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Fig. 1. Selection of CU-T12-9 as a TLR2 signaling agonist. (A) Role of
TLRs in the innate and adaptive immunity responses. Recognition of
PAMPs by TLRs expressed on APCs, such as dendritic cells, up-regulates
cell surface expression of costimulatory molecules (CD80 and CD86), major
histocompatibility complex class Il (MHC Il), and T cell receptor (TCR). In-
duction of CD80/86 on APCs by TLRs leads to the activation of T cells spe-
cific to pathogens. TLRs also induce expression of cytokines, such as IL-12,
IL-6, and TNF-o, as well as chemokines and their receptors, triggering many
other events associated with dendritic cell maturation. The above cyto-
kines will contribute to the differentiation of activated T cells into T helper
effector cells, building long-term protective immunity (57). (B) Chemical
structure of CU-T12-9. (C) CU-T12-9 activates SEAP signaling in a dose-

core. GA demonstrates TLR-dependent activities in vitro; nonetheless,
the direct target of this interesting molecule was unknown. Our goal
was to first identify the direct target for GA and then optimize it to
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dependent manner. HEK-Blue hTLR2 cells were incubated with CU-T12-9
or GA for 24 hours, and activation was evaluated by SEAP secretion in the
culture supernatants by the luminescence assay. (D) Human TLR2, TLR3,
TLR4, TLR5, TLR7, and TLR8 HEK-Blue cells were incubated with CU-T12-9
(0 to 20 uM) or TLR-specific agonist for 24 hours, and activation was eval-
uated by the luminescence assay. (E to ) As positive control, agonists that
selectively activate a specific TLR were used: TLR1/TLR2, Pam3CSK, (0 to
66 nM or 0 to 100 ng/ml); (E) TLR3, polyinosinic-polycytidylic acid [poly(l:C)]
(0 to 10.9 ug/ml); (F) TLR4, lipopolysaccharide (LPS) (0 to 36.5 ng/ml); (G)
TLR5, FLA-BS (0 to 10 pg/ml); (H) TLR7 and (I) TLR8, R848 (0 to 6 ug/ml).
Data are means + SD of triplicate and representative of three independent
experiments.

achieve high efficacy and selectivity. We first developed a modular
chemical synthesis route for GA (scheme S1). A secreted embryonic
alkaline phosphatase (SEAP) assay demonstrated that GA could
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activate inflammatory signaling only in TLR2-overexpressing cells
with a half-maximal effective concentration (ECsy) of 2.51 + 0.42 uM.
Consequent structure-activity relationship (SAR) studies yielded an opti-
mized novel compound, CU-T12-9 (Fig. 1B), which had a significant
activity increase to nanomolar range with an ECs, of 52.9 + 6.2 nM
(Fig. 1C). Detailed cellular study results and SAR discussion are de-
scribed in table S1.

Several key features were discovered about the activity of the lead com-
pound. First, the SAR studies indicated that the nitro groups were critical to
the activity, because removing either of the nitro groups at position R; or
R; decreased the potency significantly (1 and 2; table S1 and fig. S1A).
At the same time, the potency dropped when the aliphatic chain length
was further increased or a benzyl group was introduced at the amino site
(3,4, and 5; fig. S1B). The electron-withdrawing groups are tolerated at the
R; position of ring B (6, 7, and 8; fig. S1C). Switching the nitro group
from the R to Ry position (10) completely abolished activity, suggesting
that the R; position was critical for potency. The ~CN or —CF; replace-
ment of -NO, at the R; position increased potency by a factor of 10
or 50, respectively (11 and CU-T12-9; fig. SID).

It was posited that a hydrophobic group at the R; position might
be helpful for potency, and indeed, its importance was highlighted
by phenyl (13), cyclohexyl (14), t-butyl (16), n-butyl (17), and methyl
benzoate (18) additions, each showing a higher potency when com-
pared to GA (table S1). The naphthalene ring in 15 is not as long or
flexible as the biphenyl moiety of 13, leading to further reduction in
potency. Benzoic acid (19) was inactive at 100 uM, suggesting that po-
lar substituents may not be tolerated at the R; position. As seen with
the above active analogs, the R; position can tolerate a wide variety of
substituents, with an electron-withdrawing —-CF; group (CU-T12-9)
showing the optimal potency. Because the ~CF; group helped increase
the potency in ring B, we introduced another —-CF; group to the R,
position of ring A (20), and the potency decreased four times when
compared with CU-T12-9. The electron-donating -NH, group of (21)
and moderately electron-withdrawing groups, such as -COOCH; (22)
and CO,H (T12-29), gave further reduction in potency (fig. S1E), sug-
gesting a preference for the strongly electron-withdrawing groups for
this aromatic ring, with -NO, being optimal. The cyano group analog
(24) also showed decreased activity compared to CU-T12-9. Together,
these data indicate that minor changes of molecular structure in GA
had a profound effect on its agonist activity. Extensive SAR led to an
optimized, novel small-molecule immune stimulant, CU-T12-9.

CU-T12-9 specifically activates the TLR2 signaling

As a pivotal part of innate immunity, TLRs recognize various molecules
of microbial origin (29). Hence, we questioned whether CU-T12-9 can
selectively activate specific TLR(s) by using human embryonic kidney
(HEK)-Blue hTLR cells overexpressing different TLRs, including
TLR2, TLR3, TLR4, TLR5, TLR7, and TLR8 (Fig. 1, D to I). These
cell lines were obtained by cotransfection of individual human TLRs
and an inducible SEAP reporter gene into the HEK 293 cells (16). The
SEAP reporter gene is placed under the control of an IL-12 p40
minimal promoter fused to five nuclear factor kB (NF-xB)- and acti-
vating protein 1 (AP1)-binding sites. Stimulation with a TLR ligand
activates NF-xB and API1, which induces the production of SEAP.
The enhancement in SEAP signaling correlates to specific TLR ac-
tivation, as monitored by luminescence intensity. The TLR-transfected
HEK 293 cells are well-established systems to test individual TLR
signaling (25-27). The wild-type HEK 293 cells only express low levels
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of TLRs, whereas each transfected cell line provides a robust and spe-
cific platform for monitoring the activity and selectivity of different
TLR modulators. As a comparison, APCs are not applicable for these
evaluations because they nonselectively respond to all TLRs.

As shown in Fig. 1D, CU-T12-9 can strongly activate the SEAP
signaling in HEK-Blue cells overexpressing hTLR2, but not in other
TLR-overexpressing cells, including TLR3, TLR4, TLR5, TLR7, and
TLR8. TLR-specific agonists were used as positive controls for each
HEK-Blue cell line. These results indicated that CU-T12-9 could spe-
cifically activate the TLR2 signaling pathway.

CU-T12-9 selectively activates the TLR1/2 heterodimer,

not TLR2/6

Among the 10 human TLRs, most TLRs act alone; only TLR2 signals
as a heterodimer with either TLR1 or TLR6 (23, 30). HEK-Blue hTLR2
cells endogenously express TLR1 and TLR6. To identify whether
CU-T12-9 is a TLR1/2 agonist or a TLR2/6 agonist, we performed an
antibody inhibition experiment to test its selectivity. At 60 nM, CU-T12-9
can efficiently activate SEAP signaling, and such activation can be re-
versed by either the anti-hTLR1 or the anti-hTLR2 antibodies in a dose-
dependent manner (Fig. 2A). Cell viability experiments confirmed that
the antibodies were not cytotoxic (fig. S2). By contrast, we did not ob-
serve any inhibition of CU-T12-9 SEAP signaling by an anti-hTLR6
antibody with concentrations up to 10 pg/ml (Fig. 2A). This behavior
is similar to the well-studied TLR1/2-specific agonist, Pam;CSK, (Fig.
2B). Next, we compared these results with an established TLR2/6-spe-
cific agonist, Pam,CSK,. We found that both anti-hTLR2 and anti-
hTLR6 antibodies can inhibit Pam,CSK,-induced SEAP signaling,
whereas anti-hTLR1 does not (Fig. 2C). These results demonstrated that
CU-T12-9 acts by specific activation of TLR1/2 signaling, not TLR2/6.

CU-T12-9 activates downstream signaling through TLR1/2
and NF-xB signaling pathway

TLRs recruit a set of adaptor proteins through homotypic interactions
with their Toll/IL-1 receptor (TIR) domains. These interactions trigger
downstream signaling cascades, leading to the activation of transcription
factor NF-kB. NF-kB controls induction of proinflammatory cytokines
and chemokines as well as up-regulation of costimulatory molecules
on dendritic cells that are essential for T cell activation (29, 31).

To investigate the cellular and molecular mechanisms of CU-T12-9
with NF-kB, we developed a TLR2-sensitive U937 human macrophage
cell line with a green fluorescent protein (GFP)-labeled NF-kB reporter.
Flow cytometry experiments demonstrated that CU-T12-9 activated
NF-«B signaling in a dose-dependent manner. CU-T12-9, at 5 uM,
showed comparable activation to 66 nM (100 ng/ml) Pam;CSK, (Fig.
2D). As a comparison, GA showed much lower NF-xB activation at
20 pM, even up to 100 uM (Fig. 2E). To investigate the cell signaling
of CU-T12-9-induced activation, we used a known NF-kB inhibitor,
triptolide (32). Triptolide was able to efficiently inhibit the CU-T12-9-
induced SEAP signaling (Fig. 2F), which further implies that CU-T12-9
works through the NF-xB signaling pathway.

Another downstream product of NF-kB activation is nitric oxide
(NO) (Fig. 3A). NO plays important roles in various biological pro-
cesses such as neuronal communication and immunity response (33).
As predicted, CU-T12-9 efficiently triggered NO production in Raw 264.7
cells (Fig. 3B) and also in primary rat macrophage cells (Fig. 3C).
We also observed that NO activation could be inhibited by the TLR1/2-
specific antagonist (CU-CPT22) (27) (fig. S3, A and B) but could not be
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Fig. 2. Characterizations of CU-T12-9 as a TLR1/2 agonist, not TLR2/6. (A) HEK-Blue hTLR2 cells were
treated with CU-T12-9 and anti-hTLR1, anti-hTLR2, or anti-hTLR6 antibodies for 24 hours. CU-T12-9 strongly
activates QUANTI-Blue SEAP signaling at 60 nM, and anti-hTLR1-IgG (immunoglobulin G) and anti-hTLR2-
IgA antibodies can dose-dependently inhibit CU-T12-9-triggered SEAP signaling, whereas anti-hTLR6-IgG
has no influence. This demonstrates that CU-T12-9 can activate TLR1/2 signaling, with no activation of
TLR2/6. (B) The positive control of Pam3;CSK,, a TLR1/2 agonist, showed similar activation to CU-T12-9.
(€) The positive control of Pam,CSK,, a TLR2/6 agonist, showed that anti-hTLR2-IgA and anti-hTLR6-IgG
dose-dependently inhibited the Pam,CSK;-induced TLR2 and TLR6 QUANTI-Blue SEAP signaling, whereas
anti-hTLR1-IgG had no influence. (D) The human monocyte cell line U937 was stably transfected with a GFP-
labeled NF-xB reporter gene. The cells sensitive to TLR1/2 activation were sorted using a MoFlo Cytomation
fluorescence-activated cell sorter, and 10% of activated cells were collected. The flow cytometric analysis of 0,
1,and 5 uM CU-T12-9 and 66 nM (100 ng/ml) Pam3CSK, triggered NF-xB expression in U937 cells. (E) Flow
cytometric analysis for 20 uM CU-T12-9 and GA, along with the blank and positive control in U937 cells. The
result demonstrated that CU-T12-9 had excellent NF-xB activation compared with GA. (F) The NF-xB ac-
tivation of CU-T12-9 can be inhibited by an NF-xB inhibitor, triptolide, in HEK-Blue hTLR2 cells.

influenced by the TLR4-specific inhibitor TAK242 (fig. S3C) in Raw
264.7 macrophage cells, confirming that this activation was specific.

Transcription factors turned on by TLR1/2 dimerization induce the

production of proinflammatory cytokines and type I IENs (34, 35). A
key output from this activation is tumor necrosis factor-a (TNF-a),
which is proven to be directly relevant to inflammatory diseases (36)
and cancer (37). To ascertain whether the NF-«B activity induced by CU-
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T12-9 reflected up-regulation of TNF-o,
we assessed the ability of CU-T12-9 to ac-
tivate TNF-o in Raw 264.7 cells using an
enzyme-linked immunosorbent assay
(ELISA) experiment. The ELISA ex-
periment showed that CU-T12-9 has
the ability to activate TNF-a signaling
with an ECsy of 60.46 + 16.99 nM (Fig.
3D), consistent with the SEAP activation
observed in HEK-Blue hTLR2 cells (Fig.
1C). Furthermore, the highest TNF-a
activation signaling was comparable to
the positive control in the same experi-
ment. Overall, these results demonstrated
that CU-T12-9 behaves like Pam;CSK, in
activating the TLR1/2 pathway by
inducing NF-«xB activation to trigger
downstream signaling, such as SEAP,
NO, and TNF-a.

CU-T12-9 up-regulates the

mRNA levels of TLR1, TLR2, TNF,
IL-10, and iNOS

Quantitative reverse transcription polymer-
ase chain reaction (QRT-PCR) was performed
to investigate the effects of CU-T12-9 and
Pam;CSK, on the expression of mRNA
levels for TLR1, TLR2, and NF-kB pathway
downstream proinflammatory cytokines
TNF, IL-10, and iNOS (inducible NO syn-
thase) at 2, 8,and 24 hours after treatment
(Fig. 4). In the presence of 1 uM CU-T12-9,
TLRI mRNA was potently increased, simi-
lar to Pam;CSK}, in the macrophage cell
line at 24 hours (Fig. 4A). Both Pam;CSK,
and CU-T12-9 had the highest TLR2 mRNA
expression at 2 hours, with a gradual decline
at 8 and 24 hours (Fig. 4C). CU-T12-9 and
Pam;CSKj also increased TNF and iNOS
mRNA expression over time. TNF mRNA
showed maximal expression after 8 hours
(Fig. 4E), and iNOS mRNA expression
peaked at 24 hours (Fig. 4G). IL-10 mRNA
was up-regulated by CU-T12-9 at 2 hours
and decreased over time (Fig. 41). In addition,
we observed that CU-T12-9 had dose-
dependent activating effects on the mRNA
levels of TLR1 (Fig. 4B), TLR2 (Fig, 4D), TNF
(Fig. 4F), iNOS (Fig. 4H), and IL-10 (Fig, 4]).
These results are in agreement with the
fact that CU-T12-9 acts in a similar man-

ner to Pam;CSK,, activating TLR1/2 signaling and promoting the pro-
duction of various downstream proinflammatory cytokines.

CU-T12-9 competes with Pam;CSK, for binding to TLR1/2

To further investigate the direct binding target of CU-T12-9 and also to
test whether CU-T12-9 may functionally mimic receptor recognition by
Pam;CSK,, we used a biophysical competition assay. The TLR1 and
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Fig. 3. The downstream cytokines activated by CU-T12-9. (A) TLR1/2
signaling pathway after NF-xB activation. Ligands from Gram-positive
bacteria, yeast, or fungi can induce the TLR1/2 dimerization, leading
to the NF-xB activation through the adaptor proteins MyD88/TRAF/
IKK. This triggers the SEAP promoter to secrete alkaline phosphatase
or induces production of proinflammatory cytokines, such as TNF-o,
IL, IFN, and NO (23, 29). (B and C) Dose-dependent activation of NO

TLR2 proteins were expressed in the baculovirus insect cell expression
system (38), and biotin-labeled Pam;CSK, was used as a probe in these
experiments. Human TLR1/2 proteins were immobilized on the surface.
Different concentrations of biotin-labeled Pam;CSK, (Biotin-Pam3)
were added, and the bound Biotin-Pam3 was detected by streptavidin
conjugated with horseradish peroxidase (HRP). Biotin-Pam3 bound to
human TLR1/2 in a concentration-dependent manner (Fig, 5A). As a com-
parison, binding to a negative control bovine serum albumin (BSA)
was negligible, indicating that the Biotin-Pam3-TLR1/2 binding is
specific. CU-T12-9 was found to possibly compete with Biotin-
Pam3 for binding to TLR1/2 (Fig. 5B).

Fluorescence anisotropy biophysical tests were also carried out for CU-
T12-9, along with the negative control compound T12-29, to demonstrate
that CU-T12-9 binds to TLR1/TLR2 and shed light on its potential binding
mode. The previously reported crystal structure reveals that TLR1 and TLR2
preform a heterodimer, which in turn provides a specific binding pocket
for Pam;CSK} (23). Although the determination of a trimolecular (TLR1,
TLR2, and CU-T12-9 or Pam;CSK,) association using fluorescence
titration data is complicated (39), we make an assumption that the
preformed TLR1/2 complex interacts with Pam;CSK, at a 1:1 ratio based
on the structural observation when we determine their dissociation
constant (Kj) values. Similar approach has been used in the literature
as well (40).

To determine the binding aftinity of CU-T12-9, we used a commercially
available Pam3;CSK} derivative (Rho-Pam3) with a rhodamine tag as
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production in Raw 264.7 macrophage cells (B) and primary macrophage
cells (C). Data are means + SD. *P < 0.05 for CU-T12-9 relative to positive
control. (D) ELISA assay results showed that CU-T12-9 activates the TNF-
o production in Raw 264.7 macrophage cells with an ECs, of 60.46 +
16.99 nM. Pam3CSK, was used as a positive control in the experiment.
Data are means + SD. **P < 0.01 for CU-T12-9 (1.2 uM) relative to pos-
itive control.

the fluorescence probe. The anisotropy of Rho-Pam3 showed a robust
increase upon its addition to the TLR1/TLR2 complex (excitation, 549 nm;
emission, 566 nm) (Fig. 5D), comparable to the anisotropy changes
seen with ligand-receptor pairs of comparable sizes (41). The K4 of
Rho-Pam3 binding to the TLR1/2 complex was determined to be
349 + 1.9 nM, which is in agreement with the literature reports (42).
As a comparison, we also measured the bimolecular interaction between
Rho-Pam3 and TLR1 or TLR2, which gives K4 values of 41.64 + 2.36 nM
and 125.08 + 3.43 nM, respectively (fig. S4).

Next, we titrated CU-T12-9 to the TLR1/2 complex to compete
with Rho-Pam3. Increasing concentrations of CU-T12-9 up to 3 uM
decreased the anisotropy to its background levels, presumably because
of the release of the fluorescent Rho-Pam3 probe. These data were
then fit to a one-site competition model with an R value of 0.98, in-
dicating a good fitting and that the assumption of a 1:1 binding mode
is appropriate. The half-maximal inhibitory concentration (ICs,) value
of CU-T12-9 was determined to be 54.4 + 3.6 nM (error derived from the
regressional analysis of the inhibitory curve), which is consistent with its
inhibitory potency observed in various whole-cell assays. By contrast, the
negative control compound T12-29 demonstrated negligible inhibition
of the Rho-Pam3 binding up to 10 uM (Fig. 5E). Together, these data
suggest that CU-T12-9 directly competes with Pam3 for its recogni-
tion of the TLR1/2 complex. Nonetheless, we should also point out
that there is a possibility that CU-T12-9 recognizes an allosteric site
other than the same binding pocket of Pam3, resulting in the release
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