7-induced activation of
STATla in cells. As shown in Fig. 4c, lipophilic SOCS1-
KIR2A (lipo-SOCS1-KIR2A) failed to inhibit IFN-1-in-
duced activation of STAT1a in 1929 cells, in contrast to the
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FIG. 3. SOCS1-KIR binding to autophosphorylation site peptides
JAK2 and TYK?2 as determined by an antibody ELISA. (a) SOCSI-
KIR antibody is specific for the SOCS1-KIR peptide. SOCS1-KIR,
SOCS1-KIR2A, and a control peptide were immobilized on a 96-well
plate at 3 pg/well. Following blocking, various dilutions of SOCS1-KIR
antibody were added and the plate was incubated for 1 h. Bound
antibody was detected with a goat anti-rabbit IgG-HRP conjugate,
followed by the addition of OPD substrate and 2N H,SO,. Absorbance
was measured with a standard plate reader. (b) SOCS1-KIR binds to
JAK?2 and TYK2 autophosphorylation site peptides. JAK2, TYK2, and
a control peptide were immobilized in a 96-well plate at 3 pg/well.
Following blocking, various concentrations of SOCS1-KIR were added
and the plate was incubated for 1 h. SOCS1-KIR antibody was added
for 1 h of incubation, and bound SOCS1-KIR was detected as de-
scribed for panel a.

lipophilic wild-type peptide, reflecting a lack of recognition
of TYK2. Lipophilic Tkip2A also did not inhibit IFN-1-
induced activation of STAT1a. Thus, SOCS1-KIR2A and
Tkip2A showed a loss of functional activity consistent with
reduced recognition of the relevant JAKs. The binding and
functional results obtained with SOCSI1-KIR, Tkip, and
their alanine substitution mutant forms further support our
previous demonstration that they recognized the autophos-
phorylation sites of JAKs (33).

SOCS1-KIR and Tkip protect mice against a lethal dose of
vaccinia virus. Vaccinia virus is a prototype poxvirus, and its
lethal infectivity of mice was blocked by the tyrosine kinase
inhibitors Gleevec (Abl) (28) and CI-1033 (ErbB-1) (35). We
therefore examined SOCS1-KIR and Tkip, given their inhibi-
tory effects on JAK2 and ErbB-1 (13, 14, 33), for the ability to
protect mice challenged with a lethal dose of the Western
Reserve strain of vaccinia virus. C57BL/6 mice were treated
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FIG. 4. Kinase inhibition patterns of SOCS1-KIR and Tkip in STATTI,
STAT?2, and STAT3 phosphorylation. (a) SOCS1-KIR and Tkip inhibit IFN-
v-induced STATT activation in 1.929 cells. 1.929 cells were seeded onto six-
well plates at 1 X 10° cells/well and pretreated with medium alone, lipo-Tkip,
lipo-SOCS1-KIR, or a control peptide for 2 h at 37°C. Following 2 h of
incubation in the presence or absence of IFN-y (4,000 U/ml), the cells were
washed and lysed. Whole-cell extracts were resolved by 12% SDS-PAGE,
transferred to nitrocellulose membrane, and examined with pSTATT (pY™")
antibody. The membrane was stripped and reprobed with STAT1 antibody.
(b) SOCS1-KIR and Tkip inhibit IFN-7-induced STAT1 and STAT3 activa-
tion in 1929 cells and STAT? activation in WISH cells. WISH cells were used
here because of the availability of reagents. 1929 cells were seeded into
six-well plates at 1 X 10°well and pretreated with medium alone, lipo-Tkip,
lipo-SOCS1-KIR, or a control peptide for 2 h at 37°C. WISH cells were
seeded onto six-well plates at 2.5 X 10°well and pretreated with medium
alone, lipo-Tkip, lipo-SOCSI-KIR, or a control peptide for 2 h at 37°C.
Following 2 h of incubation in the presence or absence of IFN-t (10,000
U/ml), the cells were washed and lysed. Whole-cell extracts were resolved by
12% SDS-PAGE, transferred to nitrocellulose membrane, and examined
with antibodies to pSTAT1 (pY™"), pSTAT2 (pY®*®), or pSTAT3 (pY’®).
The membrane was stripped and reprobed with STAT1, STAT2, or STAT3
antibody. (c) SOCS1-KIR2A and Tkip2A do not inhibit IFN-r-induced
STATT activation in 1.929 cells. 1.929 cells were seeded onto six-well plates at
1 X 10%well and pretreated with medium alone, lipo-SOCS1-KIR, lipo-
SOCSI1-KIR2A, lipo-Tkip, lipo-Tkip2A, or a control peptide for 2 h at 37°C.
Following 2 h of incubation in the presence or absence of IFN-t (10,000
U/ml), the cells were washed and lysed. Whole-cell extracts were resolved by
12% SDS-PAGE, transferred to nitrocellulose membrane, and examined
with pSTAT1 (pY”") antibody. The membrane was stripped and reprobed
with STAT1 antibody.

' 1
pSTATT

CRNDUT A WN =



VoL. 83, 2009 SOCS-1 MIMETICS PROTECT AGAINST POXVIRUS 1407
a. SOCS1-KIR b. Tkip
100 =o=100 pg o 100 =0=200 g, =*=100 pug
S 1 50 = -
; 75 ug S I_ -= 50 g
5 Z 751
[72] 3
b = U)
E 50 Z sof
e =109 3
g 25 E 254 =109
0 TD'SOC,S1'K'R2:“’ 100 rg =0=Tkip2A, 200 pg
0 10 20 30 40 0 Y v T T
0 10 20 30 40

D
ays Days

c. SOCS1-KIR, post-infection d.Tkip, post-infection

1004
S l I -0=Day 1 _ 100+
2 754 g —Day1_
3 S 754
Z 50 == Day 2 @
8 Y £ 50+
2 []
@ 259 ] .
* -a= SOCS1-KIR2A K 254 Day 2
o . y r ' -=Tkip2A
0 10 20 30 40 0 r r r r
Days /] 10 20 30 40
Days
e. Oral administration
=0=1000 pg
_ 100 o
.g l ——500 pg
> 751
=]
w
€ 50+
8
E 254 ——250 ug
0 —=—Tkip2A, 1000 g
0 10 20 30 40
Days

FIG. 5. SOCS1-KIR and Tkip protect mice against intranasal challenge with vaccinia virus. (a) SOCS1-KIR. Mice (C57BL/6, n = 5 per group
in all mouse experiments) were pretreated i.p. on days —2, —1, and 0 with 100 pg (O), 50 g (M), or 10 pg (V) of lipo-SOCS1-KIR peptide or
100 pg () of control peptide lipo-SOCS1-KIR2A. On day 0, vaccinia virus (2 X 10° PFU) was administered intranasally. Survival of mice was
followed for 40 days. The significance of differences between different treatments was measured by the log rank survival method, which gave P
values of 0.002, 0.002, and 0.005 for the administration of 100, 50, and 10 g of lipo-SOCS1-KIR versus the control peptide, respectively. (b) Tkip.
Mice were pretreated on days —2, —1, and 0 with 200 pg (O), 100 pg (V), 50 g (M), or 10 g (@) of lipo-Tkip or 200 pg of the lipo-Tkip2A control
(). Infection with vaccinia virus was similar to that in panel a. Postinfection treatment with lipo-SOCS1-KIR or lipo-Tkip provides partial
protection against vaccinia virus infection. (c) Postinfection lipo-SOCS1-KIR treatment. Mice (n = 5) were infected intranasally with 2 X 10° PFU
of vaccinia virus on day 0. Starting at day 1 (O) or 2 (V) after infection, mice were treated i.p. with 200 g of lipo-SOCS1-KIR for 3 consecutive
days. Control peptide lipo-SOCS1-KIR2A (M) at 200 pg was administered on days —2, —1, and 0. Survival was followed for 40 days. P values for
the significance of differences between lipo-SOCS1-KIR treatment on days 1 and 2 versus the control peptide lipo-SOCS1-KIR2A were 0.002 and
0.005, respectively. (d) Postinfection lipo-Tkip treatment. Mice were infected with vaccinia virus in a manner similar to that described for panel
a. Starting at day 1 (O) or 2 (V) after infection, mice were treated i.p. with 200 wg of lipo-Tkip for 3 consecutive days. Control peptide lipo-Tkip2A
(M) at 200 pg was administered on days —2, —1, and 0. Survival was followed for 40 days. P values for the significance of differences between
lipo-Tkip treatment on days 1 and 2 versus the control lipo-Tkip2A were 0.002 and 0.005, respectively. (e) Oral treatment with lipo-Tkip protects
mice against intranasal challenge with vaccinia virus. Mice (n = 5) were given 1,000 g (O), 500 ng (@), or 250 pg (A) of lipo-Tkip on days —2,
—1, and 0 by the oral route. One thousand micrograms of a control peptide, lipo-Tkip2A (M), was given orally on the same days. On day 0, 2 X
10° PFU of vaccinia virus was administered intranasally. Survival of mice was followed for 40 days. P values for the significance of differences
between 1,000, 500, and 250 pg of lipo-Tkip and the control peptide were 0.002, 0.008, and 0.008, respectively.

with 10, 50, and 100 pg of lipo-SOCS1-KIR on days —2, —1,
and 0 by i.p. injection. On day 0, the mice were challenged

5, 2.5, and 0.5 mg/kg body weight. Mice that recovered were
completely free of any disease symptoms for the 40 days they

intranasally with 2 X 10° PFU of vaccinia virus, which is ap-
proximately 100 50% lethal doses (Fig. 5a). Complete protec-
tion was observed with 100 pg of lipo-SOCS1-KIR, whereas 50
and 10 pg of lipo-SOCS1-KIR resulted in 60 and 20% protec-
tion from death, respectively. The amounts of the SOCS1-KIR
peptide used, at 100, 50, and 10 pg per mouse, correspond to

were observed. The lipophilic palmitate group was previously
shown to be required for penetration of the cell membrane
(13). The control peptide lipo-SOCS1-KIR2A, in which the
phenylalanines at residues 56 and 59 were replaced with ala-
nines, did not protect the mice at 100 pg, and 100% death
occurred between days 6 and 9. Similarly, lipo-Tkip was used to
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pretreat mice on days —2, —1, and 0 and the mice were in-
fected intranasally on day 0 with 2 X 10° PFU of vaccinia virus.
Mice were completely protected by pretreatment with 100 pg
and 200 pg, whereas with 50 wg and 10 pg of Tkip, 80% and
20% protection was observed (Fig. 5b). The amounts of Tkip
used, at 200, 100, 50, and 10 pg per mouse, correspond to 10,
5, 2.5, and 0.5 mg/kg body weight. A lipophilic control peptide
with alanine substitutions at positions 8 and 11, Tkip2A, at 200
g per mouse, did not show any protection, providing evidence
of the specificity of action of Tkip. Treatment of L929 cells and
murine splenocytes with up to 100 uM SOCS-1 mimetics and
determination of dehydrogenase enzymes in viable cells by
MTS assay revealed the absence of any cytotoxic effect in these
peptides (data not shown). Thus, both lipo-SOCS1-KIR and
lipo-Tkip were able to completely protect mice against a highly
lethal dose of vaccinia virus.

SOCS1-KIR and Tkip rescue mice from ongoing lethal vac-
cinia virus infection. We were interested in determining the
ability of lipo-SOCS1-KIR and lipo-Tkip to rescue mice from
ongoing virus infection. Accordingly, mice were infected intra-
nasally with 2 X 10° PFU of vaccinia virus, a dose at which
100% death occurs by day 9. Two hundred micrograms of
lipo-SOCS1-KIR peptide was injected i.p. for 3 consecutive
days beginning at day 1 or 2 after challenge with vaccinia virus.
Therapy initiated at day 1 postinfection resulted in 80% pro-
tection, while therapy begun on day 2 resulted in 40% protec-
tion (Fig. 5c¢). Mice treated i.p. on days —2, —1, and 0 with
control peptide lipo-SOCS1-KIR2A, in which the phenylala-
nines at residues 56 and 59 were replaced with alanines, all
died by day 9. The mice that recovered remained healthy for
the 40 days of the experiment. Similarly, 200 wg of lipo-Tkip,
given i.p. for 3 consecutive days beginning at day 1, had sig-
nificant, 80%, therapeutic efficacy, which declined to 20% by
day 2 of postinfection therapy (Fig. 5d). Mice treated i.p. on
days —2, —1, and 0 with control peptide lipo-Tkip2A, in which
the phenylalanines at residues 8 and 11 were replaced with
alanines, all died by day 9. Therefore, when administered 1 day
after infection, both lipo-SOCS1-KIR and lipo-Tkip possessed
therapeutic efficacy against an ongoing infection with an over-
whelming lethal dose of virus. This postinfection therapeutic
benefit is less than that of the IFN mimetic peptide we have
described earlier, where treatment at up to 5 days postinfection
resulted in 80% protection (3). Compared to Gleevec and
CI-1033, however, where there was no demonstrable postin-
fection protection, lipo-SOCS1-KIR and lipo-Tkip appear to
be more effective therapeutics (28, 35).

Orally administered lipo-Tkip protects mice against intra-
nasal challenge with vaccinia virus. We next addressed the
issue of whether the SOCS-1 mimetic lipo-Tkip, when admin-
istered orally, was protective against an intranasal vaccinia
virus challenge. Accordingly, we administered 250 to 1,000 ng
of lipo-Tkip per mouse (corresponding to 12.5 to 50 mg/kg
body weight) or 1,000 ng of the control lipo-Tkip2A orally to
mice via feeding needles at days —2, —1, and 0, after which the
mice were challenged intranasally with 10° PFU of vaccinia
virus on day 0 (Fig. 5e). Mice were completely protected from
death by 1,000 pg of lipo-Tkip, whereas 500 and 250 pg of
lipo-Tkip resulted in 80 and 20% protection, respectively. The
control lipo-Tkip2A-fed mice were all dead by day 9. The oral
administration did not involve special treatments such as the
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TABLE 2. Virus levels in tissues of mice treated with Tkip and
Tkip2A and challenged with vaccinia virus®

No. of PFU of virus after treatment with:

Tissue
Tkip Tkip2A
Trachea <LOD” 9.5 X 10° = 0.7 X 10°
Lung <LOD 15 X 10° = 1.0 x 10°
Spleen <LOD 2.5 x10° = 0.3 x 10°
Brain <LOD 30 X 10° = 2.0 X 103

“ Mice (n = 3) on day 6 after i.p. administration of lipo-Tkip or lipo-Tkip2A
and intranasal challenge with vaccinia virus were sacrificed, and organs were
harvested, homogenized, and used to assay vaccinia virus.

® <LOD, below the limit of detection (100 PFU per organ).

use of liposomes for delivery or raising the pH to protect
against acid proteases. These results, therefore, provide proof
of the concept that lipo-Tkip is protective against intranasal
vaccinia virus even when administered orally. Similar results
were obtained with SOCS1-KIR (data not shown).

Comparison of vaccinia virus levels in tissues of mice pro-
tected with the SOCS-1 mimetic versus those treated with a
control peptide. Related to the protective effect of the SOCS-1
mimetic, we determined the virus loads of selected organs at
day 6 after an intranasal challenge of mice with 2 X 10° PFU
of vaccinia virus. As shown in Table 2, mice treated with the
control lipo-Tkip2A contained high virus levels in the respira-
tory system, 9.5 X 10° PFU in the trachea and 15 X 10° PFU
in the lungs. The spleen had 2.5 X 10° PFU. Owing to the
neurotropic properties of the Western Reserve strain of vac-
cinia virus, 30 X 10°> PFU were observed in the brain. Lipo-
Tkip-treated mice, however, did not have any detectable vac-
cinia virus in any of these organs at day 6. This suggests that the
SOCS-1 mimetic is very effective at inhibiting vaccinia virus
replication in vivo, which is consistent with the effective pro-
tection of mice against the lethal effects of the virus.

Tkip and SOCS1-KIR inhibit vaccinia virus replication, as
determined by a one-step growth curve experiment. In order to
obtain more insight into the effects of Tkip and SOCS1-KIR on
vaccinia virus replication, we carried out a one-step growth
curve experiment. BSC-40 cells that were treated with lipo-
Tkip or lipo-SOCS1-KIR at 50 wM were infected with vaccinia
virus at an MOI of 5 to ensure simultaneous infection of all of
the cells for a one-step growth curve experiment. An IFN-y
mimetic designated lipo-IFN-y(95-132), which has previously
been shown to inhibit vaccinia virus replication, was used as a
positive control (1, 3). Alanine substitution-containing mutant
forms of SOCS1-KIR and Tkip were used as controls. Both
lipo-Tkip and lipo-SOCS1-KIR inhibited virus replication at
both the intracellular (Fig. 6a) and extracellular (Fig. 6b) lev-
els, as assessed by virus yield plaque assay. The virus yield at
24 h after infection shown in Fig. 6 is also presented in Table
3. Lipo-SOCS1-KIR inhibited the intracellular virus yield by
83% and the extracellular virus yield by 90%. Similarly, Tkip
inhibited the intracellular virus yield by 82% and the extracel-
lular yield by 91%. SOCS1-KIR2A failed to inhibit the vaccinia
virus yield both intracellularly and extracellularly. Similarly,
lipo-Tkip2A failed to inhibit vaccinia virus replication. Thus,
the results of Fig. 6 and Table 3 indicate that the SOCS-1
mimetics inhibit vaccinia virus replication and not simply virus
release. The fact that alanine substitutions for phenylalanine at
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FIG. 6. One-step growth curve of inhibition of vaccinia virus rep-
lication by SOCS1-KIR and Tkip. BSC-40 cells grown to confluence
were left untreated or treated with lipo-SOCS1-KIR, lipo-Tkip, or
their alanine substitution-containing mutant forms at 50 uM for 1 h.
For a positive control, an IFN-y mimetic spanning residues 95 to 132
(designated 95-132) that was previously shown to inhibit vaccinia virus
replication (1, 3) was used. Cells were then infected with vaccinia virus
at an MOI of 5 for 1 h, after which the cells were washed and incubated
in the presence of the same concentrations of peptides for the indi-
cated times. The cell extracts (a) and supernatants (b) obtained were
titrated for the amounts of intracellular and extracellular virus, respec-
tively. Note the difference of the scale on the y axis, indicating that
there is less extracellular virus than intracellular virus.

previously identified critical residues resulted in loss of inhibi-
tion of vaccinia virus replication is evidence of both the spec-
ificity and virus entry of the SOCS-1 mimetic-treated cells.

To test for a concentration dependence of the effect of
lipo-SOCS1-KIR and lipo-Tkip, increasing concentrations of
these peptides were added to the cells, followed by infection
with vaccinia virus at an MOI of 5, and the intracellular (Fig.
7a and c) and extracellular (Fig. 7b and d) virus levels were
quantitated 24 h after infection. With 1, 5, 10, and 25 pM
SOCS1-KIR, levels of 61%, 42%, 21%, and 12% of the control
intracellular virus level and 53%, 31%, 17%, and 11% of the
control extracellular virus level, respectively, were observed.
Alanine substitution-containing mutant forms at 25 pM did
not affect the intracellular or extracellular virus level produced
(Fig. 7a to d). A similar profile was observed with Tkip treat-
ment (Fig. 7c and d). A 50% effective dose of less than 5 pM
lipo-SOCS1-KIR or lipo-Tkip for the replication of vaccinia
virus in BSC-40 cells was observed. Thus, the SOCS-1 mimetics
inhibited vaccinia virus replication.
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Adaptive immunity to vaccinia virus in mice treated with
Tkip. Mice protected by lipo-Tkip were rechallenged 10 weeks
later with a second dose of 10° PFU of vaccinia virus admin-
istered intranasally without additional Tkip treatment. All five
mice in the rechallenged group were protected against the
lethality of the virus without showing symptoms of distress
(Fig. 8a). Naive control mice all died by day 9. Thus, the mice
treated with the SOCS-1 mimetic lipo-Tkip were not inhibited
in the development of protective immunity from the first chal-
lenge with vaccinia virus. Similar results were obtained with
mice protected by SOCS1-KIR (data not shown).

Splenocytes obtained 2 and 3 weeks after virus challenge
from protected mice underwent antigen-specific proliferation
with stimulation indices of 4 to 5 (Fig. 8b). Cells from control
mice did not respond to vaccinia virus. The proliferation re-
sults suggest the induction of virus-specific CD4" T cells.
Splenocytes were also tested for production of the cytokine
IFN-y by ELISPOT assay. Similar to the proliferative re-
sponse, CD4-depleted splenocytes showed increased secretion
of IFN-y by ELISPOT at 2 and 3 weeks (Fig. 8c), suggesting
the induction of vaccinia virus-specific cytotoxic CD8 T cells.
Control cells did not respond to virus.

Sera from protected mice were examined for antibodies at 1
to 4 weeks. As shown in Fig. 8d, IgA antibodies peaked at 2
weeks but were significant out to 4 weeks postinfection, while
the IgG antibody response peaked over 2 to 4 weeks after
challenge (Fig. 8e). The IgA antibodies are particularly rele-
vant to the intranasal route of virus challenge. The antibody
response also resulted in the production of neutralizing anti-
bodies, which peaked in the second week and probably in-
volved both IgA and IgG antibodies to vaccinia virus, as shown
in Fig. 8f. Thus, mice protected by lipo-Tkip mounted strong
cellular and humoral immune responses to vaccinia virus.

Vaccinia virus-induced ErbB-1 and JAK2 phosphorylation
is inhibited by Tkip and SOCS1-KIR. Since poxviruses have
been shown to activate cellular tyrosine kinases such as ErbB-1
and JAK? early in the infection of cells, we tested the effect of
the SOCS-1 mimetic Tkip on vaccinia virus-induced phosphor-
ylation of ErbB-1 and JAK2. Such activation has been shown
to play a role in virus spread from cell to cell. BSC-40 cells
were left untreated or pretreated with 20 wM lipo-Tkip or a

TABLE 3. Inhibition of vaccinia virus yield by SOCS1-KIR

and Tkip®
Virus yield (10%) % of control
Treatment
Intracellular ~ Extracellular ~ Extracellular  Intracellular

None 390 = 29.0 33+0.2

SOCS1-KIR 40 3.0 0.57 =0.03 10.2 17
SOCS1-KIR2A 354 = 30.0 2.9 = 0.01 90.7 88
Tkip 3525 0.62 = 0.04 8.9 18
Tkip2A 345 = 30 2.7+0.2 81 82
IFN-vy(95-132) 45 5.0 045 =0.04 11.5 13

“ A single-step assay of vaccinia virus yield was performed on confluent
BSC-40 cells infected with virus at an MOI of 5. The peak virus yield after 24 h
of infection, as shown in Fig. 6, was used for calculations. Peptides were used at
a final concentration of 50 uM. The experiment was carried out in triplicate and
repeated twice with similar results. There was a statistically significant difference
between the lipo-SOCS1-KIR and lipo-Tkip treatments versus no treatment
(P < 0.001), while the results obtained with the mutant forms were not signifi-
cantly different by the Mann-Whitney signed-rank test.
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FIG. 7. SOCS1-KIR and Tkip inhibit vaccinia virus replication in a dose-dependent manner. BSC-40 cells were grown to confluence and left
untreated or treated with the indicated amounts of lipo-SOCS1-KIR (a and b) or lipo-Tkip (¢ and d) for 1 h. Control peptides lipo-SOCS1-KIR2A
(a and b) and lipo-Tkip2A (c and d) were used at 25 pM. Cells were next infected with vaccinia virus at an MOI of 5. After 1 h, the cells were
washed and incubated in the presence of the same concentrations of peptides for 1 day. The supernatants and cell extracts obtained were titrated
for the amounts of intracellular (a and c) and extracellular (b and d) virus, respectively.

control peptide for 30 min, followed by infection with vaccinia
virus (Fig. 9). Immunoprecipitation with phosphotyrosine an-
tibodies of cell extracts 1 and 5 min after infection with vac-
cinia virus, followed by Western blot analysis with ErbB-1 and
JAK2 antibodies, revealed that the phosphorylation of both
tyrosine kinases was significantly inhibited by lipo-Tkip. Lipo-
SOCS1-KIR similarly inhibited ErbB-1 and JAK2 activation
(data not shown). Thus, consistent with its inhibition of vac-
cinia virus replication, lipo-Tkip and lipo-SOCS1-KIR inhib-
ited virus-induced activation of ErbB-1 and JAK2.

Tkip and SOCS1-KIR inhibit vaccinia virus transcription
and replication at early, intermediate, and late stages of in-
fection. The one-step growth curve results indicate that the
SOCS-1 mimetics inhibited vaccinia virus replication. We per-
formed real-time PCR on early (D12L), intermediate (A1L), and
late (A7L) gene expression in order to determine the stage of
virus replication that was inhibited by lipo-Tkip and lipo-SOCS]1-
KIR. As shown in Fig. 10a to c, lipo-Tkip and lipo-SOCS1-KIR,
but not lipo-Tkip2A or lipo-SOCS1-KIR2A, inhibited D12L,
AlL, and A7L transcription by real-time quantitative PCR. Actin
mRNA levels were quantitated under the same conditions and
used to determine the relative amounts of different transcripts.
DI12L, A1L, and A7L code for the small subunit of mRNA cap-
ping enzyme, a late transcription factor, and the large subunit of
early gene transcription factor VETF, respectively. An overall
decrease in transcription may contribute to the decreased repli-

cation of the virus. The results indicate that the mimetics inhibited
vaccinia virus transcription, as determined by the analysis of tran-
scripts from the early and possibly later stages of growth.

We next added lipo-Tkip, lipo-SOCS1-KIR, and their ala-
nine substitution-containing variants to BSC-40 cells infected
with vaccinia virus at an MOI of 5 at 0, 1, 2, and 4 h postin-
fection. As shown in Fig. 11a to d for intracellular levels of
vaccinia virus and Fig. 1le to h for extracellular levels of
vaccinia virus, Tkip and SOCS1-KIR inhibited vaccinia virus
replication when these SOCS-1 mimetics were added from 0 to
4 h postinfection. This finding is in contrast to a recent study
with aurintricarboxylic acid, where virus replication was inhib-
ited at 0 h, but not at 1 h, postinfection (24). In the cases of the
tyrosine kinase inhibitors Gleevec (Abl kinase [28]) and CI-
1033 (EGF receptor [35]), there was no inhibition of virus
replication, but rather inhibition of the release of mature viri-
ons from the plasma membrane of the infected cells. Thus, the
SOCS-1 mimetics inhibit virus transcription and replication
beyond the initial stages of infection, which probably helps
explain their potent anti-vaccinia virus effects.

DISCUSSION

Recently, it was shown that inhibitors of key cellular tyrosine
kinases could reduce the virulence and lethality of poxvirus
infection (28, 35), which suggests a novel approach to thwart-
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FIG. 8. Adaptive immune response in mice that recovered from vaccinia virus infection with lipo-Tkip treatment. (a) Survival of mice after a rechallenge
with vaccinia virus. Naive mice (ll; n = 5) and those that had recovered from vaccinia virus infection with lipo-Tkip treatment for 30 days (V) were infected
intranasally with 2 X 10° PFU of vaccinia virus in 10 pl. Survival was followed for 50 days. The significance of the difference, as measured by log rank survival,
was P = 0.0002 for the rechallenged group versus the naive mice. (b) Cell-mediated immune response in mice that recovered from vaccinia virus infection with
lipo-Tkip treatment. Splenocytes (10°) obtained from naive mice or mice that recovered (n = 3) 2 or 3 weeks after infection and lipo-Tkip treatment were
incubated with UV-inactivated, purified vaccinia virus. Four days later, [’H]thymidine was added for 8 h of incubation and its incorporation was followed. The
stimulation index is the incorporation into splenocytes cultured with test antigen divided by the incorporation into splenocytes cultured with medium alone.
Averages and standard deviations are shown. (c) Vaccinia virus-specific response in CD4-depleted splenocytes by ELISPOT analysis. Splenocytes obtained from
naive mice or mice that recovered (n = 3) 2 or 3 weeks after infection with lipo-Tkip treatment were depleted of CD4 cells, and 10° cells thus obtained were
incubated in microtiter plates previously coated with antibody to IFN-y in the presence of vaccinia virus (MOI = 0.01). After 2 days of incubation, the spots
(IFN-y-secreting cells) per well were counted. The values shown are averages and standard deviations. (d and e) Presence of vaccinia virus-specific antibodies
in mice that recovered from infection with lipo-Tkip treatment. Sera collected from naive mice (n = 3) or those that recovered from vaccinia virus infection with
lipo-Tkip treatment were collected in the weeks indicated. Sera were diluted as indicated and added to wells of microtiter plates coated with UV-inactivated
vaccinia virus. After washing to remove nonspecific binding, secondary anti-mouse IgA (d) or IgG (e) antibody conjugated to HRP was added, followed by the
addition of OPD substrate and absorption measurement. The values shown are averages and standard deviations. (f) Neutralizing antibodies in mice that
recovered. Sera taken from naive mice (n = 3) or those that recovered from vaccinia virus infection with lipo-Tkip treatment in the weeks indicated were diluted
as shown, mixed with vaccinia virus (100 PFU), incubated for 1 h, and then added to BSC-40 cells. One hour later, regular growth medium was added to the
cells and the mixture was incubated for 2 days. The reduction in the number of plaques is shown as a percentage and the standard deviation.

ing the pathogenicity of these viruses. Specifically, the Abl rus (35). Neither kinase inhibitor interfered with vaccinia virus
tyrosine kinase inhibitor Gleevec protected mice against lethal replication, but Gleevec inhibited the release of EEV from
vaccinia virus infection (28), while the EGF receptor ErbB-1 actin tails (28). Vaccinia virus and variola virus code for EGF-

inhibitor CI-1033 similarly protected mice against vaccinia vi- like growth factors called VGF and SPGF, respectively (9, 10,
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FIG. 9. Vaccinia virus-induced phosphorylation of ErbB-1 and
JAK?2 is inhibited by Tkip. Extracts of BSC-40 cells left untreated or
pretreated for 30 min with 20 wM lipo-Tkip or control peptide lipo-
Tkip2A and infected with vaccinia virus (MOI = 0.1) for 1 or 5 min
were harvested and immunoprecipitated with phosphotyrosine anti-
body. Phosphotyrosine proteins were electrophoresed and probed with
antibodies to ErbB-1 or JAK2.

17). These growth factors act on ErbB-1 and are important for
virus replication and release (9, 17, 32). In this regard, the
kinase inhibitors, through their action on ErbB-1, may block
downstream effects of ErbB-1 by inactivating other kinases
such as Src. It is worth noting that deletion of the VGF gene
from its genome resulted in decreased pathogenicity in vivo
and reduced its 50% lethal dose by 2,000-fold (9). A similar
role for the EGF homolog was observed in a myxoma virus-
derived virus (26). There is evidence that the JAK/STAT sig-
naling pathway is also involved in poxvirus replication. Tyro-
phostin AG490, an inhibitor of JAK?2, as well as other tyrosine
kinases, was shown to inhibit myxoma virus infection of a
rabbit cell line (21). Myxoma virus induced phosphorylation of
JAK1 and JAK2 with accompanying activation of STAT1« and
STAT2 in infected cells. Both the JAK/STAT activations and
infections were inhibited by AG490.

SOCS proteins are a family of inducible proteins that are
negative regulators of cytokine, growth factor, and hormone
signaling. There are eight identified members of the SOCS
family, SOCS-1 to SOCS-7 and CIS (4, 11, 36). SOCS-1 is a
negative regulator of cytokine, growth factor, and hormonal
signaling that uses the JAK/STAT signaling pathway, as well as
other tyrosine kinases such as the ErbB family of receptor
tyrosine kinases (4, 11, 36). We have developed a small-peptide
mimetic (Tkip) of SOCS-1 that, similar to SOCS-1, inhibits
JAK?2, as well as ErbB-1 kinase, activity (13, 14, 33). We have
shown that a peptide corresponding to the KIR of SOCS-1,
SOCS1-KIR, similarly inhibits JAK2 and ErbB-1 kinase activ-
ity (33). In assessing the JAK specificity of Tkip and SOCS1-
KIR, we have shown that they bind to and inhibit the functions
of JAK2 and TYK2. Thus, the SOCS-1 mimetic activity of Tkip
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FIG. 10. Inhibition of vaccinia virus transcription by Tkip and
SOCS1-KIR. BSC-40 cells mock treated or treated with lipo-Tkip,
lipo-SOCS1-KIR, or alanine substitution-containing control peptides
for 1 h were infected with vaccinia virus at an MOI of 5 for 1 h. The
cells were washed and incubated in growth medium containing the
same concentration of peptides for 18 h. RNA was extracted and used
for cDNA synthesis, followed by quantitative PCR. The expression of
early (D12L) (a), intermediate (AIL) (b), and late (A7L) (c) genes was
compared with endogenous actin gene expression.

and SOCS1-KIR corresponds to the KIR sequence function of
the SOCS-1 molecule. The inhibitory effect of the SOCS-1
mimetics on ErbB-1 and JAK2 are particularly dramatic early
after vaccinia virus infection. Both ErbB-1 and JAK2 are
strongly activated by 1 min postinfection with vaccinia virus,
and the effect is enhanced by 5 min. The mimetics significantly
inhibited this activation, which is consistent with inhibition of
virus replication. This probably plays an important role in the
protective effects of the SOCS-1 mimetics in vaccinia virus
infection.
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FIG. 11. Effect of SOCSI1-KIR and Tkip treatment at different
times on the replication of vaccinia virus. BSC-40 cells were infected
with vaccinia virus at an MOI of 5 for 1 h. Cells were washed and
treated with 25 wM lipo-SOCS1-KIR, lipo-Tkip, or the control pep-
tides at time zero and 1 h, 2 h, and 4 h after infection. Cells were
allowed to grow for 24 h. Cell extracts and supernatants and were
harvested and assayed for the virus in cell extracts (a to d) and super-
natants (e to h).

In the studies reported here, we showed that lipo-Tkip and
lipo-SOCS1-KIR protected C57BL/6 mice against a highly le-
thal dose (2 X 10° PFU) of vaccinia virus. The i.p. injection of
mimetics before and at the time of intranasal challenge with
virus resulted in complete protection of mice at 100 and 200 g
of lipo-Tkip, 80% protection at 50 pg, and 20% protection at
10 pg. With lipo-SOCS1-KIR, we saw complete protection at
100 pg, 60% protection at 50 g, and 20% protection at 10 pg.
Alanine substitutions for phenylalanine at positions 56 and 59
of KIR and residues 8 and 11 of Tkip resulted in loss of
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protection. These residues in the KIR of SOCS-1 have previ-
ously been identified as crucial to SOCS-1 function (36).
Postinfection treatment with 200 wg Tkip or SOCS1-KIR start-
ing 1 day after a challenge resulted in 80% protection, while
day 2 postinfection treatment resulted in 20 to 40% protection.
By comparison, the ErbB-1 inhibitor CI-1033 did not possess
any postinfection therapeutic protection (35). Oral administra-
tion of 1,000 wg Tkip or SOCS1-KIR at days —2, —1, and 0 of
a vaccinia virus challenge resulted in complete protection
against the challenge, 500 pg resulted in 80% protection, and
250 pg provided 20% protection. Thus, Tkip and SOCS1-KIR
were as effective as the other tyrosine kinase inhibitors in
protecting mice against vaccinia virus under conditions where
protected mice were subjected to a greater virus challenge load
(28, 35). Further, the mimetics showed postinfection therapeu-
tic efficacy, which was not demonstrated by the other kinase
inhibitors.

The tyrosine kinase inhibitors Gleevec and CI-1033 did not
affect virus replication and assembly but rather affected release
from the cell membrane involving actin tails, thus limiting the
ability to infect adjacent cells (28, 35). Multiple cellular ki-
nases, including Src, Fyn, Yes, Abl, and Arg, have been shown
to be involved in poxvirus release from infected cells, and
Gleevec inhibits Abl (28). Poxvirus growth factors such as VGF
for vaccinia virus and SPGF for variola virus act on the ErbB-1
receptor, which plays a role in the activation of c-Src, so one
way that CI-1033 could inhibit vaccinia virus release is by
inhibiting the activation of c-Src by ErbB-1 (35).

We have previously shown that SOCS-1 mimetics, like
SOCS-1, inhibit ErbB-1 and JAK2 (13, 14, 33). Similarly, as
indicated above, the increased phosphorylation of both ErbB-1
and JAK?2 observed in early stages of infection with vaccinia
virus was significantly inhibited by the mimetics. Decreased
phosphorylation of JAK2 was also observed in myxoma virus-
infected cells in the presence of the tyrosine kinase inhibitor
tyrophostin AG490 (21). This inhibition was associated with a
corresponding inhibition of virus replication.

Unlike Gleevec and CI-1033, the SOCS-1 mimetics inhib-
ited vaccinia virus replication in cells, since both the intra-
cellular and extracellular virus levels were significantly re-
duced in one-step growth curve experiments compared to
those of untreated or control peptide-treated cells. Early
and possibly later transcription, as assessed by the corre-
sponding inhibition of gene expression of the D121, A1L,
and A7L proteins by SOCS1-KIR and Tkip, suggests that
the SOCS-1 mimetics had an inhibitory effect on all stages of
vaccinia virus growth. This was confirmed by the inhibition
of replication even when mimetics were added to cells at 4 h
postinfection, where late gene expression was shown. The
ability to inhibit JAK2 was probably key to the inhibition of
virus replication over a broad time range, as tyrophostin
AG490, an inhibitor of JAK2 and other tyrosine kinases,
had a similar inhibitory effect on myxoma virus replication
(21). It is significant that alanine substitution-containing
mimetics did not affect virus replication, consistent with a
lack of protection of vaccinia virus-infected mice. The ability
of the mimetics to inhibit virus replication may explain why
they are better postinfection therapeutics in vaccinia virus
infection than the other tyrosine kinase inhibitors, which
inhibit release but not replication of virus. The mimetics
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also probably have a broader kinase-inhibitory function,
since they inhibit JAKs and ErbB-1. Additionally, we have
shown that, like SOCS-1, the mimetics inhibit lipopolysac-
charide activation of TLR4, probably at the stage of Btk
phosphorylation of Mal (37; unpublished data). SOCS-1 mi-
metics are thus effective inhibitors of vaccinia virus replica-
tion in induction of their antiviral activity.

Tkip was the first SOCS mimetic that we developed, and its
development, unlike that of SOCS1-KIR, was based on hydro-
pathic complementarity to the activation loop of JAK2 (13).
Thus, there was no consideration of homology to any domain
or region of any of the SOCS proteins. Only SOCS-1 and
SOCS-3 were thought to possess a KIR (4). Recently, a puta-
tive KIR of SOCS-5 has been identified, buttressed by a strik-
ing similarity to the amino acid sequence of Tkip (11). Thus,
the empirical development of a SOCS mimetic has helped
identify a KIR of SOCS-5. This observation suggests that de-
velopment of SOCS mimetics such as Tkip provided insight
into the identification of functional sites in SOCS, as well as
the application of such findings in the development of novel
antivirals. These findings are of particular interest as both Tkip
and SOCS-5 are potent inhibitors of the EGF receptor (data
above) (25), an important player in poxvirus replication (9, 10,
26, 35).

The use of SOCS-1 mimetics in the treatment of viral dis-
eases such as those caused by poxviruses reveals an endoge-
nous regulatory system that previously was not known to have
an antiviral function. This endogenous antipoxvirus system ap-
parently does not depend on IFN. In fact, it inhibits JAKs that
are involved in IFN signaling. These JAKSs and other tyrosine
kinases such as ErbB-1 are thus apparently indispensable to
poxvirus replication. SOCS mimetics may therefore be appli-
cable to other intracellular pathogens, such as bacteria and
parasites, that make use of growth factors of pathogen or host
origin for their virulence where tyrosine kinases play a critical
role.
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