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Abstract

Purpose Anticancer-drug efficacy seems to involve the direct interaction with host immune cells. Although topoisomerase I
(Top I) inhibitors have been suggested to block LPS-evoked inflammation, the interaction between these drugs and toll-like
receptor 4 (TLR4) is unaddressed.

Methods SN-38, the active metabolite of the Top I inhibitor irinotecan, and TLR4 interaction was assessed using the in vitro
luciferase nuclear factor-kB reporter assay, neutrophil migration to murine air-pouch, in silico simulation, and the thermal
shift assay (TSA). Topotecan was used as a positive anti-inflammatory control.

Results Non-cytotoxic concentrations of SN-38 attenuated LPS (a TLR4 agonist)-driven cell activation without affecting
peptidoglycan (a TLR2 agonist)-activating response. Similarly, topotecan also prevented LPS-induced inflammation. Con-
versely, increasing concentrations of LPS reversed the SN-38 inhibitory effect. In addition, SN-38 abrogated LPS-dependent
neutrophil migration and reduced TNF-a, IL-6, and keratinocyte chemoattractant levels in the air-pouch model, but failed
to inhibit zymosan (a TLR2 agonist)-induced cell migration. A two-step molecular docking analysis indicated two potential
binding sites for the SN-38 in the MD-2/TLR4 complex, the hydrophobic MD-2 pocket (binding energy of — 8.1 kcal/mol)
and the rim of the same molecule (— 6.9 kcal/mol). The topotecan also bound to the MD-2 pocket. In addition, not only the
lactone forms, but also the carboxylate conformations of both Top I inhibitors interacted with the MD-2 molecule. Further-
more, the TSA suggested the interaction of SN-38 with MD-2.

Conclusions Therefore, SN-38 inhibits acute inflammation by blocking LPS-driven TLR4 signaling. This mechanism seems
to be shared by other Top I inhibitors.
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PMA Phorbol 12-myristate 13-acetate
SN-38  7-Ethyl-10-hydroxycamptothecin
TLR2 Toll-like receptor 4

TLR4 Toll-like receptor 2

TLRs Toll-like receptors

TNF-a«  Tumor necrosis factor-alpha
Topl Topoisomerase I
Introduction

Toll-like receptors (TLRs) are a family of proteins that
recognize pathogen- and danger-associated molecular pat-
terns (PAMPs and DAMPs, respectively) to drive immune
responses [1]. Ligands bind to their respective TLRs either
in the cell surface (for instance, TLR4, TLRS, and TLR11)
or in endosomes (TLR3, TLR9, and TLR13) to trigger pro-
inflammatory signaling [2, 3]. Toll-like receptor 4 (TLR4), a
receptor for the Gram-negative bacterial lipopolysaccharide
(LPS), orchestrates transduction signaling that culminates
with the activation of transcription factors, such as nuclear
factor-kB (NF-kB) and activator protein 1 (AP-1). Once in
the nucleus, these transcription factors stimulate the over-
expression of pro-inflammatory enzymes and cytokines,
including cyclooxygenase-2 (COX-2), inducible nitric
oxide synthase (iNOS), tumor necrosis factor-o (TNF-a),
interleukin-1p (IL-1p), IL-6, and IL-8 [2, 4]. Notably, the
dual association of TLR4 with inflammation and cancer
indicates the therapeutic potential of TLR4 modulators [5].

Interestingly, anticancer drugs, such as 5-fluorouracil and
gemcitabine, can activate immune cells by the regulation
of molecular and cellular pathways [6]. In addition, pacli-
taxel, an anticancer drug, is described to mimic the agonis-
tic action of LPS [7] by targeting TLR4 together with its
co-receptor myeloid differentiation-2 (MD-2) complex [8,
9]. Conversely, paclitaxel fails to reproduce LPS-mimetic
responses in macrophages with TLR4 point mutations [8].
In contrast to paclitaxel, topoisomerase 1 (Top I) inhibitors,
such as camptothecin and topotecan, another class of anti-
cancer agents, demonstrate a strong capacity to suppresses
inflammatory genes and protect mice from death by inflam-
mation in LPS-driven sepsis-like models [10]. In that con-
text, Top I is suggested to exert a positive regulation of RNA
polymerase II transcriptional activity at pathogen-induced
genes [10]. Such a mechanism might be dependent on the
low pH, commonly observed in the tumor microenvironment
and in inflammatory conditions, which increases intracel-
lular concentration of the drug [11].

Notably, the direct interaction between Top I inhibitors
and TLR4 could also explain their capacity to negatively
modulating LPS-dependent inflammation, which has never
been addressed. Here, SN-38, a Top I inhibitor, is demon-
strated to present and anti-inflammatory effect by targeting
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TLR4 receptor, which is a mechanism shared by other class
members of Top I inhibitors.

Materials and methods
Animals

C57BL/6 male mice, weighing 20-22 g, were randomly
divided into experimental groups (n =8 animals/group) and
were maintained in a temperature-controlled room under a
dark-light cycle, with water and food provided ad libitum.
This paper adheres to the principles for transparent report-
ing and scientific rigor of preclinical research as set out in
the UK Concordat on Openness on Animal Research, the
USA NIH Guidelines on reporting preclinical research, the
ARRIVE Guidelines, the Instructional Animal Care and
Use Committee and the Guidelines for the Care and Use of
Laboratory Animals [12]. All efforts were made to minimize
animal suffering. The Committee on the Ethics of Animal
Experiments of the Federal University of Ceara approved the
experimental protocol (number: 100/2014).

Drugs

Lipopolysaccharides from Escherichia coli O111:B4 (LPS,
a TLR4 agonist), peptidoglycan (PGN, a TLR2 agonist),
phorbol 12-myristate 13-acetate (PMA, which activates
NF-xB-dependent transcription in a receptor-independent
manner) and zymosan (a TLR2 agonist) were purchased
from Sigma-Aldrich (Sdo Paulo, Brazil). 7-Ethyl-10-hy-
droxycamptothecin (SN-38) was obtained from Pensabio
Biotecnologia (Tocris Bioscience, Sao Paulo, Brazil), and
topotecan chloridrate was obtained from Accord (Sao Paulo,
Brazil; 4-mg ampoule). MD-2 protein was obtained from
Lgcbio (MyBiosource, San Diego, USA). SN-38 stock solu-
tion was prepared in 100% DMSO solvent. DMSO concen-
tration in work solution (sterile saline as vehicle) was lower
than 0.04%. All the drugs were dissolved in sterile saline.

Luciferase nuclear factor-kB (NF-kB) reporter assay

RAW 264.7.Luc murine macrophages (Ingenex, USA) that
stably bear the luciferase reporter gene controlled by the
NF-xB sensitive promoter (pNF-kB-Luc; passage number of
cell line 25) were used. RAW 264.7.Luc cells maintained in
supplemented RPMI-1640 medium were seeded in a 24-well
plate at a concentration of 2 x 10° cells/well. Supernatants
were replaced by RPMI-1640 supplemented with 2% fetal
bovine serum and were incubated for 12 h under 5% CO,
at 37 °C. Next, cells were incubated with different proto-
cols to test the selectivity to TLR4: (1) SN-38 (0.2, 2, or
20 pM, concentrations based on ICy, from [13] and adapted
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Fig.1 SN-38 competitively inhibits LPS-dependent signaling. a»

Experimental protocol used in the luciferase NF-kB reporter assay
in RAW 264.7 cells. b SN-38 significantly attenuated LPS-induced
luciferase activity. ¢ Increasing concentrations of LPS reversed the
inhibitory effect of SN-38. d Peptidoglycan (PGN, a TLR2 agonist)
and e PMA (a NF-xB stimulator) increased luciferase activity, which
was not inhibited by SN-38. The data are expressed as the mean+ SD
and were analyzed using one-way ANOVA followed by Bonferroni’s
test. The results indicate the fold-increase of the relative luciferase
activity of four independent biological replicates, each consisting of
three technical measurements. **P <0.01 and ***P <0.001

for our 6h-incubation time protocol) alone or in combina-
tion with LPS (100 ng/ml); (2) SN-38 (2 pM) alone or in
combination with LPS (10, 100, or 1000 ng/ml, [9]); and (3)
SN-38 (10 pM, high concentration to evaluate the potential
lack of selectivity to TLR4) alone or in combination with
PGN (1 pg/ml, [14]) or PMA (10 ng/ml, [15]) under 5%
CO, atmosphere at 37 °C. After a 6-h incubation time, cells
were lysed with TNT lysis buffer (0.1 M Tris—HCI [pH 7.5],
0.15 M NaCl, 0.05% Tween 20), and the luciferase activity
in cell lysates was determined using a luminometer (Victor
X35, PerkinElmer, Waltham, MA) and the Dual Luciferase
Reporter assay system (Promega, Wisconsin, USA). The
data are expressed as the fold-increase of the relative lucif-
erase activity of four independent biological replicates, each
one consisting of three technical measurements. A schematic
protocol of cell incubation with the compounds is presented
in Fig. la. Since TLR4 must be activated to release pro-
inflammatory cytokines, a 30-min interval between each
injection was a mean to demonstrate that SN-38 and topote-
can would be capable of preventing the release of inflamma-
tory mediators under stimuli exposure.

In vitro antiproliferative activity by Sulforhodamine
B (SRB) assay

The macrophage cell line RAW 264.7 (from Banco de Célu-
las do Rio de Janeiro, Rio de Janeiro) or RAW 264.7.Luc
was cultured in DMEM medium (LONZA®) supplemented
with 10% heat inactivated fetal bovine serum (GIBCO®),
penicillin (10,000 U/ml), and streptomycin (10,000 pg/ml)
(GIBCO®) at 37 °C under 5% CO, atmosphere. Cell cultures
were regularly split to keep them in a logarithmic growth
phase. The sulforhodamine B (SRB) assay was used for eval-
uation of antiproliferative effect, based on the measurement
of total cellular protein content. The assay was performed
according to Skehan et al. [16]. Briefly, the macrophages
cell lines were plated 24 h prior to the addition of the test
sample in 96-well plates at the density of 4 x 10* cells/ml.
Then, cells were treated with SN-38 or topotecan with con-
centration ranging from 0.2 to 20 pM [13] alone or in com-
bination with LPS 100 ng/ml for 6 h [9]. Cell density was
indirectly quantified colorimetrically by sulforhodamine B
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(SRB) staining immediately after the 6 h of cell incubation.
Absorbances were read on a plate reader (Fisher Scientific,
model Multiskan FC) at 570 nm (adapted from [17]). The
absorbance values were normalized to percentage of cell
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growth. The mean growth inhibition (Gls,), the total growth
inhibition (TGI), and the mean lethal concentration (LCs)
values were investigated by interpolation of non-linear
regression of normalized absorbance data to percentage of
cell growth [16, 18].

In vivo neutrophil migration to murine air pouch

Mouse skin 6-day-old air pouches were produced as
described by Sin and co-workers [19]. The backs of the
mice were shaved, and 5 ml of sterile air were injected sub-
cutaneously. After 3 days, 2.5 ml of sterile air were again
injected to maintain pouch patency. Six days after the first air
injection, saline (sterile PBS, 1 ml/cavity), SN-38 (100 ng/
cavity), or topotecan (100 ng/cavity) alone or in combina-
tion with LPS (1 pg/cavity) or Zymosan (1 mg/cavity) was
instilled [20]. A 30-min interval between each injection was
a mean to demonstrate that SN-38 would be capable of pre-
venting the release of inflammatory mediators by LPS or
zymosan (Fig. 2a). Six hours after injection of the chemotac-
tic stimuli into air pouches, the animals were euthanized, and
the air pouches were washed with 1 ml of PBS containing
5 U/ml of heparin (Fig. 2a). The lavage fluid was cooled on
ice, and 200 pl was used for the myeloperoxidase activity.
The remaining fluids were centrifuged at 800xg for 5 min at
4 °C, and supernatants were stored at — 80 °C for cytokine
and chemokine analyses.

Determination of myeloperoxidase activity (MPO)

Briefly, a lavage fluid sample (200 pl) was harvested and
centrifuged at 800xg for 15 min at 4 °C. The pellet was
then subjected to hypotonic lysis (0.2% NaCl solution) fol-
lowed 30 s later by a further centrifugation step at 800xg
for 15 min at 4 °C. The pellet was resuspended in 300 ul
of 0.05 M NaPO, buffer, pH 5.4, containing 0.5% hexade-
cyltrimethyl-ammonium bromide (HTAB, Sigma-Aldrich,
Sao Paulo, Brazil). The MPO activity was developed with
the color reagent tetramethylbenzidine (1.6 mM) and H,0,
(0.5 mM). The reaction was stopped with a2 M H,SO, solu-
tion, and the absorbance at 450 nm was determined using a
spectrophotometer. The readings were compared with those
of a standard curve of mouse peritoneal neutrophils pro-
cessed in the same way. Briefly, carrageenan-induced perito-
nitis assay was used for isolation of neutrophils (aliquots of
1 x 10° neutrophils/ml of PBS) and construction of a stand-
ard curve as described by Dornelas-Filho et al. [21]. The
data obtained were expressed as cells X 10°/ml of exudate.

Cytokine dosage

The TNF-a, IL-6, and KC (the murine IL-8 homologue)
concentrations in fluid lavage or cell supernatant were
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measured using an ELISA kit (R&D Systems, USA). Briefly,
primary anti-TNF-«, anti-IL-6, or anti-KC antibody (2 pg/
ml) was incubated overnight at 4 °C in a 96-well microtiter
plate. After the plate was blocked, the samples and standard
curves were added and incubated at 4 °C for 24 h. The plate
was washed with buffer, after which anti-TNF-a, anti-IL-6,
or anti-KC biotinylated antibody (1:1000 dilution with 1%
BSA) was added to the wells. After further incubation at
room temperature for 1 h, the plate was washed, and strepta-
vidin-HRP (100 pl) at 1:200 dilutions was added, followed
by a 100 pl substrate solution (1:1 mixture of H,O, and
tetramethylbenzidine; R&D Systems, USA). The plate was
then incubated in the dark at room temperature for 20 min.
The enzyme reaction was stopped with 2 N H,SO,, and
the absorbance was measured at 450 nm. The results were
expressed as pg/ml of exudate.

Molecular docking

Molecular docking was performed using the software Auto-
dock 4.2 [22] to predict the interaction site between SN-38
and the TLR4/MD-2 complex. In addition, binding sites for
topotecan, which has a similar chemical structure to SN-38,
were also predicted. Since SN-38 and topotecan lactone
rings tend to be hydrolyzed at physiological pH, we carried
out docking experiments using two ligand chemical forms:
carboxylate and lactone form. Protonation state of SN-38
and topotecan as well as isomers species were verified using
the software MarvinSketch 18.8 (ChemAxon). In the ligand
preparation step, lactone and carboxylate 3D structure con-
formations of SN-38 and topotecan were minimized using
AMBER FF14SB force field and Gasteiger partial charges
was computed using the software UCSF Chimera [23]. The
TLR4/MD-2 structure was obtained from Protein Data Bank
(PDB: 2764) and hydrogens were added as well as Gasteiger
partial charges that were computed using AutoDock-
Tools-1.5.6 (ADT). For the ligand, the maximum number of
torsions was allowed, while the protein was considered rigid.
For all docking experiments, the genetic algorithm was used.
The first step of the docking experiments was performed
using a grid that covered the entire TLR4/MD-2 complex.
The number of energy evaluations and docking runs were
set to 2,500,000 and 1000, respectively. The second step of
the docking experiments was performed restricting the grid
to the sites, where the best scored ligand poses obtained in
the first step interacted. For this step, the numbers of energy
evaluations and docking runs were set to 25,000,000 and 50,
respectively. To compare the binding site in MD-2 between
SN-38 or topotecan and LPS, the co-crystal structure of MD-
2-TLR4 and LPS (PDB: 3VQ?2) were aligned with the SN-38
or topotecan docking model using the software Chimera.
The final images of the models were created also using the
software Maestro (Schrodinger).
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Thermal shift assay (TSA)

TSA, a commonly used biophysical technique to study pro-
tein—ligand interaction [24], was performed herein to investi-
gate the direct binding of SN-38 to MD-2. TSA experiments
have been successfully used for instance to screen com-
pounds that bind to nuclear receptors [25, 26] and were per-
formed as previously described [25]. The thermal stability of
MD-2, in the presence or absence of LPS (positive control)
or SN-38, was accessed by monitoring the SYPRO® Orange
probe (Sigma-Aldrich, Brazil) fluorescence as a function
of temperature. MD-2 recombinant protein (aminoacid
sequence 2—160, molecular weight 22 kDa, product name
MD-2 (LY96), and recombinant protein) was expressed in
Escherichia coli, diluted in 1X PBS containing 0.1% SDS
and purchased from MyBioSource (California, San Diego,
USA) with ~95% purity. MD-2 (5 uM) was incubated with
threefold ligand excess (15 pM of ligands) or 2% DMSO at
4 °C for 1 h (compound concentrations adapted from [25]).
SYPRO® Orange was added to the reaction mixture, com-
posed by physiological buffer saline at pH 7.4, to a fivefold
final dilution and final volume of 20 pL in 96-well PCR
microplates (Applied Biosystems-Life technologies). TSA
was performed using a RT-PCR device (7500 Real Time
PCR System) and fluorescence measurements were obtained
during the heating of samples from 15 to 90 °C (heating rate
1 °C/min). Fluorescence intensities were used to obtain the
melting temperature (A7m) of the protein unfolding transi-
tion through a Boltzmann model in Origin Pro 8.1.

Statistical analysis

The data were expressed as mean + standard deviation (SD)
and analyzed using one-way ANOVA followed by Bonferro-
ni’s test. Statistical significance was accepted when P <0.05.
Statistical analysis was performed using GraphPad Prism
software version 6.1 (Intuitive Software for Science, La
Jolla, CA, USA). Investigators responsible for data analysis
were blinded to which group samples were obtained from.

Results
SN-38 Antagonizes LPS-driven inflammation

To investigate the potential anti-inflammatory effect of
SN-38, an in vitro NF-xB reporter assay was employed.
First, RAW 264.7.Luc and RAW 264.7 cells were incubated
with SN-38 alone or combined with LPS (Fig. 1a). Interest-
ingly, SN-38 did not affect RAW 264.7.Luc cell growth at
low (0.2 pM) or medium (2 pM) concentrations, but induced
cytostasis at a high (20 pM) concentration (Supplementary
Fig. 1a). Conversely, SN-38 depicted a cytotoxic effect on
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non-transfected RAW 264.7 cells in all concentrations tested
(Supplementary Fig. 1b), as confirmed by the SRB assay.
Considering the lower cytotoxic potential of SN-38 in RAW
264.7.Luc cells, a second set of experiments was designed
using the luciferase reporter assay using these cells.

As observed in Fig. 1b, cells incubated with SN-38 alone
showed no variation in luciferase activity compared with
untreated cells (P> 0.05). However, LPS-induced significant
(P <0.001) cell activation, which was partially attenuated by
SN-38 in all the concentrations tested (Fig. 1b). In a third
experimental approach, cells were incubated with a single
concentration of SN-38 alone or in combination with dif-
ferent LPS concentrations (Fig. 1¢). Accordingly, a 2 uM
SN-38 concentration abrogated the LPS (10 ng/ml)-evoked
luciferase activity. Conversely, LPS (100 and 1000 ng/ml)
fully reversed the SN-38 inhibitory effect in a concentration-
dependent manner (Fig. 1c), indicating that SN-38 antago-
nized LPS-activating response.

Next, SN-38 selectivity for TLR4 was investigated using
PGN, a TLR2 agonist, and PMA, a compound that directly
activates NF-kB-dependent transcription in a receptor-
independent manner [27]. Remarkably, PGN and PMA
were found to increase luciferase activity (Fig. 1d, e, respec-
tively), but SN-38 failed to block that response, confirm-
ing that SN-38 selectively reduces TLR4-dependent NF-xB
activation. Notably, topotecan, which was used as a positive
anti-inflammatory control, also inhibited LPS (100 ng/ml)-
driven inflammation in a concentration-dependent manner
(0.2 pM versus 2 pM), as detected by the reduced levels
of pro-inflammatory cytokines TNF-a, IL-6, and KC (Sup-
plementary Fig. 2a, b, c, respectively). However, topotecan
induced a false-positive anti-inflammatory response at the
highest concentration (20 pM), since it was cytotoxic on
RAW 264.7 cells (Supplementary Fig. Ic).

To further confirm the in vitro findings, leukocyte accu-
mulation into mouse air pouches was studied. Figure 2a
illustrates the experimental protocol used. Consistently,
LPS and zymosan injection induced a pronounced neutrophil
infiltration [28, 29]. Notably, SN-38 effectively blocked the
LPS-dependent inflammatory response, but failed to prevent
zymosan-induced cell migration (Fig. 2b, c¢), indicating that
SN-38 preferentially targets TLR4-related inflammation,
but not TLR2. TLR agonists regulate neutrophil migra-
tion by orchestrating the release of several inflammatory
and chemotactic mediators [30]. To verify whether SN-38
could inhibit the production of pro-inflammatory mediators
downstream of TLR4, SN-38 was injected into the air-pouch
before LPS. Accordingly, SN-38 significantly abrogated
LPS-driven inflammation, as detected by reduced levels of
TNF-a (Fig. 2d), IL-6 (Fig. 2e) and KC (Fig. 2f), confirming
the SN-38 anti-inflammatory effect. To further confirm that
the anti-inflammatory effect of SN-38 was not drug spe-
cific, topotecan was used as a positive control. Interestingly,
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topotecan also inhibited LPS-induced cell accumulation into
the mouse air-pouch (Supplementary Fig. 3).

Top linhibitors have potential binding sites in MD-2

Considering that SN-38 and topotecan blocked LPS inflam-
matory response, potential binding sites for SN-38 in TLR4/
MD-2 were further evaluated by a two-step molecular dock-
ing. The first step comprised a search for binding sites in the
whole TLR4/MD-2 complex and indicated a preference of
both SN-38 forms for the MD-2 hydrophobic pocket, with
the higher number of SN-38 conformations (32.2% for lac-
tone and 41.8% for carboxylate form) and with favorable
binding energy (Fig. 3a). The conformations of SN-38 in
MD-2 pocket were refined at the second docking step and
two possible SN-38 poses were identified for each SN-38
form (Fig. 3a, b). In carboxylate form, which is more abun-
dant in physiological pH [11], the first pose (pose 1) was
the best scored (— 6.7 kcal/mol) one. In this pose, SN-38
is buried inside the MD-2 pocket making extensive hydro-
phobic contacts mainly with phenylalanine and isoleucine
residues (Fig. 3c). At the bottom of the MD-2 pocket, the
SN-38 carboxyl group, produced by hydrolysis of the lac-
tone ring, interacted with two serine residues (S47 and S48).
An inverted orientation (pose 2) with the SN-38 carboxyl
group pointing away from the bottom of MD-2 pocket is
also allowed, but in this case the binding score is worse
(= 6.1 kcal/mol).

The hydrophobic MD-2 pocket seems also to be able to
accommodate SN-38 molecules that have their lactone ring
intact (Fig. 3b). In general, docking scores predicted for
SN-38 lactone form were better, but quite similar to SN-38
carboxylate form, and two SN-38 poses were also suggested.
The best scored one (— 8.1 kcal/mol) occupied a region in
MD-2 pocket similar to the pose 1 of SN-38 carboxylate
form, with its lactone ring buried inside the MD-2 pocket
and contacting S47 and S48 residues (Fig. 3d). The second
possible pose identified for SN-38 (pose 2) presented a bind-
ing energy of -6.9 kcal/mol. In this pose, SN-38 is not buried
inside the MD-2 pocket, but arranged in parallel to its F126
loop (Fig. 3b).

Despite particular differences in SN-38 orientation and
position predicted for its lactone and carboxylate form,
both interact with binding sites of LPS in MD-2, since this
lipopolysaccharide occupy a large region in MD-2 pocket
(Fig. 3a, b). All SN-38 predicted poses present large overlap
with LPS, as also expected to the pose 2 of SN-38 lactone
form. As SN-38 is not buried in MD-2 pocket in pose 2, the
only structural overlap observed is with the hydroxyl group
from one lipid chain of LPS (Fig. 3b).

The other Top I inhibitor, topotecan, has a chemical struc-
ture quite similar to SN-38 and the only difference is the
presence of an amine group instead of a methyl group and its

position in the aromatic ring of these molecules. However,
this difference seems not to be enough to affect topotecan
binding to the MD-2 pocket. Thus, docking experiments
suggest that the large MD-2 pocket also can accommodate
topotecan in both lactone and carboxylate forms (Fig. 3a,
b). Moreover, the best topotecan poses had similar scores in
comparison with the respective SN-38 forms.

To further investigate whether SN-38 binds directly to
MD-2, we performed a thermal shift assay. In this assay,
modifications in thermal stability of MD-2 in the absence
or in the presence of SN-38 or LPS was determined. As
expected, the MD-2 agonist LPS right shifted the unfolded
transition curve of MD-2, increasing its Tm by 7 °C
(Fig. 3e). A similar pattern was observed for SN-38 that
increased the Tm of MD-2 by 8.5 °C, indicating a direct
interaction between SN-38 and MD-2.

Discussion

In the present study, we described that the Top I inhibitors,
topotecan and SN-38, the active metabolite of the antican-
cer-drug irinotecan, antagonize the LPS-dependent pro-
inflammatory effect, by competing for the same LPS-binding
site in the toll-like receptor 4 (TLR4).

The efficacy of chemotherapeutic drugs seems to be par-
tially due to augmentation of the host immune cell-mediated
inhibition of the antitumor response [6]. Conversely, anti-
cancer agents also orchestrate pro-inflammatory and noci-
ceptive responses that contribute to side effects [31-35].
For instance, paclitaxel regulates the immune response by
targeting TLR4 [9] and activating the downstream MyD88-
dependent signaling cascade [36], which contributes to the
establishment of peripheral neuropathy [37]. Consider-
ing the well-known involvement of MyD&8 in irinotecan-
induced mucositis [33], we questioned whether SN-38 and
topotecan could interact with TLR4.

The expression of genes induced by microbial stimuli
activates the host innate immune response, which initiates an
exacerbated inflammation [10]. Top I inhibitors have already
been demonstrated to suppress inflammatory genes and to
protect animals from LPS-induced death by regulating RNA
polymerase II activity [10]. One potential explanation to
the protective effect of Top I inhibitors on LPS-dependent
inflammation might also involve the direct targeting of LPS.
To verify whether SN-38 could be a TLR4 agonist or an
antagonist, we performed in vitro and in vivo assays. Inter-
estingly, RAW 264.7.Luc cells showed a negligible response
to LPS in the presence of SN-38, but full cellular activity
was reestablished when incubated with increasing concen-
trations of LPS, strongly indicating a reversible competi-
tive antagonism. The SN-38-modulating response was on a
receptor level and specific to TLR4, since the compound did
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Fig.3 SN-38 interacts with the MD-2. Molecular docking and the
thermal shift assay were used to verify the interaction between
SN-38 and TLR4. Best scored poses of SN-38 carboxylate form (a)
(green stick, pose one; cyan stick, pose two) or SN-38 lactone form
(b) (green stick, pose one; cyan stick, pose two) in the hydrophobic
pocked of the MD-2 molecule and comparison among the predicted
binding sites of SN-38, topotecan (orange sticks) and LPS (yellow
sticks). Autodock score is demonstrated below the pose names. The
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main contacts of the best scored pose of SN-38 carboxylate and lac-
tone forms are represented in ¢ and d, respectively. e Direct interac-
tion between SN-38 (light green) or LPS (dark green) and MD-2 is
demonstrated by the thermal shift assay performed in physiological
pH. The interaction was detected by the right shift of the unfolded
transition curve of MD-2 (pink). Melting temperatures (ATm) are
also depicted
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not affect the effect of PMA, an NF-xB activator, or PGN,
a TLR2 agonist. Accordingly, topotecan prevented LPS-
related production of pro-inflammatory cytokines, suggest-
ing the same SN-38 antagonism on TLR4. It is very surpris-
ing that most of the concentrations of SN-38 and topotecan
caused no or mild percentage of cell growth inhibition. Note-
worthy, the in vitro assays and cytostatic/cytotoxic effects
were performed immediately after 6 h of cell incubation,
whose time was chosen due to the high cytotoxicity verified
at a longer incubation time. One plausible explanation to the
lack of drug-related cytotoxicity might involve the neutral
pH of vehicle (PBS) used for drug dilution. Top I inhibi-
tors are predominantly in the therapeutically active lactone
conformation (lipophilic form that crosses cell membranes)
in acidic conditions and undergo reversible, physiological
pH-sensitive ring-opening hydrolysis to give origin to their
less active carboxylate forms (hydrophilic conformation
that barely crosses cell membranes) [11]. In our opinion,
the carboxylate forms have scarce access to the intracellular
compartment, which might justify the anti-inflammatory
action of these compounds on the membrane/receptor level
allied with low cytotoxicity. To inhibit cell transcription, a
drug must be lipophilic to properly cross cell membranes. It
is also reasonable to infer that the low cytotoxicity reduced
the likely contribution of DAMPs to further cell activation.
Therefore, NF-kB luciferase activity measured in in vitro
assays is solely due to the stimuli (LPS and PGN) that were
applied to the cell culture.

Accordingly, SN-38 and topotecan also promoted an
in vivo anti-inflammatory response in the LPS-induced
leukocyte-migration air-pouch animal model. Conversely,
SN-38 failed to prevent the pro-inflammatory effect of
zymosan, a TLR2 agonist [38], confirming the selective
antagonism on TLR4. Interestingly, cell incubation with
camptothecin and topotecan, other topoisomerase I inhibi-
tors, attenuates LPS-driven IL-6 and -8 expression and
improves animal survival under sepsis-like conditions [10],
which was also confirmed in in vitro and in vivo conditions
in our study, suggesting the anti-inflammatory effect is
shared by the class of topoisomerase I inhibitors.

To search for putative binding sites of SN-38 in TLR4,
molecular docking experiments were performed, which have
been successfully used to identify potential TLR4 ligands
[39, 40]. Notably, lactone and carboxylate conformations of
SN-38 and topotecan were predicted to have an energetically
preference for binding to MD-2 sites. MD-2 forms a com-
plex with TLR4 and allows the recognition of LPS, which
bind to the MD-2 hydrophobic pocket [41]. This pocket is
the target of several small molecules, such as berberine,
the chalcone derivative L6H21 and curcumin [42-44], that
compete with LPS and antagonize its effects. Similarly,
SN-38 and topotecan have a hydrophobic moiety that allows
a proper interaction with the MD-2 pocket. Two possible

binding poses to MD-2 were predicted for the SN-38 by the
docking experiments. Interestingly, the proposed poses were
located in different MD-2 sites and their atoms are not super-
posed. As the MD-2 pocket is large and can accommodate
more than one small molecule, as previously suggested for
the MD-2 ligand berberine [42], it is sterically possible that
the two SN-38 poses coexist.

In the first pose, SN-38 is buried inside MD-2 pocket,
interacting mainly using hydrophobic interactions and
sharing part of the same LPS binding site. As SN-38 and
topotecan position in MD-2 overlap two lipid chains of
LPS, it is possible that the interaction of LPS to MD-2 is
impaired in presence of Top I inhibitors, corroborating
with the competition between these compounds and LPS
observed in our in vitro assays. Similarly, the second pro-
posed pose for SN-38 also overlapped part of LPS-binding
site, though less extensively. In addition to that structural
overlap, SN-38 made a direct interaction with F126 in the
second pose, which is described as an important residue
that contributes to TLR4 activation and responsiveness to
LPS, leading to the downstream protein—protein interactions
needed for signal transduction [45]. In fact, lipid chains of
LPS directly interact with F126 and mutation of this residue
blocks LPS-induced MD-2/TLR4 dimerization [45]. Thus,
besides the competition of SN-38 for the LPS-binding site,
the interaction of SN-38 with F126 could impair LPS bind-
ing and would contribute to turn off TLR4 sensitivity to
LPS, leading to an anti-inflammatory response. Consistently,
topotecan also bound MD-2 with very low binding energy,
reinforcing the idea that Top I inhibitors are TLR4/MD-2
antagonists.

Considering the neutral pH used in cell-based assays,
TSA experiments were also performed at pH 7.4. The ther-
mal shift assay results could have been altered by the pH of
solutions used. To test that hypothesis the molecular docking
was performed with the lactone and the carboxylate forms
of SN-38 and topotecan. Notably, in contrast to topoisomer-
ase inhibition, the binding of SN-38 and topotecan to MD-2
and the impairment of TLR4/MD-2 signaling seemed not
to be dependent on the lactone ring, since the carboxylate
form also interacted with the target protein. It reinforces
our hypothesis that in our experimental conditions SN-38
and topotecan anti-inflammatory effects involve TLR4/
MD-2 complex and does not involve the modulation of Top
I dependent mechanisms.

It is well established that proteins bound to ligands have
improved structural stability, since ligand binding increases
the number of protein interactions [46]. In that context, more
energy (temperature) is required to disrupt the overall protein
structure upon ligand binding. Consistently with the in vitro,
in vivo, and the molecular docking assays, the thermo shift
analysis showed that SN-38 increased the melting tempera-
ture of the protein unfolding transition in a similar profile as

@ Springer



296

Cancer Chemotherapy and Pharmacology (2019) 84:287-298

LPS. Thus, the thermal stabilization induced by SN-38 indi-
cates a direct SN-38/MD-2 interaction. Other techniques,
such as isothermal titration calorimetry (ITC), could also
be used to confirm MD-2/SN-38 interaction [47]. However,
thermal shift assay was preferred in the present study due
to the technique reliability, like ITC. In addition, the bio-
physical technique requires a very small amount of the target
protein for the assay when compared with ITC, for instance.

The translation between these findings and the clinical
setting is yet to be validated. Top I inhibitors are broadly
used as anticancer agents and are also associated with severe
gastrointestinal toxicities. Considering that (1) mucositis is
an inflammatory toxicity of anticancer drugs on the alimen-
tary tract and also that (2) TLR4 is important to activate the
innate immune response to limit Gram-negative bacterial
translocation, TLR4 blockade by Top I inhibitors could con-
tribute to aggravate mucositis. Conversely, the literature is
conflicting. TLR4 gene deletion is suggested to protect mice
from irinotecan-induced intestinal mucositis [48]. On the
other hand, LPS is also described to prevent radiotherapy-
related gut damage [49]. These apparently opposing find-
ings might indeed be due to different underlying mechanisms
(disease specific), stimulus (dose intensity) and several other
factors. Then, TLR4 might contribute to the pathogenesis
of mucositis but at the same time be protective depending
on the disease stage [50]. Further studies are required as a
proof of concept.

Therefore, these findings collectively show that topotecan
and SN-38 show effective acute anti-inflammatory effect by
binding the MD-2 hydrophobic pocket and blocking LPS-
driven TLR4 signaling.
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