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INTRODUCTION
Systemic Lupus Erythematosus (SLE)

is a prototypic systemic autoimmune dis-
order that is characterized by anti-nuclear
autoantibodies and the presence of in-
flammatory lesions targeting a variety of
tissues including the skin, joints, brain,
heart, lung, and kidney (1). Development
of the disease can lead to deposition of
immune complexes in the kidney, renal
failure, and death. SLE is diagnosed
mostly in woman during childbearing
years and affects approximately five mil-
lion people worldwide. Therapies have
remained essentially unchanged for over
20 years and still rely largely on undesir-
able long term use of corticosteroids and

immunosuppressive drugs to slow disease
progression. The need for safe, new, effec-
tive therapies is urgently required. Re-
cently, it has emerged that type I Interfer-
ons (IFN) play a prominent role in the
pathogenesis of lupus, however, type I
IFNs also play an important role in host
defense against viral infection (2). There-
fore, we are faced with the challenge of de-
veloping a screening strategy that identifies
drugs that inhibit the pro-inflammatory
response of type I IFNs while retaining
protection from viral infection.

Type I IFNs are a family of pleiotropic
cytokines that play an important role in
modulating nearly all phases of immune
and inflammatory responses (2,3). Type I

IFNs include 13 functional IFN-α genes,
and single IFN-β, IFN-ε, IFN-κ, and IFN-ω
genes (3). Binding of type I IFNs to a
common receptor (IFNAR) composed of
a unique IFNAR1 subunit and a func-
tionally active IFNAR2c subunit, results
in the activation of JAK1 and TYK2 ki-
nases that subsequently activate the sig-
nal transducer and activator of transcrip-
tion (STAT) proteins 1, 2, 3, 4, and 5, and
regulate the expression of hundreds of
interferon-stimulated genes (ISGs) (4-6).

The connection between type I IFNs
(particularly IFN-α) and SLE is com-
pelling (7). Type I IFN-regulated genes
are overexpressed significantly in PBMCs
from SLE patients (8–12), and elevated
levels of IFN-α activity correlate with
both disease activity and severity (10,13).
Moreover, the observation that patients
with non-autoimmune disorders who
are treated with recombinant IFN-α
can develop antinuclear antibodies, anti-
dsDNA antibodies, and, occasionally,
SLE, indicates that IFN-α plays a direct
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role in the pathogenesis of SLE (14). In
vivo models of autoimmune disease also
show that the administration of exoge-
nous IFN-α induces glomerulonephritis
in normal mice and accelerates the onset
of the spontaneous autoimmune disease
of NZB/W mice (15). Furthermore, auto-
immune-predisposed mice deficient in
the IFN-α/β receptor exhibit signifi-
cantly reduced anti-erythrocyte auto-
antibodies, hemolytic anemia, anti-DNA
autoantibody, kidney disease, and mor-
tality (16). Altogether, these data
strongly indicate that targeting the
IFN-α pathway may provide an effective
approach for the treatment of SLE.
Moreover, this approach may also be ap-
plicable to other autoimmune disorders
associated with dysregulation of type I
IFN- signaling pathways such as psoriasis,
type I diabetes, Sjögren’s disease, and
inflammatory myopathies (17).

Therapeutic modulation across the
spectrum of type I IFN- pathways repre-
sents a novel and promising approach
which represents a challenge to the con-
ventional single target drug discovery.
Recent advances in molecular biology,
robotics, and assay detection technolo-
gies make it feasible to explore gene,
protein, and signaling pathways in an
integrated cellular context (18,19). Mole-
cular profiling by these approaches has
several potential advantages, both as a
primary anchor to drug discovery and
as a complement to more conventional
target-based discovery efforts. The use
of large complex sets of genomic bio-
markers already has found its way into
standard use in the identification and
validation of drug targets (18,19). Profil-
ing the expression of large gene sets in
normal, compared with disease, states
can provide critical clues to the activities
of cellular control pathways as well as
identifying specific gene signatures as
the surrogate markers in disease
processes. An exciting use of such mo-
lecular surrogate markers that has the
potential to revolutionize drug discov-
ery is its utility in defining cellular states
as the primary driver for the identifica-
tion of drug candidates (20–22).

Here, we illustrate a robust and novel
gene expression platform based on
high-throughput integrated transcrip-
tional screening (HITS) followed by
secondary biological assays to identify
small molecular compounds that nor-
malize the perturbed PBMC gene signa-
tures of SLE patients. A library of 268
well-annotated small molecule in-
hibitors spanning 41 mechanism of ac-
tions (MOAs) that inhibit or modulate
well-defined signaling pathways were
screened. We found that inhibitors
targeting either NF-κb or JAK/STAT
signaling were able to block IFN-α–
mediated biological activities that con-
tribute to the pathogenesis of SLE with-
out modulating the IFN-α–dependent
anti-viral response to Herpes simplex
virus type 1(HSV-1). Our results indi-
cate that small molecules targeting
JAK/STAT and NF-κb pathways are
potential drug candidates for SLE or
IFN-α–associated autoimmune disease.

MATERIALS AND METHODS

Genome-Wide Gene Expression
Analysis

Human U133A microarrays
(Affymetrix Inc. Santa Clara, CA, USA)
were used to profile transcriptional
changes in THP-1 cells stimulated with
cytokines. THP-1 cells were treated with
100 IU/mL IFN-α, 10 ng/mL IFN-α,
10 ng/mL TNF-α, or vehicle-only con-
trol for 4 h. Total RNA was isolated in
Trizol reagent (Invitrogen Inc, Carlsbad,
CA, USA) and purified on RNeasy plate
(Qiagen Inc, Valencia, CA, USA). The
purified total RNA from eight biologi-
cal replicates for IFN-α and IFN-γ
treatments, six replicates of TNF-α
treatments, and 14 replicates of vehicle-
only controls were processed and hy-
bridized on HT_HG-U133A high-
throughput 96 well array plates
according to Affymetrix high-throughput
array platform protocols provided by
the microarray supplier. All the stimu-
lated gene expression data sets were
normalized to the vehicle control treat-
ments for the pathway gene marker set

analysis. Raw data are available upon
request.

High-Throughput Integrated
Transcriptional Screening

THP-1 cells were treated with either
compound (10 μM final concentration)
or vehicle control (0.1% DMSO) for
30 min prior to a 4 h stimulation with
100 IU/mL IFN-α or PBS. Plates were
incubated at 37° C in a humidified incu-
bator. Cell lysis and RNA isolation were
carried out according to the manufac-
turer’s instructions (Qiagen Inc.). Real
time polymerase chain reactions (PCRs)
were carried out in SYBR green master
mix (Quanta Biosciences, Gaithersburg,
MD, USA) on ABI9700 thermocyclers.

Oligo Pairs Used for RT-PCR
IFI35 (Fwd: 5’ ggagtggctcagcgtctgt 3’

and Rev: 5’ actggctgcgacctgatct 3’), OAS3
(Fwd: 5’ tgaaggctgctgtgtgaagt 3’ and
Rev: 5’ cacacacacatgtacacaatctctc 3’),
G1P2 (Fwd: 5’ cgaactcatctttgccagtaca 3’
and Rev: 5’ gagctgctcagggacacc 3’), RSAD2
(Fwd: 5’ tggatagcaaatcctgagacaat 3’ and
Rev: 5’ cctgtgtgtattccttctttttagc 3’), HNRPA0
(Fwd: 5’ Gggtgggttcagagtacctttt 3’ and
Rev: 5’ gcttcttagtatagctttgagccttc 3’), DDX58
(Fwd: 5’ Tgaactgtaagggttagtggagagt 3’
and Rev: 5’ aaataatccatttgtattgggtct 3’),
MX1 (Fwd: 5’ Ggacatcactgctctcatgc 3’
and Rev: 5’ tttatggccttcttgaaaattg 3’).

HITS Scoring Model
We used the housekeeping gene,

GAPDH, in the HITS as the normalization
control for the IFN-α gene signature set
to correct the overall variability in the
qPCR-based HITS process. The corrected
profiles then were normalized to the
basal gene expression levels determined
by using the vehicle-only treatments. We
used the SNR statistics as the weight
function to adjust the contribution of
each signature gene to the HITS score
based on the reliability of the gene ex-
pression measurements (20). Hits
were the tested compounds where
HITS score > cut-off HITS score as estab-
lished by the vehicle controls to give false
discovery rate < 0.05.



3 7 6 |  C H E N  E T  A L .  |  M O L  M E D  1 4 ( 7 - 8 ) 3 7 4 - 3 8 2 ,  J U L Y - A U G U S T  2 0 0 8

H I G H  T H R O U G H P U T  S C R E E N I N G  I D E N T I F I E S  C O M P O U N D S  T A R G E T I N G  I F N - α

Human PBMC Stimulation with IFN-α or
Patient Serum

SLE patient and control serum were
purchased from Bioreclamation
(Hicksville, NY, USA). IFN-α 2a was
from PBL Biomedical Laboratories (Pis-
cataway, NJ, USA). Fresh PBMCs from
healthy donors were prepared by Ficoll-
hypaque fraction according to the manu-
facturer’s instructions. Cells were cul-
tured at 2 × 105 cells/0.1 ml in 96-well
flat-bottomed plates in a culture me-
dium. To study the effect of compounds
on gene expression, compounds and
vehicle controls were pre-incubated with
cells for 30 min at 37° C before stimula-
tion with 50% lupus serum, or 100 IU/
mL IFN-α 2a were incubated with
PBMC. After 6 h stimulation, cells were
lysed in Qiagen 2XTCL lysis buffer fol-
lowed by HITS analysis.

In Vitro Anti-Viral Assay
Hep-2 cells were propagated in MEM

(Invitrogen) with 10% fetal bovine
serum. HSV-1 recombination virus with
both firefly and Renilla luciferase genes
in a divergent orientation from a single
multiple cloning site were used. Hep-2
cells were seeded at 2 × 104 cells/well in
a 96-well plate. Twenty-four h post-seed-
ing, cells were infected with virus at a
multiplicity of infection (MOI) of 5. After
absorption for 1 h at 37° C, free viral par-
ticles were removed by aspiration, cells
were washed, and 200 μl of medium con-
taining IFN-α with or without test com-
pounds. After 48 h incubation, cells were
washed and lysed in 20 μl of passive lysis
buffer (Promega Inc, Madison, WI, USA)
frozen, thawed, and assayed for firefly
and Renilla luciferase activity using the
Dual Luciferase Assay kit (Promega).

IFN-α–Induced Chemokine Release
In Vivo

Female NZBW/F1 mice (Jackson Labo-
ratories, Bar Harbor, ME, USA) were
housed in pathogen-free conditions with
access to food and water. At 11 wks of
age, mice were randomized and placed
into control (n = 4 to 5) and treatment
groups (n = 6). IKK2 inhibitor IV was ad-

ministered in 0.9% DMSO, 7% dimethy-
lacetoacetamide (Aldrich Chemical Co,
Milwaukee, WI, USA) and 10% Cre-
mophor EL (Sigma-Aldrich, St. Louis,
MO, USA) 2 h prior to stimulation. Anti-
mouse IFN-α receptor antibodies (5A3)
or mouse IgG1 isotype control antibodies
were administered 16 h prior to stimula-
tion as a positive control. Mice were
stimulated by adenovirus delivery of
IFN-α5, 1 × 1010 viral particles were in-
jected intravenously. Six h post-stimula-
tion, the mice were killed by CO2 expo-
sure and blood samples were collected
by cardiac puncture. Serum levels of IP10
were assessed by Enzyme-Linked Im-
munoSorbent Assay (ELISA) (R&D Sys-
tems, Minneapolis, MN, USA).

Statistical Analysis
Statistical comparison between two

groups was conducted by student t-tests.

RESULTS

Establishing a Chemical Genomics-
Based Platform to Identify Specific
Inhibitors of the IFN-α Pathway

To develop a robust and reproducible
genomic-based high throughput screen,
we carried out genome-wide differential
gene expression analysis using a robust
and reproducible in vitro platform. A
human monocytic cell line, THP1 cells,
was used to characterize the genomic
signature of relevant pro-inflammatory
cytokines. A total of 302 genes were
identified that either were activated or
repressed more than 1.4-fold by the
IFN-α stimulation relative to the unstim-
ulated cellular state at false discovery
rate (FDR) < 0.01. Because IFN-α, IFN-γ,
and TNF-α share a large set of overlap-
ping signaling pathways, we next coun-
terselected against genes that were sig-
nificantly modulated by IFN-γ or TNF-α
stimulation. That left a total of 76 genes
uniquely modulated by IFN-α. The 25
genes displaying the highest degree of
modulation were subsequently selected
for qPCR-based HITS assay evaluation
and development (Figure 1A). Seven
genes showing the best correlation and

most robust activation (MX1, OAS3,
DDX58, RSAD2, G1P2, IFI35) or repres-
sion (HNRP0) upon IFN-α stimulation
were selected. These genes were used in
our HITS assay for screening modulators
of the IFN-α signaling pathway. A modi-
fied weighted voting model based on the
SNR method was established to score the
active compounds (20) (Figure 1B).

Stimulation of healthy donor PBMCs
with serum isolated from SLE patients
induces the upregulation of IFN-α
pathway-associated genes (Interferon-
induced genes, IFIGs), such as MX1 (23).
Furthermore, expression of IFIG corre-
lates with disease severity and organ in-
volvement (23,24). We also confirmed
that the IFN-α pathway gene signature
set was relevant to the disease state of
SLE patients. Healthy donor PBMCs
were stimulated with either SLE serum
or healthy donor serum. Significant in-
duction of all six selected upregulated
IFN-α pathway signature genes was ob-
served (Figure 2). The induction ranged
from five-fold (G1P2) to a 40-fold median
increase (OAS3) depending on the gene.
Our results are consistent with the
marked induction pattern of type I IFN-
inducible genes observed ex vivo with
SLE samples (8–12). These data further
support the therapeutic relevance of our
genomic screening platform and demon-
strate that IFN-α is an important contrib-
utor of the SLE serum-induced gene sig-
nature.

High-Throughput Integrated
Transcriptional Screening (HITS)

HITS assays then were carried out for
screening of 268 target-specific com-
pounds. The screen consists of THP1 cells
stimulated with 100 IU/mL IFN-α for 4 h.
A desirable hit would reverse the seven-
gene signature back toward basal gene
expression levels. Vehicle-only treatments
were used to establish baseline gene ex-
pression, and treatment with 100 IU/mL
IFN-α was used to establish the maximal
gene expression levels. Genes whose ex-
pression was neutralized to at least 50%
of maximal levels were used in a modified
weighted voting model based on the SNR
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statistics to score the compound treat-
ments. We used the HITS scores from both
vehicle-only and vehicle with 100 IU/mL
IFN-α treated THP-1 cells to establish the
confidence interval of the HITS calling
model. Any compound consistently

scoring positive at FDR < 0.05 across the
multiple runs was classified as an active
compound. The HITS screen identified 30
compounds from eight mechanisms of
action (MOA) groups (data not shown).
Compounds with undesirable MOA and

cytotoxicity were excluded. Representa-
tive compounds from three groups, Api-
cidin 1a from the HDAC inhibitor group,
IKK2 inhibitor IV from the NF-κb in-
hibitor group, and JAK inhibitor I, a di-
rect inhibitor of the JAK/STATs pathway,
were selected for further validation. Dose
titrations then were performed in the
same HITS assays. We observed a dose-
dependent inhibition of the IFN-α path-
way signatures. The TI50 values, defined
as the dosage that inhibited 50% of the
IFN-α stimulation gene expression pro-
file, were determined for all three com-
pounds. TI50 of JAK inhibitor I is 0.3 μM,
TI50 of IKK2 inhibitor IV is 0.6 μM, and
TI50 of Apicidin 1a is 0.2 μM. It is impor-
tant to note that there was no general
cellular toxicity observed in the THP-1
cells when treated with up to 1 μM of
these compounds.

Selected Compounds Inhibit 
SLE-Associated Gene Signatures

To further evaluate the role of small
molecular inhibitors on the type I IFN-
gene signature, freshly isolated PBMC
stimulated with 50% lupus serum were
used in HITS assays. As shown in Fig-
ure 3, Apicidin 1a, IKK2 inhibitor IV,
and JAK inhibitors I significantly
blocked the upregulation of the six most
robustly induced IFN-α signature gene
set in a dose-dependent manner. Api-
cidin 1a, IKK-2 inhibitor IV, and JAK in-
hibitor I showed 80%, 77%, and 60% in-
hibition, respectively. No cytotoxity was
apparent at the test compound concen-
tration of 1 μM. Importantly, these ex-
periments were consistent with SLE
serums from patients with different
level of IFN-α activity and autoantibody
profile (data not shown). These data
suggest that JAK inhibitor I, IKK-2 in-
hibitor IV, and Apicidin 1a are effective
inhibitors of the IFN-α gene signature
induced by SLE serum. Because the bio-
logical activity of SLE serum has been
associated with pathogenesis, our re-
sults suggest that small molecule in-
hibitors targeting HDAC, NF-κb, and
JAK/STAT signaling pathways could
modulate SLE disease activity.

Figure 1. Establishing a chemical genomics-based platform to identify specific inhibitors of
the IFN-α pathway. The unique gene expression signature of the IFN-α signaling pathway
was established in THP-1 cells by comparing the gene profiles of the fully activated IFN-α
pathway to the basal gene expression. THP-1 cells were stimulated either with 100 IU/mL
IFN-α, 100 IU/mL IFN-γ, or 10 ng/mL TNF-α to generate the activated pathway gene signa-
tures. (A) Heat-map representation of the 25 genes selected for HITS (high-throughput in-
tegrated transcriptional screening). Columns represent cytokine stimulation treatments
and rows represent genes (red: higher expression; green: lower expression). The signifi-
cance values were computed across the replicates of each IFN-α stimulation compared
to the vehicle-only treatments using student t-tests. (B) The six most reproducibly upregu-
lated genes, one downregulated gene, and a normalization control gene (GAPDH) were
validated and run in the qPCR-based HITS assay. This set of genes was used to screen for
inhibitors of IFN-α signaling pathway. Shown is a typical expression profile of the gene set
following IFN- α treatment. The HITS scoring weight and halfmax threshold are indicated.
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Effect of Apicidin 1a, IKK2 Inhibitor IV,
and JAK Inhibitors in IP-10 and MCP-1
Expression Induced by IFN-α

Multiple chemokines, including mono-
cyte chemo-attractant protein-1 (MCP-1)
and activated T cell chemokine inter-
feron-inducible protein 10 (IP-10) regu-
late leukocytes migration and infiltration
into inflamed organs (25). Expression of
MCP-1 and IP-10 are elevated in the
serum of SLE patients (25,26), and in the

monocytes of healthy donors stimulated
in vitro by IFN-α (27). Consequently, the
effect of Apicidin 1a, IKK2 inhibitor IV,
and JAK inhibitors in IP-10 and MCP-1
expression induced by IFN-α from
human monocytes was examined. As
indicated in Figures 4A and 4B, doses
as low as 0.03 μM of JAK inhibitor I and
IKK-2 inhibitor IV blocked the expression
of IP-10 induced by IFN-α significantly
(P < 0.05). MCP-1 expression required

higher doses of JAK inhibitor I and of
IKK-2 inhibitor IV. In contrast, 1 μM Api-
cidin 1a treatment neutralized MCP-1 ex-
pression induction totally, whereas IP-10
expression was unaffected. Furthermore,

Figure 2. HITS platform identifies SLE disease state. Human healthy donor PBMCs were
stimulated with 50% serum isolated from either SLE patients or healthy donors. Following a
4 h treatment incubation, cells were lysed, and RNA was prepared for qPCR analysis
using Avalonrx-HITS assay. Relative expression of six IFN-α upregulated genes (MX1, OAS3,
DDX58, RSAD2, G1P2, and IFI35) is shown in A to F respectively. Each dot represents an
individual sample (n = 38 for SLE samples, n = 11 for healthy donor samples). Horizontal
lines show median gene expression values normalized to GAPDH. Statistic comparison
between the two groups was conducted by simple student t-tests.

Figure 3. Effect of small molecule inhibitors
on SLE-associated gene signature. JAK in-
hibitor I (A), IKK2 inhibitor IV (B), or Apicidin
1a (C) were preincubated with freshly iso-
lated monocytes from healthy donors for
30 min at the concentration indicated be-
fore the cells were stimulated with 50% SLE
patient serum for 4 h. RNA from lysed cells
was examined by qPCR analysis in HITS
assay. Percentage inhibition represents
the mean inhibition of the six most robustly
induced IFN-α signature genes compared
with the vehicle control. Each bar repre-
sents the average ± SEM of three indepen-
dent experiments using serum from differ-
ent SLE patients. *P < 0.05, **P < 0.01 when
compared with the vehicle control.
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treatment of JAK inhibitor I and of IKK-2
inhibitor IV resulted in a dose-dependent
inhibition of monocyte differentiation
marker, such as CD38, CD80, and CD123
(data not shown).

Based on the results from in vitro as-
says, the IKK-2 inhibitor IV was exam-
ined in vivo for its capacity to inhibit
IP-10 expression induced by IFN-α. The
serum level of IP-10 was elevated after

mice were infected with adenovirus-
encoding IFN-α5. Treatment of IKK-2
inhibitor IV and a surrogate mouse anti-
interferon receptor antibody inhibited
serum level of IP-10 by 98% relative to
control (P < 0.001, P < 0.01, respectively,
Figure 4C). These observations illustrate
the robustness of our strategy for identi-
fying small molecule inhibitors with de-
sirable immunosuppressive effect.

Impact of Apicidin 1a, IKK2 Inhibitor IV,
and JAK Inhibitors in IFN-α–Regulated
HSV-1 Replication

Herpes simplex virus-1 (HSV-1) repre-
sents one of the major recurrent virus
infections observed in SLE patients (28).
Type-I and Type-II IFN signals are
known to block HSV-1 dissemination in
mice (29), and, as a consequence, a thera-
peutic approach that neutralizes their
combined activity may constitute an im-
portant safety concern. Therefore, the
impact of Apicidin 1a, IKK2 inhibitor IV,
and JAK inhibitors on HSV-1 replication
regulated by IFN-α in Hep-2 cells was
examined in vitro. HSV-1/luciferase was
used to infect Hep-2 cells, and viral repli-
cation was monitored by luciferase ex-
pression. We first confirmed that reporter
gene activity rose concomitantly and
proportionally with the detection of viral
progeny (data not shown).

As shown in Figure 5, in absence of
IFN-α, luciferase expression indicates
high levels of HSV-1 replication. IFN-α
treatment significantly reduced viral
replication. Both the JAK1 and IKK2 in-
hibitors retained the majority of IFN-α–
dependent anti-viral activity (Figure 5A
and 5B) even at doses as high as 1 μM.
At this concentration, the JAK1 and IKK2
inhibitors significantly inhibited IFN-a gene
signatures (Figure 3), monocyte activa-
tion (data not shown), and chemokine
production (Figure 4). In contrast, Api-
cidin 1a inhibited the anti-viral effects
of IFN-α at a low dose (0.1 μM), but at a
higher dose, where this drug effectively
inhibited MCP-1 production, IFN-α–
dependent anti-viral activity was abol-
ished or viral growth actually was
promoted (Figure 5C). Based on these

Figure 4. Effect of inhibitors on in vitro and in vivo chemokine release. Freshly isolated mono-
cytes were treated with 500 IU/mL IFN-α with or without indicated compounds for 48 h. Su-
pernatants were collected and MCP-1 and IP-10 levels were analyzed by Searchlight Inc.
Percentage inhibition represents inhibition of the upregulation of chemokine induced by
IFN-α compared with the vehicle control. (A) Effect of compounds on IP-10 secretion. 
(B) Effect of compounds on MCP-1 secretion. Each bar represents the average ± SEM of
triplicates from a single experiment. Data representative of three independent experiments.
*P < 0.05, when compared with the vehicle control. (C) IKK2 inhibitor IV blocked IFN-α–
induced IP-10 protein level in vivo. Female NZBW/F1 mice were pre-treated with either IgG
control or anti-INFR antibody (intraperitoneal injection 30 mg/kg) or IKK2 inhibitor or vehicle
control (intraperitoneal injection 45 mg/kg BID) as described in Materials and Methods. Ade-
novirus-IFN-a (1 × 1010 viral particles) was then administrated intravenously at time 0. Samples
were collected 6 h post-stimulation, IP-10 protein level was measured by enzyme-linked im-
munosorbent assay (ELISA). Each bar indicated mean ± SEM from one experiment. 
**P < 0.01, ***P < 0.001. Data representative of two experiments.
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results, both JAK I and IKK-2 IV in-
hibitors emerge as possible lead candi-
dates with desirable immunosuppressive
and dissociated anti-viral effects.

DISCUSSION
The protective role of type I IFNs in

viral infections has been well established.
More recently, type I IFNs have been

clearly indicated in the pathogenesis of
lupus and other autoimmune diseases
(7,14). One key goal is to identify a small
molecule inhibitor that blocks type I IFN-
mediated biological activity effectively,
and that is responsible for the pathogen-
esis of autoimmune disease without
compromising IFN-dependent anti-viral
activity. We describe here an integrated
chemical genomics-based drug discovery
approach and its application in the
screening for compounds that reverse a
gene signature associated with the acti-
vation of the IFN-α pathway. Using these
chemical probes, we identified the sig-
naling nodes or the cross-talk pathways
that can modulate the IFN-α responses.
Compounds targeting HDAC, JAK/
STAT, and NF-κb pathways inhibited
IFN-α responses. However only com-
pounds targeting JAK/STAT and NF-κb
inhibited IFN-α without markedly com-
promising anti-viral responses. Poten-
tially, compounds targeting these path-
ways could be useful therapeutically for
patients with SLE and other autoimmune
conditions with INF-α involvement.

The major signaling pathway activated
by type I IFNs involves sequential phos-
phorylation of the tyrosine residues of
the JAK and STAT proteins, however,
more and more evidence demonstrates
that JAK-STAT signaling alone is not suf-
ficient to explain all the biological effects
of type I IFNs. The PI3k and p38 kinase
pathways have emerged as critical addi-
tional components of IFN-induced signal
transduction (6). There also is emerging
evidence that modulation of the function
of a distinct STAT protein might account
for a specific response. For example, a
recent report showed that IFN-α and
IFN-β-mediated activation of STAT 4 is
required for IFN-γ production during
viral infection (30). However, STAT1 neg-
atively regulates IFN-α dependent induc-
tion of IFN-γ (31). It is not surprising that
JAK inhibitors were identified in our
assay and demonstrate strong inhibitory
potency toward the IFN gene signature.
However, despite the complexity of the
IFN system, we are able to identify a
concentration that effectively inhibits

IFN-α related biological activity that
contributes to the pathogenesis of the
disease and yet retains IFN-α–dependent
anti-viral activity. These data suggest
that developing drugs that target JAK/
STAT signaling is an attractive direction
for the treatment of autoimmune disease.

Besides STAT proteins, type I IFNs
also activate other transcription factors.
Among them, NF-κb is the most impor-
tant transcription factor activated by
IFNs. The key regulator of NF-κb is the
signalsome, which comprises the scaffold
protein NEMO and the two kinase in-
hibitors of NF-κb, Iκb kinase (IKK1) and
IKK2. IKK2 is particularly important be-
cause it phosphorylates the NF-κb in-
hibitor Iκb, which is subsequently ubiq-
uitinated by the SCFβtrcp ligase system,
leading to the degradation of the kinase
and activation of p50-p65 dimer (32). In
addition to this major pathway for the
p50-p65 activation, there is an alternative
NF-κb pathway, again involving the
IKKs, but leading to the activation of two
other NF-κb proteins, p100 and RELB
(32). NF-κb positively and negatively
regulates IFN-induced gene expression
as well as antiviral activity. A recent re-
port showed that NF-κb positively in-
duced antiviral activity toward VSV (33),
whereas another report suggests that
NF-κb suppressed both antiviral and im-
munomodulatory actions of IFN against
the influenza virus (34). The data pre-
sented here indicate that IKK2 in-
hibitors exhibit only small effects on IFN-
dependent anti-HSV-1 activity, which is
consistent with a previous observation
that efficient replication of HSV-1 in-
volves activation of the NF-κb pathway
(35). Interestingly, the IKK2 inhibitor
that was identified in our assay has been
shown to block inflammation in human
airway smooth muscle and in a rat
model of asthma (36). Taken together,
inhibitors of the NF-κb signaling path-
way may present attractive approaches
for the treatment of autoimmune disease.

The requirement for HDAC as positive
regulators of IFN-α– and cytokine-
induced gene expression has been well
established. The deacetylase protein

Figure 5. Dissociated anti-viral properties of
lead candidates. Hep-2 cells were seeded
at 2 × 104 cells/well in 96-well plates. Cells
were infected with HVS1 at a multiplicity of
infection (MOI) of five for 1 h at 37° C 24 h
post-seeding. Virus was aspirated, cells
were washed, and 200 μl of medium with or
without IFN-α or compound were added as
indicated. After 48 h, cells were washed,
lysed, and luciferase activity was mea-
sured according to the manufacturer’s in-
structions. Three independent experiments
were performed with similar results. Each
bar represents the mean ± SEM of triplicates
from one experiment. *P < 0.05, **P < .01, 
***P < 0.001 when compared with virus alone.
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HDAC1 can interact with both the STAT1
and STAT 2 subunits of ISGF3. Whilst the
inhibition of deacetylase activity has no
effect on IFN-α signaling that leads to
STAT phosphorylation, nuclear translo-
cation, the assembly of the ISGF3 or the
ISGF3 DNA binding, inhibition of HDAC
does target downstream events required
for IFN-stimulated gene expression (37).
All these data support a model that
deacetylase enzyme may serve as a tran-
scriptional coactivator for ISGF3. In addi-
tion, the IFN anti-viral response also re-
quires HDAC activity. The anti-viral
response against HCV, EMCV, and VSV
were impaired in the presence of HDAC
inhibitors (38). In fact, treatment with
HDAC inhibitors increased the viral cy-
topathic activity, most likely through in-
hibition of autocrine IFNs. Consistent
with previous findings, the HDAC in-
hibitor Apicilin 1a also was identified in
our primary screen and showed strong
inhibition of the IFN-α gene signature.
However, in our in vitro HSV-1 assay, it
also blocked IFN-α dependent anti-viral
activity significantly. These results not
only validate our screening approach,
but also highlight the importance of
HDAC pathway on viral replication.
Among the ISG blocked by HDAC in-
hibitors will be genes crucial for anti-
viral response. Because the Apicilin 1a
significantly impaired innate anti-viral
immunity, this HDAC inhibitor is not
considered suitable for therapy.

The approach that we developed here
(Figure 6) can be adapted readily to

screen a large library of small molecular
compounds that modulate other cytokine
signaling pathways. The unique gene sig-
nature sets of multiple cytokine pathways
and the ones of the chemical probes iden-
tified in this study can be used to provide
the necessary landmarks for screening,
characterization, and optimization of the
resulted active compounds generated in
the gene expression profiling process.
The use of molecular profiling through-
out the drug discovery and development
process is likely to increase dramatically
over the next few years. This will be
based on the clear advantages of multi-
variant biomarker approaches including
the ability to provide a broad view of the
biological state of a cell or tissue, the in-
creased predictive power of monitoring
multiple parameters simultaneously, and
the power of correlating specific molecu-
lar phenotypes to clinical, histopathologi-
cal, or disease model endpoints. It is clear
that the increased use of molecular profil-
ing will continue to make an important
contribution to drug discovery and de-
velopment efforts worldwide and, hope-
fully, will lead to lower failure rates,
faster progression through the develop-
ment process, and increasingly precise
tests to match the right medicine with the
right patient.

In summary, this is the first time that a
large collection of well-annotated small
molecule inhibitors targeting multiple in-
tracellular signaling pathways has been
evaluated using a combined chemical
genomic approach. Our data suggest

that targeting NF-κb and JAK/STAT sig-
naling pathways may provide potential
therapeutic benefit to type I interferon-
related diseases such as the SLE, Sjö-
gren’s syndrome among others. In this
regard, our finding provides an impor-
tant proof of principle that demonstrates
that small molecule inhibitors that target
these two signaling pathways represent
potential drug candidates for IFN-α–
associated autoimmune diseases.
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