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Abstract

Blockade of Toll-like receptor (TLR)-mediated inflammatory responses represents a new approach
in the development of anti-inflammation therapeutics. In the present study, we have screened for
TLR2-mediated inflammation inhibitors from a small molecule compound library using a sensitive
cell line stably expressing TLR2, CD14, and an NF-xB-driven-luciferase reporter gene.
Lymphocytic choriomeningitis virus (LCMV) was used as a virus model. This arenavirus activates
a TLR2/CD14-dependent NF-«B signaling pathway. We have identified 10 potential anti-
inflammatory compounds out of 101306 compounds. We further evaluated 1 of these positive
compounds, E567. We demonstrated that compound E567 efficiently inhibits both LCMV and
Herpes simplex virus 1 (HSV-1) induced cytokine responses in both human and mouse cell
cultures. We also demonstrated that E567 inhibits cytokine responses in the mouse. Remarkably,
E567 is also capable of inhibiting LCMV replication in mice. This is a new model for developing
drugs for use in treating viral illnesses.
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1. Introduction

Toll-like receptors (TLRs), a family of important innate immune molecules, are expressed
both on the cell surface and in intracellular compartments of many immune and non-immune
cells (Medzhitov and Janeway, 2000; Takeda and Akira, 2005). TLRs are transmembrane
proteins which function as pattern recognition receptors (PRRs) for the detection and
response to microbial ligands (Akira, Uematsu, and Takeuchi, 2006; Finberg and Kurt-
Jones, 2004). To date, 10 TLRs have been identified in humans and 11 in mice(Takeuchi
and Akira, 2009). Natural or synthetic ligands for at least 9 TLRs have been identified
(Takeuchi and Akira, 2009). Activation of TLRs results in the recruitment of adaptor
proteins including MyD88 (all known TLRs except TLR3) to the TIR domain (Takeda and
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Akira, 2004). A series of phosphorylation/recruitment/activation events leads to the
activation and translocation of the transcription factors nuclear factor-xB (NF-«kB) to the
nucleus and the transcription of inflammatory and anti-inflammatory cytokine genes. While
TLR induced innate immune responses help control viral infections, TLRs have also been
implicated in the immunopathology of virus infection. The immunopathological role of
TLRs in viral infections has been noticed using different virus models. So far, it has been
demonstrated that TLR2 is associated with herpes encephalitis in mice(Kurt-Jones et al.,
2004) and TLR3 is associated with herpes encephalitis in humans (Zhang et al., 2007).
TLR3 contributes to diseases caused by both West Nile virus (WNV) (Wang et al., 2004)
and influenza virus(Le Goffic et al., 2006) infections. Very recently, it has been found that
sustained stimulation of the TLR7 signaling pathway with the TLR7/TLR8 agonist R-848
results in a HIV disease-like characterized by progressive lymphoid destruction (Baenziger
et al., 2008). Therefore, in some circumstances, manipulating the activation of TLR
signaling may be a useful strategy for controlling virus induced disease (Czarniecki, 2008;
Nakamura et al., 2007; Seyberth et al., 2006)

Although originally described as receptors for bacteria and fungi, it has now become clear
that TLRs mediate the production of cytokines in response to a variety of viruses and viral
ligands (Kurt-Jones et al., 2000; Takeuchi and Akira, 2009; Wang, Kurt-Jones, and Finberg,
2007). A role for the Toll-like receptors, TLR2, TLR3, TLR4, TLR7 and TLRY, in the
response to viruses has been established (Takeuchi and Akira, 2009). Our previous
experiments have demonstrated that the cytokine response to human cytomegalovirus
(CMV) (Compton et al., 2003), lymphocytic choriomeningitis virus (LCMV) (Zhou et al.,
2008; Zhou et al., 2005), and Herpes simplex virus-1 (HSV) is controlled by TLR2 (Kurt-
Jones et al., 2004), while the response to respiratory syncytial virus (RSV) is dependent on
both TLR4 (Kurt-Jones et al., 2000) and TLR2 (Murawski et al., 2009). Our previous studies
have demonstrated that LCMV infection induces the activation of transcription factor NF-xB
and inflammatory responses through a TLR2/TLR6/CD14-MyD88/Mal-dependent signaling
pathway (Zhou et al., 2008; Zhou et al., 2005). LCMV is the prototypic virus of the family
Arenaviridae. Several members in the Arenaviridae family, including Lassa hemorrhagic
fever (HF) virus and Argentine HF virus, cause severe, often lethal, viral hemorrhagic fevers
in humans (Geisbert and Jahrling, 2004). Moreover, HF viruses have recently received
considerable scrutiny because of the potential use of arenaviruses as biological weapons for
bioterrorism (http://www.bt.cdc.gov/agent/vhf/). The strong pro-inflammatory cytokine
response following arenavirus infection is thought to be responsible for the initial phase of
hemorrhagic fever symptoms, such as fever, malaise, anorexia, muscle aches, headache,
nausea, and vomiting (Geisbert and Jahrling, 2004).

Inhibiting TLR signaling in LCMV infected cells could have great therapeutic potential, not
only in the treatment of arenavirus infection, but also in the treatment of other viral diseases
involving TLR activation, including herpes encephalitis (HSV-1), genital herpes (HSV-2)
and cytomegalovirus infections.

Ribavirin, a member of the nucleoside antimetabolite drugs that interfere with duplication of
viral genetic material, is active against a number of DNA and RNA viruses, including
hemorrhagic fever viruses (Gowen et al., 2008); however, due to its side-effects, such as
dose-dependent inhibitory effect on DNA synthesis, hemolytic anemia, and significant
teratogenic effects, its clinical use is limited (Dove et al., 2009).

The aim of this work was to use LCMV as a virus model to screen small molecule
compounds that could be used to block LCMV induced TLR2-mediated inflammatory
responses. To screen such compounds, we have established a human embryonic kidney
(HEK) cell line stably expressing human TLR2, CD14, and NF-xB-driven firefly luciferase
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and developed an effective small molecule compound screening protocol. We have screened
over 100000 small molecule compounds from several compound libraries and identified 10
candidate compounds that are able to specifically inhibit LCMV-induced cytokine
production, and we have further characterized 1 of the 10 candidate compounds, E567. Our
studies demonstrated that E567 strongly inhibits LCMV-induced NF-xB activation and
cytokine responses.

2. Materials and methods

2.1. Virus

The LCMV-Arm was kindly provided by Dr. Liisa K. Selin (University of Massachusetts
Medical School, Worcester, MA. USA) and was propagated on BHK-21 cells. Viral titers
were determined with an immunological focus assay using antibody against LCMV-NP
(Battegay et al., 1991).

2.2. Establishment of protocol for primary screening of compounds

Primary screening of small molecule compounds was carried out at the NERCE / NSRB
screening facility at Harvard Medical School. A 384-well plate format screening assay was
employed throughout the primary screening. To develop the screening protocol, SZ10 cells
were seeded into duplicated 384-well tissue culture white styrene plates (Corning) at 0.5-
1x103 cells/30pl/well and incubated overnight at 37°C in 5% CO2 humidified incubator.
The next day, cells were treated with compounds at 0.1ul/well (5 mg/ml in DMSO) through
an automated pin-based compound transfer robot. After incubation for 1 h at 37°C in 5%
CO2 humidified incubator, cells were then challenged with either LCMV-Arm or control
TNF-a for counterscreen (10pl/well) using liquid handling robot. Plates were briefly spun
and cells were incubated for additional 16-18 h. Thereafter, 20ul/well of 1:1 pre-diluted/
PBS buffered Steady-Glo luciferase buffer were added and luciferase activity was read using
Envision Il plate reader. Results were recorded as luminescence. TNF-a and TLR2 agonist
(e.g. LCMV) utilize different adaptors to engage the innate immune signaling pathway,
however both lead to the activation of the common down-stream transcriptional factor NF-
kB targets. Thus TNF-a is a useful control for specific blockade of virus-induced responses.
TNF-a was run side-by-side each time on separate plates in our full screen. Only those
compounds that significantly reduced LCMV-induced NF-«B luciferase activity by 50% or
greater than positive controls (DMSO only), with no change of TNF-a-induced NF-xB
luciferase activity were cherry-picked for secondary screening.

For primary screening, compounds were reconstituted with dimethyl sulfoxide (DMSO) to 5
mg/ml stocks. Compound libraries screened included those from ChemDiv, Maybridge,
ChemBridge, Biomol-TimTec, and some Fungal Extracts.

2.3. Determination of the impact of compound on TLR2 expression

SZ10 cells were plated into 24-well plate at 1x10%/well and incubated overnight at 37°C in
5% CO2 humidified incubator. Cells were treated with compound or DMSO (compound
carrier control). After incubation for 1 h at 37°C in 5% CO2 humidified incubator, cells
were then challenged with either LCMV-Arm or control TNF-a and were incubated for
additional 16-18h. The expression of TLR2 was determined using flow cytometry staining
with anti-human TLR2 (11G7 clone). Samples were acquired on a BD-LSR-11 flow
cytometer (Becton Dickinson). Data was analyzed with Flowjo software (Tree Star Inc.)

2.4. Determination of the effect of compound on LCMV replication

Two quantitative methods were utilized to determine the effect of compound on LCMV
replication. Flow cytometry approach was used in 24-well plate format. Vero cells were
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seeded at density of 1.5 x10%/well and incubated for overnight until cells were confluent.
Cells were cultured in media containing 3.3uM compound E567 for 60 min. Control cells
were cultured in media containing equal amount of DMSO. Then the cells were challenged
with LCMV-Arm at different MOI. After adsorption for 1 h at 37°C in 5% CO2 humidified
incubator, free virus was removed and replaced with fresh medium. Cells were incubated for
16-18 h. LCMV replication was determined by flow cytometry staining using anti-LCMV-
NP antibody VL4 (Battegay et al., 1991). Samples were acquired on a BD-LSR-11 flow
cytometer (BD). Data was analyzed with Flowjo software (Tree Star Inc.).

Plaque assay was performed in a 6-well plate format. VVero cells were seeded at density of
5x10°/well and incubated for overnight until cells were 100% confluent. Cells were
similarly treated with compound (3.3 uM). Control cells were treated DMSO alone. After
treatment, cells were challenged with LCMV-Arm at 50 pfu/well. After adsorption for 1 h at
37°C in 5% CO2 humidified incubator, free virus was removed and replaced with a mixture
of complete 2xM199/10% FCS and 1% agarose. 3—4 days after incubation, the secondary
overlay mixture of 2xM199/10% FCS and 1% agarose containing neutral red was added.
After incubation for additional 4-6 h or overnight at 37°C in 5% CO2 humidified incubator,
plaques were counted. Results were shown as number of plaques.

To evaluate if compound E567 inhibits LCMV replication in BHK-21 cells, BHK-21 cells in
24-well plates were infected with LCMV-Arm (MOI:0.1) for one hour and were washed to
remove free virus. 1 ml of MEM-5%FCS was added to each well. 48 hr post-infection,
supernatants were collected and LCMV titers were determined with an immunological focus
assay with antibody against LCMV NP (VL4) (Battegay et al., 1991). Results were shown as
log10 pfu/ml.

2.5. Evaluation of compound in mouse primary macrophages

Mice were injected intraperitoneally with 1 ml 3% thioglycollate. Peritoneal exudates
macrophages were harvested 4 days later by peritoneal lavage with ice-cold Hanks' balanced
salt solution. Cells (1x10° cells/150pl/well in 96-well plates) were treated with E567 or
DMSO at various concentrations. 1 h post-compound treatment, cells were challenged with
medium (negative control), LCMV-Arm, HSV-1 (7134R isolate, WT HSV-1), or other TLR
ligands. After incubation for additional 1618 h, culture supernatants were collected and the
levels of mouse MCP-1 and RANTES were determined by ELISA (BD), following the
manufacturer's instructions.

2.6. Evaluation of compound in human peripheral blood monocytes

Human peripheral blood mononuclear cells (PBMC) were prepared from buffy coats by
lymphocytes separation medium gradient centrifugation. Monocytes were isolated by
depletion of non-monocytes (negative selection) using the monocyte isolation kit 11
(Miltenyi Biotech Inc. Order number: 130-091-153). The purity was approximately 80% by
flow cytometry staining with antibody against CD14. Cells were seeded into 96-well plate
(triplicate) at the density of 1x104/100pl/well in DMEM-10%FCS and treated with E567 or
DMSO at various concentrations. 1 h post-compound treatment, cells were challenged with
medium (negative control), LCMV-Arm, or human TNF-o. After incubation for additional
16-18 h, culture supernatants were collected and IL-8 levels were determined by ELISA
(BD) following the manufacturer's instruction.

2.7. In vivo evaluation of compounds

C57BL/6J mice (female, 5-6 weeks old) were injected i.p. with DMSO carrier or compound
E567 at 400 pg/mouse, followed by infection i.p. with LCMV-Arm at 2x105pfu/mouse. 18
hours p.i., serum and spleen were collected. The levels of MCP-1 in serum were determined
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by ELISA (BD). The level of type I IFN was measured by type I IFN bioassay. To evaluate
if E567 inhibits LCMV replication in vivo, group of 8 C57BL/6J mice were treated i.p. with
compound E567 (400 pg/mouse), or DMSO, or left untreated, followed by challenge i.p.
with LCMV-Arm. Mice received additional 400 pg doses of compound at 6 hr, 18 hr and 24
hr p.i. At 48 h p.i., mice were sacrificed and spleens were collected. Virus titers in spleens
were determined using an immunofocus assay with antibody against LCMV NP (VL4)
(Battegay et al., 1991). To evaluate whether E567 blocks inflammatory responses induced
by other TLR ligands, mice were treated with compound E567 or DMSO as described
above, followed by injection i.p. with either TLR2 ligand Pam2CSK4 (0.8 mg/kg of mouse)
or TLR4 ligand LPS (0.8 mg/kg of mouse). 6 hours post-injection, mice were sacrificed and
serum samples were collected. The levels of IL-6, MCP-1, and RANTES were determined
by ELISA (BD).

2.8. Statistical analysis

3. Results

For the in vitro and in vivo studies comparing the effect of E567 on cytokine responses, the
differences between E567 and DMSO were evaluated using the two-tailed Student’s t test.
For the in vivo study examining the effects of E567 on virus replication in individual mice
(Fig 10C), means, medians and percentiles were estimated to describe the distribution of
titer values. An F-test was used to compare variances between groups (Pagano)(Gauvreau
and Pagano, 1993). Two sample t-tests using unequal variances were used to test means
between groups. Quantile regression with bootstrapped standard errors was used to compare
25 percentiles (Gould). Results were expressed as means+/-standard deviation. Values of p
<0.05 were regarded as significant.

3.1. Establishment and characterization of SZ10 cell line, an HEK cell line stably
expressing TLR2, CD14, and NF- kB-driven firefly luciferase

Our previous studies have shown LCMYV infection induced NF-xB activation and cytokine
and chemokine release through a TLR2 and CD14-dependent signaling pathway (Zhou et
al., 2005). Luciferase is a commonly used reporter because of the high sensitivity of
detection and the absence of endogenous luciferase activity in mammalian cells, thus
making it suitable for large-scale screening of compounds. To generate a stable HEK cell
line expressing TLR2, CD14, and luciferase reporter, expression plasmids for human TLR2,
CD14 and a hygromycin resistance gene, and an NF-xB-driven firefly luciferase report gene
were co-transfected into HEK293 cells using GeneJuice transfection reagent followed by
selection with hygromycin. After 3 weeks selection, individual clones of cells were isolated
and expanded. The luciferase activity and expression of both TLR2 and CD14 were used to
characterize and select positive clones. Cells were plated into 96-well plates and stimulated
with medium, recombinant human IL-1f or TNF-a, Pam2CSK4 (TLR2 ligand), and LCMV-
Arm. We obtained several positive clones. Clone number 10 (hereafter referred as SZ10
cells) is a representative of the positive clones. Untransfected HEK293 cells did not express
either TLR2 (Fig 1A) or CD14 (Fig 1C). In contrast, SZ10 cells expressed both TLR2 (Fig
1B) and CD14 (Fig 1D), and stimulation with either LCMV, or Pam2CSK4 (TLR2 ligand),
or TNF-a (TLR independent stimuli) induced the activation of NF-«B activity (Fig 1E).

3.2. Pilot screening to validate SZ10 cells with known activity compounds

To validate the specificity and sensitivity of SZ10 cells, we performed a pilot screening with
known bioactives collection. The collection contains many classes of compounds including
kinase inhibitors, protease inhibitors, and ion channel blockers. Cells were plated into 384-
well plate and treated with compounds for 30 min, then challenged with LCMV. Cells were
cultured for additional 5 hrs, and luciferase activity was measured in cell lysates. As
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expected, compared with DMSO (compound carrier), all 5 known NF-xB inhibitory
compounds, including known inhibitors for kB (Parthenolide) and NF-kB (Helenalin,
CAPE, Curcumin, Triptolide), effectively blocked LCMV-induced NF-kB activation (Fig 2).
Therefore, these results demonstrate that SZ10 cells and the screen protocol are suitable for
screening compounds targeting LCMV-induced NF-xB activation.

3.3. Screening for small molecule compounds that inhibit LCMV-induced TLR2-mediated
signaling pathway

In our primary screening, we screened 101306 compounds and cherry-picked 217
compounds. The positive hits were defined as those that inhibited luciferase activity by >
50% as compared to DMSO-treated cells challenged with LCMV for 18 hrs (optimal
incubation time established in pilot studies). A counterscreen with TNF-a stimulation was
included in each of the screening assay to distinguish compounds that had a specific effect
on LCMV stimulation from compounds that were toxic or which targeted NF-«B itself (in
either case, both LCMV and TNF-o responses would be blocked). From the 217 hits, 10
compounds, including compound E567 (Fig 3, 4A), were discovered in the primary screen
and confirmed in the secondary screen. All of these compounds could specifically inhibit
LCMV-induced NF-kB activity and cytokine response but not TNF-o induced responses.
Based on the ability of this compound to inhibit both cytokine production and LCMV
replication, in present report, we further characterized compound E567 (Fig 4A).

We examined the effect of E567 on LCMV-induced NF-«B activity as well as IL-8
production. HEK cells stably expressing TLR2 and CD14 predominantly produce IL-8 in
response to LCMV challenge and its induction is NF-kB-dependent. Consistent with the
results from primary screening and cherry-pick, E567 dramatically inhibited LCMV-induced
NF-«xB activity (Fig 4D) and IL-8 production (Fig 4E) in a dose-dependent manner. In
contrast, E567 did not affect TNF-a-induced NF-«B activity (Fig 4B) or IL-8 production
(Fig 4C).

3.4. Compound E567 down-regulates TLR2 expression

We have previously demonstrated that expression of TLR2 is required for the LCMV-
induced cytokine response (Zhou et al., 2008; Zhou et al., 2005). To further define the
mechanism by which compound E567 inhibits LCMV-induced cytokine response, we
examined if compound E567 affects TLR2 expression. SZ10 cells were treated with various
doses of E567 or DMSO followed by challenge with LCMV or control TNF-a. The
expression of TLR2 was examined by flow cytometry staining. The expression of HLA-
ABC was utilized as a control. As expected, LCMV challenge enhanced expression of TLR2
and DMSO did not affect LCMV induced up-expression of TLR2 (Fig 5A. long dashes
line). In contrast, incubation with E567 prevented LCMV-induced enhanced expression of
TLR2 (Fig 5A. black line), but did not affect the expression of HLA-ABC (Fig 5B).
Treatment with E567 did not affect TNF-a-induced expression of TLR2 (Fig 5C).

3.5. Compound E567 inhibits LCMV replication

Our previously studies have demonstrated that LCMV replication is critical for a cytokine
response but LCMV replication is independent of TLR2 (Zhou et al., 2005). To determine
whether compound E567 may also affect LCMV replication, the effect of compound E567
on LCMV replication was evaluated using anti-LCMV NP antibody staining and flow
cytometry to monitor the infection. E567 dramatically inhibited expression of LCMV-NP
(Fig 6A) and this effect was independent on the expression of TLR2, because E567 could
also inhibit LCMV replication in HEK cells that did not express TLR2 (Fig 6B). DMSO had
no effect on LCMV replication (Fig 6A-B).
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To further define the effect of E567 on LCMV replication, Vero cells were utilized, because
Vero cells are sensitive to LCMYV infection and are commonly used to titrate LCMV. Vero
cells were treated with E567 (3.3 uM) or DMSO alone, followed by challenge with different
amounts of LCMV. Compound E567 significantly inhibited LCMV replication in Vero cells
evaluated by either flow cytometry staining (expression of LCMV NP) (Fig 6C) or classic
plaque assay (Fig 6D).

To extend the investigation into the anti-LCMV activity of E567, we carried out another
experiment in BHK-21 cells. BHK-21 cells are extremely sensitive to LCMV-Arm
replication and have been commonly used to propagate LCMV-Arm. The effect of E567 on
viral replication in BHK-21 cells was determined by plaque assay as described above. Our
results demonstrated that E567 inhibited LCMV replication in BHK-21 cells in a dose-
dependent manner (Fig 6E).

3.6. E567 inhibits both LCMV and HSV induced cytokine responses in primary mouse
macrophages

Macrophages are important inflammatory cells in the host response to virus. To evaluate the
effect of compound E567 in modulating cytokine responses in mouse primary macrophages,
thioglycollate-elicited peritoneal exudate cells (PECs) isolated from mice and were treated
with various doses of E567 or DMSO control followed by infection with LCMV. Treatment
with compound E567 significantly inhibited LCMV induced production of both MCP-1 (Fig
7A) and RANTES (Fig 8A) from mouse macrophages.

Herpes simplex virus 1 (HSV-1) causes a wide array of human diseases from the common
herpes labialis or “cold sores” to the more severe, sometimes, lethal herpes encephalitis. We
have previously demonstrated that TLR2 is important in the host response to HSV-1
infection (Kurt-Jones et al., 2004). To determine whether compound E567 could modulate
HSV-1 induced cytokine / chemokine responses in mouse primary macrophages, PECs were
treated with compound E567 or DMSO followed by challenge with HSV-1 isolate, 7134R
(WT). Interestingly, compound E567 efficiently blocked both HSV-1 induced MCP-1 (Fig
7B) and RANTES (Fig 8B) production in mouse macrophages.

Next, we evaluated whether compound E567 could also affect the cytokine responses
elucidated by other TLR ligands. Both the TLR2 ligand Pam2CSK4, a synthetic diacylated
lipopeptide commonly found in Gram-positive bacteria, and the TLR4 ligand LPS, a cell
wall component of Gram-negative bacteria, are able to efficiently induce MCP-1 production
(Fig 7E) in macrophages but induced little RANTES under our experimental conditions.
Interestingly, treatment with compound E567 inhibited both Pam2CSK4 and LPS induced
MCP-1 production (Fig 7D-E). In contrast, treatment with compound E567 did not affect
poly IC, a synthetic dsSRNA and a TLR3 ligand, induced production of either MCP-1 or
RANTES (Fig 7C, 8C).

3.7. E567 inhibits both LCMV and HSV-1 induced IL-8 production in primary human

monocytes

Human monocytes, circulating in the blood stream and sensing the presence of invading
microbials, are important immune cells in both innate and adaptive immune responses.
Human monocytes express a variety of TLRs, including high levels of TLR2 Hornung et al.,
2005). Treatment with compound E567 resulted in a significant reduction of LCMV induced
IL-8 production from monocytes compared to DMSO control Fig 9A), and this effect was
dose-dependent. A similar effect of compound E567 was observed on monocyte production
of IL-8 in response to HSV-1 (Fig 9B), Pam2CSK4 Fig 9E), and LPS (Fig 9F). Interestingly,
treatment with compound E567 did not affect either recombinant human TNF-a or poly IC
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induced production of IL-8 (Fig 9C-D), demonstrating that the impact of compound E567
on LCMV and HSV-1 induced monocyte IL-8 production is not due to the toxicity of
compound.

3.8. E567 blocks LCMV and other TLR ligands induced inflammation in vivo

To evaluate the effect of compound E567 on inhibition of LCMV induced inflammation in
vivo, C57BL/6J mice were pre-treated with DMSO or compound E567 once via intravenous
route at 400 pg/mouse (16 mg/kg) followed by challenge with LCMV-Arm via
intraperitoneal administration. Treatment with a single dose of E567 resulted in a significant
decrease in LCMV induced MCP-1 production as compared with levels in DMSO treated
mice (Fig 10A). In contrast, E567 treatment did not affect LCMV induced type | IFN
production (Fig 10B). E567-treated mice had significantly lower levels of virus p<0.05) in
the representative organ, the spleen, compared to DMSO-treated or untreated mice (Fig
10C). Interestingly, E567 treatment also significantly blocked both TLR2 ligand Pam2CSK4
and TLR4 ligand LPS induced IL-6 and MCP-1 production (Fig 10D-E). In contrast, E567
did not affect either Pam2CSK4 or LPS-induced RANTES production (Fig 10F).

4. Discussion

We have previously demonstrated that the expression of TLR2 and CD14 is required for
LCMV induced activation of the innate immune signaling pathway (Zhou et al., 2008; Zhou
et al., 2005). Based on these findings, we hypothesized that blockade of the TLR2-mediated
signaling pathway could be a useful strategy to block virus induced inflammatory responses.
In the present study, we have conducted small molecule screening to identify TLR2
signaling inhibitors that could be used to treat TLR-mediated inflammation. Using a
HEK293 bhased cell line stably expressing TLR2, CD14 and NF-«xB-driven-luciferase, we
have identified 10 positive compounds from over 100 000 small molecules. This is the first
report to use such a cell line to identify TLR2 signaling inhibitors with antiviral properties.
There are several advantages of using this cell line in the screening of TLR2 signaling
inhibitors. First, the luciferase reporter is a commonly used sensitive reporter in the study of
signaling pathway. Second, the results obtained from using this stable cell line are more
consistent than results obtained from transient transfection. Third, HEK cells are sensitive to
most virus infections. Thus the effect of compound on NF-«xB driven gene expression and
virus replication could be characterized using the same cell line.

In present report, we further characterized one of the 10 candidate compounds, named E567.
We demonstrated that E567 is able to modulate TLR2, and to a lesser extent, TLR4
signaling. Remarkably, compound E567 has the ability to inhibit LCMV replication both in
vitro in cell culture and in vivo in the mouse.

While TLRs are important in initiating the protective innate immune response, TLRs have
also been demonstrated to cause disease by virtue of their ability to stimulate inflammatory
responses (Baenziger et al., 2008; Kurt-Jones et al., 2004; Wang et al., 2004). TLR-mediated
responses to the invading microbial pathogens can lead to the production of excessive
chemokines and cytokines and cause immunopathology (Finberg and Wang, 2009; O'Neill,
2006). Thus TLR signaling inhibitors might have potential therapeutic beneficial effects in
treating viral infection-associated diseases (O'Neill, 2006). TLR antagonists to TLR2, TLR4,
nd TLR9 have been developed for clinical use (Czarniecki, 2008; Nakamura et al., 2007;
Yamada et al., 2005). TLR4 antagonists have been reported to be able to inhibit TLR4
agonist LPS-induced inflammation in vitro as well as suppress LPS-induced disease in a
mouse model (Nakamura et al., 2007). Lipolanthionine peptides have been developed based
on the structural characteristics of TLR2 agonist Pam3CSK4. These peptides have been
shown to suppress Pam3CSK4-induced inflammation in cell culture, however, the effect of
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these TLR2 antagonists in vivo has not been reported (Seyberth et al., 2006). The role of
TLR inhibitors in inhibition of viral infection-associated inflammation had not been
previously explored.

Macrophages and monocytes play critical roles in the host response to infection with various
microbial pathogens. Both cell types express various TLRs, including high levels of TLR2
(Hornung et al., 2005). Expression of TLR2 is involved in both LCMV and HSV-1-induced
production of cytokines / chemokines in these two cell types (Kurt-Jones et al., 2004; Zhou
et al., 2005). Our studies demonstrated that compound E567 is able to block both LCMV
and HSV-1-induced inflammatory responses in these cell types. Our results revealed that
treatment with compound E567 also blocked both Pam2CSK4 (TLR2 ligand) and LPS
(TLR4 ligand) induced inflammatory responses in these cell types, but it did not affect the
production of cytokines / chemokines induced by either recombinant human TNF-a or poly
IC in human monocytes (Fig 9C-D) and mouse primary macrophages (Fig 7C, 8C).
Moreover, we demonstrated that compound E567 blocks both the TLR2 agonist Pam2CSK4
and the TLR4 agonist LPS induced cytokine responses in mice (Fig 10D-F). This is
consistent with other published results indicating that a TLR2 signaling inhibitor could
affect both TLR2 and TLR4 signaling pathways (Czarniecki, 2008; Nakamura et al., 2007;
Yamada et al., 2005). Although the exact mechanisms involved in the effect of E567 on
cytokine/chemokine responses in both mouse and human primary cells are not yet fully
defined, certain findings are likely to be relevant. Since the adapter proteins MyD88 and
MyD88 adapter-like (MAL) (Fitzgerald et al., 2001) are involved in both the TLR2 and
TLR4 signaling pathways, it is possible that compound E567 might target these adapter
proteins. Alternatively, E567 could act on other molecules downstream of TLR2 but shared
by TLR4 signaling pathways.

Compound E567 blocks LCMV-induced cytokine response in a mouse model. The
compound E567 inhibited LCMV replication (Fig 10C) and modulated TLR2 signaling.
Either or both of the effects could be responsible for the ability of the compound to decrease
the cytokine response in vivo in response to LCMV infection. We have previously
demonstrated that LCMV induced a potent dose dependent cytokine response that requires
live virus (Zhou et al., 2005). Although TLR2 is required for LCMV-induced inflammation,
expression of TLR2 is not required for LCMV infectivity (Zhou et al., 2005). So far,
although a few publications have described TLR inhibitor small molecule compounds, none
of these compounds have been reported to be able to inhibit viral replication both in vitro
and in vivo (Czarniecki, 2008;Nakamura et al., 2007;Yamada et al., 2005). To our
knowledge, this is the first report that a small molecule compound identified using a TLR2
expressing model that has the ability to inhibit both viral replication and TLR ligand-
induced inflammation.

In summary, using a cell-based screen system, we have identified small molecule
compounds capable of modulating TLR2 signaling. In particular, we have further
characterized compound E567 and demonstrated that E567 inhibits inflammatory responses
induced by both viruses and other TLR2 and TLR4 agonists. Remarkably, this agent has
effect on virus replication. Further structure-activity relationship (SAR) studies and the
pharmacokinetics (PK) evaluation of these candidates are under way to define the
therapeutic potential of this agent. We believe that this cell line and these positive
compounds will enhance not only the understanding of TLR2-mediated signaling pathway,
but will also shed light on the development of new types of drugs that target TLR-mediated
inflammation, including viral and bacterial infections.
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Fig 1. A and B: Establishment and characterization of HEK cells stably expressing TLR2, CD14

and NF-kB-driven firefly luciferase

HEK?293 cells were co-transfected with plasmids expressing human CD14 -hygromycin and
NF-kB-luciferase (NF-kB-driven firefly luciferase), and followed by selection with
hygromycin (200 pg/ml) for 3 — 4 weeks. Individual clones were then expanded and
characterized. Clone SZ10 is a representative from 12 individual clones. The expression of
both TLR2 and CD14 in untransfected HEK293 cells (panels A and C) and SZ10 cells
(panels B and D) was confirmed by flow cytometry staining with anti-human TLR2
antibody (clone 11G7) (black line) (A and B) and CD14 (black line) (C and D). Grey and
tinted area, isotype antibody controls. Panel E: SZ10 cells in 96-well plates were challenged
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with the following stimuli (triplicate wells per stimulant): medium, LCMV-Arm, uninfected
BHK-21 cell supernatant, TNF-a (non-TLR stimulant), and Pam2CSK4 (TLR2 ligand).
Cells were incubated additional 16 hr at 37°C, 5% CO2. NF-«kB activity (luminescence light
unit) was determined by luciferase assay. Data are means and standard errors of triplicate
wells per stimulant.
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Fig 2. Validation of SZ10 cells and the screen protocol using “known bioactives” compounds
SZ10 cells in 384-well plates (duplicate plates) were treated with “known bioactives”
compounds (at levels demonstrating not to be toxic by the screening facility) or DMSO and
incubated for 60 min. Cells were challenged with LCMV-Arm and incubated for additional
16-18 hr at 37°C, 5% CO2. NF-«B activity (luminescence light unit) was determined by
luciferase assay. Data are means and standard errors of duplicate wells per stimulant.
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Fig 3. Discovery of compound E567 in the primary compound screen

SZ10 cells were plated into 384 well plates in duplicate and incubated overnight at 37°C,
5% CO2 incubator. The next day, cells were treated with small molecule candidates (F1-

F22: representative compounds) or compound carrier DMSO at 0.1 pl/well using pin

transfer robot. Cells were incubated for one hour followed by challenge with either LCMV-
Arm (A) or control stimulant TNF-a for 18-22 hours. Steady-Glo luciferase buffer was
added into each well and the plates were read using an Envision 11 plate reader. Raw data
were collected and shown as luminescence light unit. The intensity of luminescence is an

indicator of the level of NF-xB-luc activation. Data are means and standard errors of

duplicated wells.
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Fig 4. E567 blocks LCMV-induced TLR2-mediated NF-kB activity and production of 1L-8
SZ10 cells were plated into 96-well plates and incubated overnight at 37°C, 5% CO?2. Cells
were treated with compound E567 (A) or compound carrier DMSO at various
concentrations and incubated for one hour followed by challenge with either control
stimulant TNF-a (B and C) or LCMV-Arm (D and E). Cells were incubated for additional
16-18 hr at 37°C, 5% CO2. Levels of IL-8 (C and E) in the culture supernatants were
measured by ELISA. Cell lysates were used to determine NF-«xB activity (luciferase assay)
(B and D). Data are means and standard errors of triplicate wells. Results are representative
of more than five separate experiments.
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Fig 5. Compound E567 inhibits LCMV-induced TLR2 expression in HEK293 cells

SZ10 cells were plated in 24-well plate and were mock-treated (dotted line), or treated with
compound E567 (3.3 uM) (black line), or DMSO (long dashes line) for one hour followed
by challenge with LCMV (A) or TNF-a (B) in the presence of E567 or DMSO. Twenty
hours post-infection, the expression of TLR2 in SZ10 cells was determined by flow
cytometry staining with anti-TLR2 antibody (clone 11G7) (A). The grey and tinted area
represents the isotype for anti-TLR2 antibody. The expression of HLA-ABC in the same
treated SZ10 cells was determined by flow cytometry staining with antibody against human
HLA-ABC (B). Grey and tinted area, isotype control; dotted line, mock-treated cells; black
line, E567-treated cells; lone dashes line, DMSO-treated cells. The MFI data for 5A (which
shows the effect of the compound on TLR2 expression) are: isotype: 174; basal TLR2
<dotted line>: 353; DMSO + LCMV <long dashes line>: 1978; E567 + LCMV <black
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line>: 804. The MFI for 5C (TNF-a control for 5A) are: isotype: 132; basal TLR2 <dotted
line>: 1077; DMSO + TNF-a <long dashes line>: 4224; E567 + TNF-a <black line>: 4711.
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Fig 6. Compound E567 blocks LCMV replication

LCMV replication was determined by flow cytometry staining of LCMV-NP expression.
(A-B) HEK?293 cells stably expressing either TLR2/CD14 (SZ10 cells) (A) or TLR4/CD14
(B) were plated in 24-well plate and treated with compound E567 (black lines) or DMSO
(grey lines) followed by challenge with LCMV as described in Fig 5. 20 h post-infection, the
expression of LCMV NP was determined by flow cytometry staining with VL4 antibody.
Grey and tinted area, isotype control. Results are representative of two to three separate
experiments. (C) Vero cells were plated in 24-well plates. The next day, cells were treated
with compound E567 (3.3 uM) or equal amount of DMSO for 60 min followed by challenge
with LCMV at different MOI. After incubation for 1 h, free virus was removed and replaced

Antiviral Res. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhou et al.

Page 20

with fresh medium. Cells were incubated for additional 16-18 h. The expression of LCMV-
NP was determined by flow cytometry staining with VL4 antibody and results were shown
as the mean fluorescence intensity (MFI) (C). In addition, the replication of LCMV was also
determined using the classical plaque assay in Vero cells as described in Materials and
Methods, and results were shown as number of plaques (D). (E) BHK-21 cells in 24-well
plates were treated with E567 or control DMSO as described in Materials and Methods. The
virus yield in the supernatants of BHK-21 cells was determined using an immunological
focus assay. * p<0.05.
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Fig 7. Compound E567 inhibits both LCMV and HSV-1-induced MCP-1 production in mouse
primary macrophages

Thioglycollate-elicited peritoneal exudate cells in 96-well plates were treated with
compound E567 or DMSO for 60 min followed by challenge with LCMV (A), HSV-1
7134R isolate (WT HSV-1) (B), poly IC (C), pam2 (D), or LPS (E). Cells were incubated
for additional 16-18 hr. Levels of MCP-1 in the culture supernatants were measured by
ELISA. A representative of three separate experiments. * p< 0.05.
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Fig 8. Compound E567 inhibits both LCMV and HSV-1-induced RANTES production in mouse
primary macrophages

Thioglycollate-elicited peritoneal exudate cells in 96-well plates were treated with
compound E567 or DMSO for 60 min followed by challenge with LCMV (A), HSV-1
7134R isolate (WT HSV-1) (B), or poly IC (C). Cells were incubated for additional 16-18
hr. Levels of RANTES in the culture supernatants were measured by ELISA. A
representative of three separate experiments. * p< 0.05.
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Fig 9. Compound E567 inhibits LCMV induced IL-8 production in primary human monocytes
Purified primary human monocytes were plated in 96-well plates and treated with compound
E567 or DMSO. 60 min post-compound treatment, cells were challenged with LCMV (A),
HSV-1 7134R isolate (WT HSV-1) (B), or the following stimuli: recombinant human TNF-
a (C), poly IC (D), pam2 (E), or LPS (F). Cells were incubated for additional 1618 hr.
Levels of IL-8 in the culture supernatants were measured by ELISA. A representative of
three individual experiments. * p< 0.05.
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Fig 10. Compound E567 inhibits both LCMV and other TLR ligands induced cytokine
production and viral replication in vivo

C57BL/6 mice were injected i.p. with compound E567 at 400 pg/mouse or DMSO. Within
20 min post-treatment, mice were challenged with LCMV-Arm (2x10° pfu). 18 h post-
infection, levels of MCP-1 in serum were determined by ELISA (A) and the bioactivity of
type | IFN was measured by type | IFN bioassay (B). To determine if compound E567
inhibits LCMV replication in vivo, groups of 8 C57BL/6 mice were treated as described in
the Materials and Methods. Mice were sacrificed 48 h post-infection and spleens were
collected. Virus titers in spleens were determined using an immunofocus assay with
antibody against LCMV NP (VL4). Spleen viral titers in individual mice were shown (n=8)
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(C). C57BL/6 mice were intravenously injected with compound E567 at 400 pg/mouse or
DMSO. Within 10 min post-treatment, mice were challenged with either pam2CSK (0.8 mg/
kg) or LPS (0.8 mg/kg). Six hrs post-infection, levels of IL-6 (D), MCP-1 (E), or RANTES
(F) in serum were determined by ELISA. * p< 0.05.

Antiviral Res. Author manuscript; available in PMC 2011 September 1.



