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Body and excrement extracts from Dermatophagoides farinae were used to study stimulation of Toll-like
receptors (TLRs). The excrement extract stimulated nuclear factor (NF)-xB-dependent reporter activity to
an extent similar to lipopolysaccharide (LPS) in a mouse macrophage cell line, J774A.1, but the activity of
the body extract was negligible. The excrement extract also activated NF-«B in HEK293 cells expressing
TLR1/TLR2, TLR2/TLR6 and CD14/TLR4/MD-2, whereas no activation was observed in cells expressing
TLR3, TLRS, TLR7, TLRS8 or TLRY. Although the excrement extract required co-expression of CD14, TLR4
and MD-2 in HEK293 cells to activate NF-xB, efficient activation was still observed in 1-13.35 cells, a bone-
marrow macrophage cell line established from LPS- -hypo-responsive C3H/HeJ mice. The excrement extract
activated NF-xB in HEK293 cells expressing TLR2 alone, but the activation was significantly increased by
co-expression of CD14. Polymyxm B inhibited CD14/TLR4/MD-2- and CD14/TLR2-mediated activation of
NF-«B but not the activation in 1-13.35 cells. These results indicate that CD14/TLR4/MD-2-dependent and
CD14/TLR2-dependent mechanisms are involved in the activation of NF-xB by the excrement extract of D.
farinae and suggest that the extract also contains substances that activate NF-«B through non—TLR—medlated

mechanisms.

Key words

Allergic asthma is often caused by exposure to aeroaller-
gens, which include dust mites (bodies and excrement), mold
and pet hairs. House dust mites, in particular, are a major
source of indoor allergens that are associated with allergic
asthma.” Crucial in the development of allergy is the activa-
tion of antigen-presenting cells, which take up antigens and
express them on the cell surface. However, antigen presenta-
tion alone does not lead to an allergic response, but rather
leads to tolerance. Efficient induction of an allergic response
requires activation of antigen-presenting cells through Toll-
like receptors (TLRs).?

Activation of the innate immune response is mainly medi-
ated by TLR recognition of pathogen-associated molecular
patterns (PAMPs). To date, 10 functional TLRs have been
identified in humans and 12 in mice.” TLR2 associates with
TLR1 to recognize triacyl lipoproteins from Gram-negative
bacteria and mycoplasma, whereas the combination -of TLR2
and TLR6 recognizes diacyl lipoproteins from Gram-negative
bacteria and mycoplasma. TLR3 binds the genomic RNA of
reoviruses and double-stranded RNA (dsRNA) produced dur-
ing viral replication. TLR4 and its accessory molecule MD-2
recognize lipopolysaccharide (LPS), a component of the outer
membrane of gram-negative bacteria. TLRS recognizes the
flagellin protein component of bacterial flagella. TLR7 and
TLR8 recognize single-stranded RNAs (ssRNAs) derived
from RNA viruses. Finally, TLRY recognizes unmethylated
cytidine—phosphate—guanosine (CpG) sites primarily -found in
bacterial DNA.® TLR stimulation, regardless of type, even-
tually leads to the activation of the nuclear factor (NF)-«B
transcription factor and subsequent production of cytokines,
chemokines and cell surface molecules involved in adaptive
immune responses.

Dermatophagoides pteromyssinus and Dermatophagoides
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house dust mite; allergen; innate immunity

farinae have been reported to be-the most common house
dust mite species that produces allergens. Both species widely
distributed in the United States and D. pteromyssinus has been
regarded to be the predominant species in Europe although in
certain European areas, D. farinae was common.” In Japan,
it has been reported that” D. farinae was predominant in Na-
goya and Tokyo, whereas D. pteromyssinus was predominant
in Osaka, Sendai, Sapporo, Fukuoka, Tokushima and Hiro-
shima. The allergic inflammation induced by D. pteromys-
sinus was abolished in TLR4-deficient mice.® In addition, Der
p2, a major group II allergen from D. pteromyssinus, activates
smooth muscle cells in a TLR2-dependent manner to induce
an inflammatory response.” Although D. farinae is also a
major allergen, TLRs required for this species to stimulate in-
nate immune responses have not been reported. Here we sys-
tematically studied TLRs required for extracts prepared from
the body and excrement of D. farinae to stimulate NF-xB and
found that the excrement extract activates NF-xB through
CD14/TLR4/MD-2-dependent and - CD14/TLR2-dependent
mechanisms.

MATERIALS AND METHODS

Reagents - and Cells Tripalmitoyl-Cys-Ser-Lys-Lys-Lys-
Lys (Pam;CSK,) and MALP-2 were obtained from Bachem
(Bubendorf, Switzerland) and ‘suspended in  25mm octyl
glucoside. LPS prepared from Salmonella abortus equi was
described previously.®” Poly(I:C) was purchased from GE
Healthcare (Amersham Place, U.K.). Flagellin, CL-97, imiqui-
mod and single-stranded RNA (ssRNA40) were obtained from
InvivoGen (San Diego, CA, U.S.A)). CpG oligodeoxynucleo-
tide (CpG ODN 2006) was synthesized at Operon Biotechnol-
ogies (Tokyo, Japan). Whole body (D. farinae body (DF-b); lot
No.: FUF06032, SHE10015) and ‘excrement (D. farinae excre-
ment (DF-e); lot No.: SHE12031, FUF11021) extracts prepared

© 2014 The Pharmaceutical Society of Japan



January 2014

from D. farinae were obtained from ITEA Inc. (Tokyo, Japan).
The amounts of DF-b and DF-e were calibrated based on pro-
tein and Der 1 content, respectively, with the extract amount
containing 1 ug Der f1 defined as 1U. An endotoxin-specific
limulus amebocyte lysate assay (Endospecy; SEIKAGAKU
CORPORATION, Tokyo, Japan) showed that DF-b contained
approximately 3 endotoxin units per ug protein while the
DF-e had 7.8 endotoxin units per mU. Recombinant LPS-
binding protein (LBP) has been described.!” The HEK293
and Hela cell lines (ATCC, Manassas, VA, U.S.A) were
cultured in Dulbecco’s modified Eagle’s medium (Life Tech-
nologies, Grand Island, NY, U.S.A)) supplemented with 10%
(v/v) heat-inactivated fetal bovine serum (Life Technologies),
penicillin  (100U/mL) and streptomycin (100 ug/mL). The
NF-xB-dependent luciferase reporter cell line J774-ELAM
was previously described.” The 1-13.35 cell line, which was
established from bone-marrow macrophages obtained from
LPS-hypo-responsive C3H/HeJ mice was purchased from
ATCC and cultured in the same manner as the HEK293 cells,
with the exception that conditioned medium from RADMAC
cells (ATCC) was included to 20% (v/v) as a source of M-CSF.

Plasmids The NF-xB-dependent luciferase reporter plas-
mid pELAM-L and expression plasmids for CD14, TLR4,
MD-2 and TLR2 were described previously.!®'*'¥ The cod-
ing regions of TLR1 and TLR9 were amplified by reverse
transcription polymerase chain reaction (RT-PCR) from total
RNA prepared from differentiated THP-1 cells. The coding
region of TLR3 was constructed by PCR from ¢cDNA clones
Hs.29499 (Stratagene, La Jolla, CA, U.S.A)), FL.J94938 and
FLJ51380 (both from Toyobo, Osaka, Japan). L.M.A.G.E
cDNA clones (obtained from Open Biosystems, Huntsville,
AL) were used to amplify the coding regions of TLRS
(40035618), TLR7 (5582912) and TLRS8 (40008788). The cod-
ing region of TLR6 was also amplified from LM.A.G.E cDNA
clones 40007924 and LIFESEQS5118201. These coding regions
were inserted into mammalian expression vector pcDNA3 (In-
vitrogen, Carlsbad, CA, U.S.A.).

Reporter Assay The luciferase reporter assay was per-
formed as described previously.'” Briefly, HEK293 and HeLa
cells were plated in 6-well plates and transfected the following
day by calcium phosphate precipitation or with the FuGENE
HD Transfection Reagent (Promega, Madison, WI, U.S.A),
according to the manufacturer’s instructions, with the indi-
cated TLR plasmid and 0.2 yug pELAM-L and 5ng phRL-TK
(Promega) for normalization. At 24-32h after transfection,
the cells were stimulated in the culture medium described
above for 6h with DF-e or each TLR ligand. In Fig. 3, stimu-
lation was performed in the culture medium supplemented
with 100ng/mL. LBP in the absence of fetal bovine serum.
Following stimulation, cellular extracts were prepared by
adding a lysis buffer (10mM N-(2-hydroxyethyl)piperazine-
N'-2-ethanesulfonic acid (HEPES)-KOH, pH 7.9, 10mm
KCl, S5mmMm ethylenediaminetetraacetic acid (EDTA), 40mm
p-glycerophosphate, 0.5% NP-40, 30mm NaF, 1 mm Na,VO,,
Imm dithiothreitol) containing a protease inhibitor cocktail
(Nacalai Tesque, Kyoto, Japan). Reporter gene activity in the
cellular extracts was measured using the Dual-Luciferase Re-
porter Assay System according to the manufacturer’s instruc-
tions (Promega). For some experiments, cell viability of the
extracts was determined using the CellTiter-Glo Luminescent
Cell Viability Assay Kit (Promega). Reporter activity was nor-
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malized to cell viability to compensate for differences in cell
number and viability between wells.

Statistical Analyses For comparison of two groups, the
two-tailed Student’s s-test was used. For multiple comparisons,
analysis was performed by two-way ANOVA, followed by the
Tukey—Kramer method. Differences were considered signifi-
cant for p<<0.05.

RESULTS

Activation of NF-«kB induced by DF-b and DF-e extracts
were evaluated using J774-ELAM cells, a mouse macrophage
cell line, stably carrying an NF-xB-dependent luciferase re-
porter plasmid because this cell line responds to all ligands of
TLRI-TLRY to activate NF-xB. Luciferase activity was mea-
sured after the cells were stimulated either with 0.1-100 mU/
mL of DF-e, 0.1-10 gg/mL of DF-b or 0.1-100ng/mL of LPS
(Fig. 1). DF-e stimulated reporter activity to a level compa-
rable to that produced by LPS. Only slight activity was also
observed with the DF-b extract, but only at 10 gg/mL. Thus,
we focused on the activation of NF-xB induced by DF-e.

The TLRs involved in DF-e-induced activation of NF-«xB
were identified by expressing each TLR in HEK293 cells
and stimulating with DF-¢ and the corresponding TLR ligand
(Fig. 2). HeLa cells were used with TLR7, TLRS8 and TLR9
because HEK293 cells did not respond to the corresponding
ligands, even when the TLRs were expressed. Neither cell line
responded to the TLR ligands without concomitant expression
of the appropriate TLR (data not shown). When TLR1/TLR2
(Fig. 2A) or TLR2/TLR6 were expressed in HEK 293 cells
(Fig. 2B) with an NF-«B-dependent luciferase reporter gene,
100 mU/mL of DF-e increased reporter activity above baseline
levels. Activities were approximately 20-30% of the corre-
sponding TLR ligands, Pam;CSK, (0.1 ug/mL) and MALP-2
(0.1 ug/mL), which at these concentrations led to maximal
levels of activation. CD14, TLR4 and MD-2 are necessary for
the response to TLR4 ligand. When all three were expressed
in HEK293 cells (Fig. 2D), LPS (10ng/mL) and DF-e (10mU/
mL) increased reporter activity. The activity at 100mU/mL of
DF-e reached the maximal level of activation, approximately
80% of the level observed with 10ng/mL LPS stimulation.
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Fig. 1. Activation of NF-xB Induced by House Dust Mite Extracts and
LPS

J774-ELAM cells were either left unstimulated or stimulated for 6h with the
indicated concentrations of DF-e, DF-b or LPS and NF-xkB-dependent luciferase re-
porter activity was measured. Values are the means*S.E.M. from five independent
experiments. ** p<0.01, compared to the activity without stimulation.
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Fig. 2. TLRs Involved in DF-e-Induced Activation of NF-xB

HEK293 cells were transiently transfected with TLRI and TLR2 (A), TLR2 and TLR6 (B), TLR3 (C), CDI4, MD-2 and TLR4 (D) or TLR5 (E) expression plasmids
and an NF-xB-dependent luciferase reporter plasmid. HeLa cells were transiently transfected with TLR7 (F), TLR8 (G) or TLR9 (H) expression plasmids and an NF-xB-
dependent luciferase reporter plasmid. After 24h, cells were either left unstimulated or stimulated for 6h with the indicated concentrations of DF-e or the corresponding
TLR ligands and luciferase activity was measured. Values are the means=S.E.M. from at least four independent experiments. * p<<0.05, ** p<<0.01, compared to the activ-
ity without stimulation.
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In HEK293 or HeLa cells expressing other TLRs, DF-e up
to 100mU/mL did not significantly increase reporter activity,
although the corresponding TLR ligands did stimulate activity
(Figs. 2C, E-H).

While LPS requires the combination of CD14, TLR4 and
MD-2 to activate NF-xB, it was not known if DF-e also re-
quires these molecules. Therefore, HEK293 cells were trans-
fected with each molecule or combinations of CDI14, TLR4
and MD-2 and an NF-xkB-dependent luciferase reporter gene.
The cells were then stimulated with 100mU/mL of DF-e or
10ng/mL of LPS (Fig. 3A). To avoid the influence of soluble
forms of CD14 and MD-2, which may be in fetal bovine
serum, the stimulation was performed in the absence of serum
and LBP was included when LPS was used. Although a slight
increase in the reporter activity was observed in HEK293
cells expressing MD-2 plus TLR4 without stimulation and in
cells expressing CD14 plus TLR4 and MD-2 plus TLR4 in
response to LPS and DF-e, respectively, both DF-e and LPS
significantly increased the reporter activity when all three of
the molecules (CD14, TLR4 and MD-2) were expressed, in-
dicating that DF-e also requires all three to activate NF-«B.
To confirm this, a similar experiment was performed in HeLa
cells (Fig. 3B). DF-e slightly increased the reporter activity

A
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in HeLa cells with vector alone (i.e., without CD14, TLR4
and MD-2) and the activity was enhanced when CD14 was
expressed. Expression of TLR4 or MD-2 in addition to CD14
did not affect activity; however, the expression of all of these
molecules further enhanced reporter activity. In contrast,
LPS-induced activation was observed when CD14 and MD-2
were simultaneously expressed, and activity was significantly
increased when CD14, TLR4 and MD-2 were all expressed
together.

Since DF-e activated NF-xB in HelLa cells expressing
CD14 (Fig. 3B) and in HEK293 cells expressing TLR1/TLR2
(Fig. 2A) or TLR2/TLR6 (Fig. 2B), the effect of DF-e was
examined in the 1-13.35 cell line, which was established from
bone-marrow macrophages obtained from LPS-hypo-respon-
sive C3H/HeJ mice. 1-13.35 cells were transfected with an
NF-xB-dependent luciferase reporter gene with or without an
expression plasmid for TLR4 and stimulated with DF-e, LPS
or Pam,CSK, (Fig. 4). LPS stimulation only slightly increased
reporter activity whereas a significant increase in activity
was observed upon TLR4 expression, confirming the LPS-
hypo-responsiveness of this cell line. DF-e increased reporter
activity, which was slightly enhanced by TLR4 expression, in
a concentration-dependent manner. This result indicated that
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Fig. 3. Requirements for TLR4-Mediated Activation of NF-xB by DF-e

HEK?293 cells (A) or HeLa cells (B) were transiently transfected with the indicated combination of CD14, MD-2 and TLR4 expression plasmids or an empty vector
together with an NF-xB-dependent luciferase reporter plasmid. After 24h, cells were either left unstimulated or stimulated with 100mU/mL DF-e or 10ng/mL LPS in a
serum-free condition. When stimulated with LPS, 100ng/mL LBP was included. Luciferase activity was measured after 6h. Values are the means®S.E.M. from four inde-
pendent experiments. * p<<0.05, ** p<<0.01, compared to the activity in vector (vec)-transfected cells.
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Fig. 4. TLR4-Independent Activation of NF-xB by DF-e

LPS-hypo-responsive 1-13.35 cells were transiently transfected with a TLR4
expression plasmid or an empty vector and an NF-xB-dependent luciferase reporter
plasmid. After 24h, cells were either left unstimulated or stimulated for 6h with
the indicated concentration of DF-e, 0.1 ug/ml. Pam;CSK, (CSK4) or 0.1 ug/mL
LPS and luciferase activity was measured. Values are the means=S.E.M. from four
independent experiments. * p<<0.05, **p<<0.01, compared to the activity without
stimulation.
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TLR4-indepent signaling also contributes to DF-e-induced
activation of NF-xB. ;

Since HeLa cells respond to TLR2 ligands to activate
NF-xB, we examined the involvement of CD14 and TLR2 in
DF-e-induced activation of NF-«xB in HEK293 cells, which ex-
press neither of these proteins. HEK293 cells were expressed
with each or combination of CD14 and TLR2 (Fig. 5 inset)
and an NF-x¥B-dependent reporter gene. Reporter activity in
response to DF-e was observed (Fig. 5). DF-e did not increase
reporter activity when transfected with CD14 alone. Transfec-
tion with TLR2 resulted in an increase in activity only at 10
and 100mU/mL of DF-e, but when combined with CD14, ac-
tivity was significantly enhanced (p<<0.01, by Tukey-Kramer
method) and the increase was observed as low as 1mU/mL.
These results indicate that CD14/TLR4/MD-2-dependent and
CD14/TLR2-dependent mechanisms are involved in DF-e-
induced activation of NF-xB.

We next addressed the involvement of endotoxin in the
CDI14/TLR4/MD-2-mediated activation of NF-kB by DF-e
because DF-¢ used in this study contained a considerable
amount of endotoxin as determined by an endotoxin-specific
limulus amebocyte lysate assay. HEK293 cells were ex-
pressed with CD14, TLR4 and MD-2 together with an NF-
xB-dependent reporter gene. Reporter activity in response to
DF-e and LPS was observed in the presence of polymyxin B,
which is known to neutralize biological activity of LPS (Fig.
6A). Polymyxin B inhibited LPS-induced activation of NF-xB
and DF-e-induced activation was also inhibited by polymyxin
B in a concentration-dependent manner. Since DF-e activated
NF-kB through a CDI4/TLR2-dependent mechanism, the
effect of polymyxin B was also studied (Fig. 6B). DF-e-in-
duced activation of NF-xB in HEK293 cells expressing CD14/
TLR2 was inhibited by polymyxin B with a similar concen-
tration range that inhibited the CD14/TLR4/MD-2-mediated
activation whereas polymyxin B did not affect Pam,CSK,-
induced activation. We also addressed whether polymyxin
B inhibits DF-e-induced activation in 1-13.35 cells (Fig. 6C).
Polymyxin B did not significantly affect the activation of
NF-«B in response to DF-e and Pam,CSK,. These results in-
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HEK293 cells were transiently transfected with either, or a combination of,
CDI14 and TLR2 expression plasmids together with an NF-xB-dependent luciferase
reporter plasmid. After 24h cells were either left unstimulated or stimulated for
6h with the indicated concentration of DF-e and luciferase activity was measured.
Supernatants from cellular extracts ‘were subjected to SDS-PAGE followed by
Western blot analysis to detect expression of CD14 and TLR2 (inset). Values are
the means*S.E.M. from five independent experiments. * p<<0.05, **p<0.01, com-
pared to the activity without stimulation'in corresponding transfection.
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Fig. 6. Effect of Polymyxin B on DF-e-Induced Activation of NF-xB

HEK293 cells were transiently transfected with CD14, TLR4 and MD-2 (A) or
CD14 and TLR2 (B) expression plasmids together with an NF-xB-dependent lucif-
erase reporter plasmid. After 24h cells were treated with the indicated concentra-
tion of polymyxin B followed by DF-e (10mU/mL), LPS (10ng/mL) or Pam;CSK,
(CSK4; 100ng/mL). 1-13.35 cells (C) were transfected with an NF-xB-dependent
luciferase reporter plasmid and treated as above, After 6h luciferase activity was
measured. Values are the meanstS.EM. from 3-8 independent experiments.
*p<<0.05; ** p<<0.01, compared to the activity in response to corresponding stimu-
lation in the absence of polymyxin B.
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dicate that DF-e contains polymyxin B-sensitive substance(s)
that activate(s) NF-xB through CD14/TLR4/MD-2-dependent
and CDI14/TLR2-dependent mechanisms and that polymyxin
B-insensitive substance(s) was also involved in the activation
of NF-xB.

DISCUSSION

We demonstrate here that an excrement extract (DF-e)
prepared from D. farinae, a major indoor allergen, activates
NF-xB through TLR4-dependent and CDI14/TLR2-dependent
mechanisms. It has been reported® that a body extract pre-
pared from another major indoor allergen, D. pteromyssinus,
induces asthma via TLR4 triggering of airway structural cells.
In this study, a body extract (DF-b) from D. farinae only
slightly activated NF-xB whereas a significant activation was
observed with its excrement extract in a mouse macrophage
cell line (Fig. 1). An analysis of allergen contents in the ex-
tracts revealed that group 1 allergens were found primarily in
excrement extracts whereas group Il allergens were detected
in both body and excrement extracts.'® It has been reported'”
that Der p2, a group II allergen found in D. pteromyssinus,
in conjunction with LPS activates TLR4 signaling even in
the absence of MD-2, an accessary molecule of TLR4. They
found that Der p2 functioned as MD-2-like chaperon, result-
ing in efficient induction of cytokine production in HEK293
cells expressing CD14 and TLR4 or in peritoneal macrophages
obtained from MD-2""" mice. However, in the present study,
DF-e required the transfection of MD-2 in addition to CD14
and TLR4 to activate NF-xB in HEK293 cells (Fig. 3A). D.
Jarinae possesses a Der p2 homolog Der 2, which also re-
portedly exhibits MD-2-like activity.'® However, Der 2 ex-
pression did not confer LPS responsiveness in HEK293 cells
expressing CD14 and TLR4 (data not shown). Recombinant
Der f2 also failed to activate NF-xB in HeLa cells expressing
CDI14 and TLR4 (data not shown). We also examined the abil-
ity of Der f1, group I allergen found in D. farinae, to confer
LPS responsiveness although Der f1 is structurally unrelated
to MD-2. However, expression of Der f1, alone or in conjunc-
tion with LPS, also failed to activate NF-xB in HeLa cells
expressing CD14 and TLR4 (data not shown). Therefore, it
is unlikely that Der 2 and Der f1 are involved in the DF-e-
induced activation of NF-kB observed in this study.

The development and severity of asthma are thought to be
determined by an endotoxin.'?® According to Braun-Fahr-
lander et al.,'” endotoxin levels in house dust mites have been
correlated with a modifying effect on allergic sensitization in
children. Trompette et al'” have reported that recombinant
Der p2 complexed with a sub-effective amount of LPS stimu-
lated TLR4-dependent innate cytokine production by mouse
peritoneal macrophages in the presence and absence of MD-2.
House dust mite extracts contain endotoxin originating from
colonizing bacteria and environmental pollution.” The DF-e
used in this study also contains a considerable amount of en-
dotoxin. Since DF-e used in this study was prepared from a
laboratory-cultured D. farinae, it is unlikely that the endotoxin
was derived from environmental pollution. An endotoxin-spe-
cific limulus amebocyte lysate assay revealed that 1 mU/mL of
DF-e contained 7.8 endotoxin unit per ml, which corresponds
to 2.3ng/mL of S. abortus equi LPS used in this study. The
concentration of LPS was enough to stimulate mouse mac-
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rophage cells (Fig. 1). Furthermore, the activation of NF-xB
in response to DF-e was inhibited by polymyxin B with a
concentration range that also inhibited LPS-induced activation
in HEK293 cells expressing CD14, TLR4 and MD-2 (Fig. 6A)
suggesting that an endotoxin is responsible for the majority
of the CDI14/TLR4/MD-2-dependent activity of DF-e. How-
ever, the activation of NF-«B in response to DF-e in HEK293
cells expressing CD14 and TLR2 was also inhibited by these
concentrations of polymyxin B (Fig. 6B). Thus, it is possible
that DF-e contains polymyxin B-sensitive substances, other
than LPS, that activate NF-xB through both CD14/TLR4/MD-
2-dependent and CD14/TLR2-dependent mechanisms.

DF-e¢ also activated NF-xB in 1-13.35 cells, which was
derived from bone-marrow macrophages obtained from LPS-
hypo-responsive C3H/He] mice (Fig. 4). Since this cell line
responds to LPS poorly due to a mutation in the #/r4 gene, it
is unlikely that the activation was mediated through TLR4.
Involvement of TLR2 could also be ruled out because the
activation was not affected by polymyxin B (Fig. 6C) de-
spite being effectively inhibited in CD14/TLR2-transfected
HEK293 cells. Since HEK293 cells without transfection did
not respond to DF-e, the activity observed in I-13.35 cells
may be macrophage-specific. We are currently trying to iden-
tify these active substances that exert their effects through
TLR2/4-mediated and non-TLR-mediated mechanisms.
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Strategies for the prevention of multiorgan dysfunction (MOD) in acetaminophen (APAP)-induced acute liver failure (ALF) are an
unmet need. Our study tested the hypothesis that sterile inflammation induced by APAP in a mouse model would activate toll-like re-
ceptor 4 (TLR4) in the liver and extrahepatic organs and lead to the progression of ALF and MOD and that the administration-of the
novel TLR4 antagonist STM28 (a peptide formed of 17 amino-acids) would prevent liver injury and associated MOD. ALF and, sub-
sequently, MOD were induced in TLR4-knockout (KO) mice (B6.B10ScN-Tlr4 #5% /JthJ) and wild-type (WT) mice (C57BL/6) with
APAP (500 mg/kg). A second set of experiments was conducted to evaluate the effects of a pretreatment with a novel TLR4 antago-
nist, STM28, on APAP-induced MOD in CD1 mice. Animals were sacrificed at the coma stage, and plasma, peripheral blood cells,
liver, kidneys, and brain were collected. Biochemistry values and cytokines were measured. Liver and kidneys were studied histolog-
ically and were stained for TLR4 and activated Kupffer cells, and the expression of nuclear factor kappa B—p65 was quantified with
western blotting. Brain water was measured in the frontal cortex. After APAP administration, TLR4-KO (NFkBp65) mice were rela-
tively protected from liver necrosis and end-organ dysfunction and had significantly better survival than WT controls (P < 0.01).
STM28 attenuated liver injury and necrosis, reduced creatinine levels, and delayed the time to a.coma significantly. The increases in
cytokines in the plasma and liver, including TLR4 expression and the activation of Kupffer cells, after APAP administration were
reduced significantly in the STM28-treated animals. The increased number of circulating myeloid cells was reduced significantly after
STM28 treatment. In conclusion, these data provide evidence for an.important role of the TLR4 antagonist in the prevention of the
progression of APAP-induced ALF and MOD. Liver Transpl 19:751-761, 2013.© 2013 AASLD.

Received November 20, 2012; accepted March 28, 2013.

Acute liver failure (ALF) secondary to massive hepatic
necrosis is a rapidly progressive clinical syndrome
that frequently leads to multiorgan dysfunction
(MOD), and it is associated with high morbidity and

hepatotoxicity is currently the most frequent cause of
ALF in the United States and Europe.’?

APAP exerts its harmful effect through glutathione
depletion and forms covalent bonds with cellular pro-

mortality rates. Acetaminophen (APAP)-induced teins; this ‘produces massive centrilobular necrosis.

Additional Supporting Information may be found in the online version of this article.

Abbreviations: ALF, acute liver failure; ALT, alanine aminotransferase; APAP, acetaminophen; APC, allophycocyanin; AST, aspar-
tate aminotransferase; Cy 5-5, cyanine; DAMP, damage-associated molecular pattern; DC, dendritic cell; GR-1, anti-granulocyte
receptor 1; HMGBI1, high mobility group box 1; IL, interleukin; KO, knockout; LPS, lipopolysaccharide; mAb, monoclonal anti-
body; MD2, myeloid differentiation protein 2; MOD, multiorgan dysfunction; NFkB, nuclear factor kappa B; NH3, ammonia;
PAMP, pathogen-associated molecular pattern; PerCP, peridinin chlorophyll protein; SSC, side scatter; TLR, toll-like receptor;
TNF-«, tumor necrosis factor o; WT, wild type.
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A major paradigm shift in understanding the patho-
physiology of ALF has occurred through discoveries of
immune regulatory pathways contributing to ALF.34
Resident Kupffer cells and inflammatory infiltrates,
the key components of the innate immune system,
play a central role in the initiation, progression, and
resolution of ALF.*® Systemic inflammatory response
syndrome, independent of infections, is associated
with worsening of the encephalopathy score and a
poorer prognosis.®”?

Toll-like receptors (TLRs) are transmembrane signal-
ing proteins that recognize pathogen-associated mo-
lecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs), and they are crucial in
the regulation of the innate immune response associ-
ated with hepatocellular damage (Supporting Fig. 1).8
Induced by these DAMPs/endogenous ligands pro-
duced after hepatocyte necrosis, Sterile inflammation
activates the innate immune system and thereby
amplifies the inflammatory cascade culminating in
liver failure.® Among the TLRs, TLR4 plays a pivotal
role in the initiation of the immune response after
liver injury.19-1!

N-Acetyleysteine is the standard of care for patients
with an APAP overdose, and it is effective when it is
administered at an early stage. Its prolonged use in
late presenters is controversial.!? Its effectiveness in
patients with established liver failure and MOD is not
known.

Previous studies have shown improved survival for
TLR4-knockout (KO) mice after galactosamine/lipo-
polysaccharide (LPS}-induced ALF and also for APAP
animals pretreated with alcohol; both conditions are
associated with increased circulating LPS.'*'¢ How-
ever, the role of TLR4 in modulating end-organ dys-
function following ALF is uncertain. To that end, in
this study we sought to investigate the role of TLR4
in ALF and subsequent end-organ dysfunction after
APAP toxicity. We chose APAP-induced sterile
inflammation without confounding factors such as
LPS to define the progression of liver failure and
MOD. The TLR4 antagonists eritoran (Eisai, Japan)
and TAK-242 (TLR4 antagonist) (Takeda, Japan)
have been tested in septic patients. Phase 2 studies
have demonstrated safety but not clinical effective-
ness, and as far as we know, they are not being
developed for liver diseases. Because TLR4 is a mul-
tidomain protein, the available antagonists work at
different sites of this protein, and their effectiveness
may, therefore, differ in various clinical situations.
Very recently, our collaborators developed a novel
TLR4 specific antagonist, STM28, which is a peptide
formed of 17 amino acids that binds directly to the
extracellular domain of the TLR4 molecule.’” We
hypothesized that in the mouse model of APAP-
induced ALF, TLR4 plays an important role in the
development of MOD and that its deletion or inhibi-
tion would protect mice from the effects of APAP-
induced toxicity.

The aims of this study were to determine whether
TLR4-KO mice would be protected from APAP-induced

MOD and to explore whether the specific antagonist
STM28 could prevent the progression of liver injury
and end-organ dysfunction in mice with APAP-
induced ALF.

MATERIALS AND METHODS
Animals

All experiments were conducted in accordance with
local ethics approval and were subjected to the UK
Animal Scientific Procedures Act of 1986. A well-char-
acterized model of APAP-induced ALF was used for
this study.'® Male mice were used for studies 1 and 2.
APAP (Sigma-Aldrich, United Kingdom) was freshly
prepared daily via dissolution in preheated, sterile
normal saline at 37°C. APAP (500 mg/kg) was admin-
istered intraperitoneally after overnight fasting, and
the mice were maintained at the temperature of 37°C
thereafter. The mice then had free access to chow and
water and were maintained on a 12-hour light/dark
cycle.

Study Design

Two sets of studies were performed consecutively. The
first study was performed in TLR4-KO animals; these
animals with a Tlr4Lps-del (TLR4 lipopolysaccharide
deletion) spontaneous mutation have a 7-kb deletion
in the Tlr4 gene (Jackson Laboratory, United States).
Two breeding pairs of TLR4-KO mice were purchased
from the Jackson Laboratory and bred in house. The
littermates were subsequently used for the experi-
ments. Two groups of mice—a wild-type (WT) group
(C57BL/6 [CH7 black 6]; n = 8) and a TLR4-KO group,
(n = 8)—were fasted overnight.

After APAP administration, the animals were fol-
lowed until they reached either the coma stage or
the designated study end at 5 days. The second
study was performed to explore the effects of the
TLR4 antagonist STM28 on the prevention of ALF in
APAP mice. Three groups of CD1 mice (n=8 for
each group) were studied: a naive group, an APAP
group, and an APAP+STM28 (TLR4 antagonist)
group (Division of Microbiology, National Institute of
Health Sciences, Tokyo, Japan). STM28 (20 pg) or
saline was given intraperitoneally 1 hour before
APAP, and a second dose was given 5 hours after
APAP. The untreated APAP animals were sacrificed
at a mean of 7.5x2.1 hours after APAP, the point
at which they developed signs of coma. Animals in
the STM28-treated group were sacrificed 8 hours af-
ter APAP.

Sampling and Processing

Blood was collected via cardiac puncture in hepari-
nized tubes before terminating the animals under an-
esthesia with isoflurane and was centrifuged (at 4°C
and 3500 rpm for 10 minutes), and the plasma was
stored at —80°C for later analysis. A fraction of the
blood samples from the second set of experiments
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TABLE 1. Biochemical Parameters and Brain Water in the Naive, APAP, and TLR4-KO Groups

Creatinine Brain
Group ALT (IU/L) (umol/L) NHj3 (pmol/L) Water (%)
Naive (n = 8) 35.9+6.1 7.6+0.9 76.2+7.5 784+0.6
APAP (n = 8) 6217 + 388* 36.5 +5.2* 437 = 77.8" 794+ 0.6*
TLR4-KO (n = 8) 4088 = 672.1F 18.3+3.18 198 + 34.2% 78.7 +0.5°%

*P<0.001 in comparison with the naive group.
fP<0.01 in comparison with the naive group.
¥P<0.05 in comparison with the APAP group.
8P<0.01 in comparison with the APAP group.

NOTE: Plasma biochemistry and brain water values are expressed as means and standard errors of the mean. The statisti-
cal analysis was performed with Bonferroni’s multiple comparison test for all the groups.

were processed for cell isolation and stained with spe-
cific fluorochrome-labeled  monoclonal  antibodies
(mAbs; Supplementary Information). Parts of livers,
kidneys, and brains were snap-frozen (supplementary
information) in liquid nitrogen for western blot analy-
ses, and the rest were stored in 10% buffered formalin
for histopathology and immunohistochemical staining
for TLR4. The frontal part of each brain was used for
measurements of brain water.

Measurements
Liver and Renal Biochemistry

Plasma samples were analyzed for alanine amino-
transferase (ALT), aspartate aminotransferase (AST),
creatinine, and-ammonia (NHjz); Cobas Integra 400,
Roche Diagnostics, West Sussex, United Kingdom.

Plasma and Tissue Cytokines

Each liver tissue (100 ug) was homogenized in a trish-
ydroxymethylaminomethane/hydrochloride lysis
buffer (pH 7.5). The pfotein concentration was deter-
mined with a biuret assay. Tumor necrosis factor a
(TNF-o) and interleukin-10 {IL-10) in the plasma and
TNF-a and IL-la in the liver were measured with a
commercial cytometric bead assay (Becton Dickinson,
United Kingdom), quantified with flow cytometry
(FACSCanto 11, Becton Dickinson), and analyzed with
appropriate software (FCAP Array, Soft Flow Hungary,
Ltd).

Western Blot Analysis

Nuclear factor kappa B (NFkB)-p65 protein expres-
sion in the organs was determined with western blot-
ting as previously described.’® The proteins were
probed with a primary anti-NFkB-p65 antibody (rab-
bit anti-NFkB-p65, Signalway, United Kingdom;
1:500 dilution for 16 hours at 4°C), and this was fol-
lowed by incubation with a peroxidase-conjugated
anti-rabbit secondary antibody (ProSci, United King-
dom; 1:5000 dilution). The protein intensity was
quantified with a public-domain, Java-based image

processing program (ImageJ). The -results were
expressed as the NFkB-p65/B-actin ratio (rabbit anti-
B-actin, Abcam, United Kingdom; 1:1000 dilution).

Histopathology
Histology

The histological assessment was performed with he-
matoxylin and eosin staining.?°

Immunohistochemistry for TLR4, CD68,
and F4/80 ‘

Sections from livers and kidneys were deparaffinized
with xylene and rehydrated in graded ethanol. After
they were washed with ‘a phosphate-buffered solution
(X3), they were heated in a microwave oven at 95°C
for 10 minutes with a citrate buffer (Dako, United
Kingdom; pH 6.0). The slides were then treated with a
3% hydrogen peroxidase solution, and this was fol-
lowed by overnight incubation with an anti-TLR4 anti-
body (Lifespan Bioscience, United Kingdom; 1:200
dilution). To characterize the activated Kupffer cells,
anti-CD68 (Abcam; 1:100 dilution) and anti-F4/80
(Abcam; 1:200 dilution) were used. A ready-to-use
secondary antibody (EnVision, Dako) was used for 30
minutes at room temperature, and subsequently
developed using chromogen and the nuclei were coun-
terstained with hematoxylin. In between steps, the
slides were washed with a phosphate-buffered solu-
tion (X3). '

Brain Water Measurement

The frontal part of the brain (5 mm® was used to
measure the brain water. The specified portion was
immediately weighed on an electronic scale to obtain
the wet weight. The brain samples were dried in an
oven at 100°C for 24 hours to obtain the dry weight.
The brain water content was calculated according to
the following formula:

Brain water content (%)
= (Wet weight — Dry weight /Wet weight X 100%)
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Figure 1. Time to the development of coma and NFkB-p65/B-actin protein expression on densitometry. (A) WT mice (n = 8) became
comatose within 48 hours of APAP administration, whereas 50% of the TLR4-KO mice (4/8) survived up to 5 days. (B-D) NFkB-p65
protein expression was markedly increased in the kidneys and brain with a limited rise in the liver in comparison with the control
group. After STM28, NFkB-p65 was significantly reduced in the kidneys and brain but significantly increased in the liver in com-
parison with the APAP group.

Flow Cytometry

Peripheral blood was processed and stained with fluo-
rochrome-labeled mAbs specific for myeloid cells, den-
dritic cells (DCs), resident and inflammatory
monocytes, neutrophils, CD4/CD8 T lymphocytes, B
cells, and natural killer cells according to the manu-
facturer’s instructions (BD Pharmingen, San Diego,
CA). The surface markers used to identify the different
subpopulations are shown in Supporting Table 1.
Leukocytes were gated according to their size (forward
light scatter) and granularity (side light scatter) and

were stained with CD45 mAbs. Dead cells were
excluded by propidium iodide staining (BD Pharmin-
gen). All antibodies were purchased from BD Phar-
mingen. Flow cytometry data acquisition and analysis
were performed on FACSCanto II with FACSDiva soft-
ware (Becton Dickinson, San Diego, CA).

Statistical Analyses

The data were expressed as means and standard
errors of the mean. The significance of differences was
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Figure 2. (A) Hematoxylin and eosin staining of the liver in WT, TLR4-KO, APAP, and APAP+STM28 (TLR4 antagonist) mice (mag-
nification X20) and (B) immunohistochemistry for (a-d) CD68 and (e-h) F4/80 (magnification X 10, inset magnification x40). (A-b.e)
After APAP administration, WT mice (C57BL/6 and CD1) showed evidence of profound centrilobular necrosis and marked hepatic
congestion. (A-c) After APAP administration, TLR4-KO mice showed vacuolization with occasional minimal pericentral necrosis. (A-
f) Pretreatment with STM28 prevented hepatic damage and led to a reduced area of hepatocellular necrosis and preservation of the
normal hepatic architecture. (B-b,f) There was a marked increase in the expression of CD68- and F4/80-positive cells in the ani-
mals administered APAP. (B-c,g) After treatment with the TLR4 antagonist (STM28), there was a marked reduction in CD68- and
F4/80-positive cells, and they were confined to the perisinusoidal area. (B-d,h) After APAP administration, TLR4-KO mice showed
low expression of activated Kupffer cells according to CD68 and F4/80 staining.

tested with a 1-way analysis of variance with Bonfer-
roni’s multiple comparison test or the Student t test
as appropriate. The probability of cumulative survival
was analyzed with Kaplan-Meier analysis in combina-
tion with a log-rank test. P<0.05 was considered
statistically significant. All statistical analyses were
performed with SPSS 14.0 Statistics and GraphPad
Prism 4.0 (GraphPad Software, Inc., San Diego, CA).

RESULTS

Study 1. Role of TLR4 in the Modulation
of ALF in APAP Mice

Clinical and Biochemical

After APAP administration, the WT mice developed a
coma at a mean of 9.4 + 4.3 hours. The mean time to
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a coma for the TLR4-KO mice was 68.1 = 18 hours
(P<0.01; Fig. 1A). A hunched posture, lethargy, or
persistent recumbency in conjunction with a rough or
unthrifty hair coat and insensibility to external stim-
uli were cons1dered to be humane endpoint criteria
for a coma. TLR4-KO rmce were found to “have
,reduced APAP-induced liver mjury (as ewdenced by a

, '51gn1ﬁcant1y lower ALT level) in companson with WT
mice (P<0.05). The serum creatinine level was 51gmﬁ—
cantly lower in the TLR4-KO group versus the WT
animals (P<0.01). Similarly, the plasma NHj level in
TLR4-KO mice was significantly lower than the level
in WT mice (P<0.05; Table 1). This was assoc1ated
with a s1gmﬁcant reduction in brain water in TLR KO
mice versus WT mice- (P< 0. 01 Table 1).

Liver

1L-1a

- (pg/mg)

1 31.3+85

Cytokines
613.3+117.4%
311 +73.3%

TNF“‘
(pg/mg)
. 7.3+34

374.4 +62.5%
211.7£77.7

IL-10
- (pg/mlL)

Plasma
935+29

sttology

- After APAP admmlstratlon WT animals showed fea-
_tures of extensive pericentral hepatic necrosis and
vacuolization of hepatocytes in the hepatic paren-
chyma (Fig. 2A-b). In contrast, the liver damage in
TLR4-KO mice was limited to the presence of vacuoli-
zation with occasional minimal pericentral necrosis
(Fig. 2A-c and Supporting Table 2). There was no
increase in inflammatory infiltrates in the WT animals
that were administered APAP.

121x9.2!
100+5.3

13+2.2

TNE-a
(pg/mlL)
46.8+ 124"

17.9+3.9%

Brain
Water (%)
78.4+1.7

80.7 = 0.5%
78.9+0.9%

CD68 and F4/80

After APAP administration, TLR4-KO mice showed low
expression  of activated Kupffer cells according to
CD68 and F4/80 staining in comparison with WT
control animals that were administered APAP (Fig.
2B-d,h).

NHj3
(umol/1)
132+11.8

395.8 +57.54
197 + 66.5"

Biochemistry

Study 2. Effect of the TLR4 Antagonist on the
Prevention of APAP-Induced ALF in Mice

Clinical and Biochemical

After APAP administration, the CD1 mice developed
a coma at a mean of 7.5+ 2.1 hours. None of the
animals in the APAP+STM28 group developed a
coma before the completion of the study at 8 hours
(the onset of a coma was established as described
for study 1). There was a marked increase in
plasma liver enzymes (ALT and AST) in the mice
administered ~APAP versus the mnaive controls
(P<0.001), and this was significantly reduced in
the APAP+STM28 animals (P<0.01). The adminis-
tration of APAP led to an increase in the plasma
creatinine level in APAP mice versus naive mice
(P<0.05), but this was prevented in the
APAP+STM28 group (P=0.09). Similarly, plasma
NH; levels were significantly higher in the APAP
group versus the naive group (P<0.01}, but they
were  reduced - significantly - (P<0.05) ~in the
APAP+STM28 animals. Also, the pretreatment: of
mice with STM28 prevented an. increase in brain
water (P<0.05 for APAP+STM28 ' versus APAP;
Table 2).

Creatinine
(nmol/L}
6.4+0.3
18.9+3.4%
10.6 2.8

AST (IU/L)
192.9+43

631.1+ 147.2!

TABLE 2. Plasma Biochemistry, Brain Water, and Cytokines in the Naive, APAP, and APAP+STM28 Groups
1845+ 217.5*%

65+7.8
4512 = 939.4*

ALT (IU/L)
958.9 +410.28

8)
8)
APAP+STM28

n

Naive (n
APAP (n
=8)

Group
NOTE: Plasma biochemistry, cytokine, and brain water values are expressed. as means and standard errors of the mean. The statiéﬁcalanalysié was pérformed with

Bonferroni's multiple comparison test for all the groups.

*P<0.001 in comparison with the naive group.
tP<0.05 in comparison with the naive group.

¥P<0.01 ini comparison with the naive group.
8P<0.01 in comparison with the APAP group.

1P<0.001 in comparison with the APAP group.
9p<0.05 in comparison with the APAP group.
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Figure 3.

Immunohistochemistry for TLR4 in the liver and kidneys (liver magnification X20, kidney magnification x10). (B) TLR4
was markedly up-regulated in perinecrotic hepatocytes after APAP, and (E) there was increased expression of TLR4 in renal
tubules. Pretreatment with STM28 attenuated the up-regulation of TLR4 in both (C) the liver and (F) the kidneys.

Histology

The administration of APAP led to extensive centrilob-
ular hepatic necrosis/degeneration in conjunction
with microvacuolization and macrovacuolization.
There did not appear to be an increase in inflamma-
tory cell infiltrates in the APAP group versus the naive
group (Fig. 2A-d,e). Treatment with STM28 amelio-
rated the injury by limiting the area of necrosis. There
was scattered vacuolization of hepatocytes in the peri-
portal areas (Fig. 2A-f and Supporting Table 2).

Plasma and Tissue Cytokines

The administration of APAP was associated with a rise
in plasma (P<0.05) and liver tissue TNF-a levels
(P<0.01) in the APAP group versus the naive animals;
this was reduced in the APAP-+STM28-treated ani-
mals (P<0.05 for plasma), but the reduction did not
reach statistical significance at the tissue level. APAP
administration led to a rise in plasma IL-10 versus
the naive controls (P< 0.05), and this was reduced in
the STM28-treated animals with a trend toward signif-
icance (P=0.09). The administration of APAP led to
an increase in liver IL-1la levels in comparison with
the naive controls (P<0.01), and this was reduced
significantly in the STM28-treated group (P< 0.05; Ta-
ble 2).

Western Blot Analysis

After APAP administration, NFkB-p65 expression was
significantly higher in the kidneys (P< 0.01) and brain

(P<0.001) in comparison with the naive group, and
there was a limited increase in its expression in the
liver (P=0.1; Fig. 1B-D). STM28 treatment signifi-
cantly reduced the expression of NFkB-p65 in the kid-
neys (P<0.05) and brain (P<0.01; Fig. 1B,C). In
contrast, treatment with STM28 was associated with
significantly greater expression (P<0.001) of NFkB-
P65 in the liver (Fig. 1D).

Immunohistochemistry

TLR4. Marked up-regulation of TLR4 was evident in
hepatocytes surrounding necrotic liver tissue in mice
administered APAP in comparison with the constitu-
tive expression of TLR4 in periportal hepatocytes in
the naive group (Fig. 3A,B). This was associated with
an increase in the intensity of TLR4 staining in the re-
nal tubular cells of mice administered APAP (Fig. 3E).
Treatment with the TLR4 antagonist (STM28) led to a
reduction in TLR4 staining, which was limited to the
pericentral hepatocytes, and a reduction in the inten-
sity of the expression of TLR4 in renal tubules (Fig.
3C,F).

CD68 and F4/80. There was a marked increase in
the expression and intensity of CD68- and F4/80-pos-
itive cells in the area surrounding the necrotic liver
tissue in the group administered APAP (Fig. 2B-b.f). In
the APAP+STM28 group, there was a marked reduc-
tion in CD68 and F4/80 cells in comparison with the
APAP group, and they were confined to the perisinu-
soidal area (Fig. 2B-c,g).
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Figure 4. Circulating immune cell counts and percentages of myeloid cells according to flow cytometry in the APAP and
APAP+STM28 groups. (A) Significant increases in the circulating inflammatory cell populations of mice that were administered
APAP were noticed, and they were ameliorated after STM28 treatment. (B) The percentages of myeloid cells (CD11B*) and neutro-
phils (GR1*, CD11B™, and SCC™#") in peripheral blood are shown.

Peripheral Immune Cells

APAP-induced liver injury led to a significant
increase in the percentage of total myeloid cells and
their subtypes (monocytes and neutrophils) in com-
parison with the naive group. After STM28 treatment,
there was a marked reduction in the total numbers
of myeloid cells (58% for the APAP group versus 39%
for the APAP+STM28 group, P<0.001), neutrophils
(37% versus 22%, P<0.001), monocytes (11% versus
6%, P<0.01), and the resident monocyte subtype
(15% versus 7%, P<0.05; Fig. 4A). The individual
populations of these cells in each group are shown
as percentages in Fig. 4B. Total DCs (identified as a
CD11c population) constituted approximately 1% of
the total leukocyte count. No significant differences
were observed in the APAP and APAP+STM28 groups
with respect to DCs (56% versus 54% for myeloid
cells and 10% versus 15% for plasmacytoid cells), B
cells (6% versus 7%), T cells (14% versus 15%), or
natural Killer cells (1.6% versus 1%; Supporting
Fig. 2A-E).

DISCUSSION

APAP-induced ALF is characterized by massive liver
necrosis, which is often rapidly progressive and leads
to hepatic encephalopathy culminating in MOD.
Approaches to prevent its progression are limited,
with the only definitive available treatment being liver
transplantation.?! The data presented in this article
provide compelling evidence for TLR4 being an impor-
tant mechanism in the development of APAP-associ-
ated hepatic dysfunction and MOD in ALF, and they
suggest that TLR4 expression in peripheral organs
may be associated with the development of MOD.
Therefore, antagonizing this receptor may provide a
therapeutic benefit by preventing the progression of
liver injury and the consequent renal and brain dys-
function characteristic of ALF.

In patients with ALF, systemic inflammatory
response syndrome, independent of infections, is
associated with worsening of encephalopathy, renal
failure, and a poorer prognosis.®”??2?3 TLRs are
involved in mediating immune responses after
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exposure to either PAMPs or DAMPs, which result in
the secretion of a host of cytokines and activation of
the inflammatory cascade. APAP administration in
our model produced the classic manifestations of ALF,
which was characterized by liver cell necrosis and
MOD. These were markedly attenuated in the TLR4-
KO animals. Our findings are in concordance with
previous studies showing improved survival for TLR4-
KO mice after galactosamine/LPS- and APAP-induced
ALF.'316 The data from the present study extend
these observations and show that the protective effect
of TLR4-KO is true even in animals with sterile
inflammation and MOD after APAP. This supports the
hypothesis that the expression of TLR4 in extrahe-
patic organs is associated with a significant amount
of damage, and appropriate TLR4 antagonists may
protect animals from developing APAP-induced ALF
and subsequent end-organ dysfunction. Several tar-
geted therapies against TLR4 have been.devised, but
the exact mechanisms of action of these TLR4 antago-
nists have yet to be fully elucidated. Most of those
described to date are lipid A mimetic agents that exert
their inhibitory effects by binding to the extracellular
TLR4/CD14/MD2 complex and serve as competitive
inhibitors of TLR4. A second type of TLR4 antagonist
(TAK-242) exerts its inhibitory effect in the intracellu-
lar domain and is predominantly represented as an
LPS inhibitor. Kitazawa et al.'*!° used a small-mole-
cule inhibitor of TLR4 (E5564) in a rat model of galac-
tosamine/LPS-induced ALF and showed improved
survival. In the present study, we used a novel TLR4
antagonist, STM28, that was developed by our collab-
orators. STM28, which specifically binds with extra-
cellular TLR4 and dose-dependently inhibits an LPS-
induced cytokine surge, also prevents galactosamine-
associated lethality in mice.’” Emerging evidence
shows that the sterile inflammmation in APAP is associ-
ated with the release of high mobility group box 1
(HMGB1) and other DAMPs such as DNA fragments
after cell death, and these are potent endogenous
ligands of TLR4 that may perpetuate the inflammatory
cascade.%2%25

The improved outcome of APAP mice treated with
the TLR4 antagonist could be attributed to its damp-
ening effect on the overt cytokine surge following
APAP-induced hepatocellular damage. Higher concen-
trations of circulating TNF-«, IL-6, and IL-10 have
been observed in patients with APAP-induced ALF
requiring transplantation and in nonsurvivors.?®?? In
our experimental study, there was a surge in the
plasma TNF-a level after APAP administration, and
this was reduced in the STM28-treated animals. There
was a concomitant increase in TNF-«a and IL-1a« in the
liver, which is a feature of APAP hepatotoxicity,?8:2°
and this was ameliorated in the STM28-treated ani-
mals; this indicates the role of TLR4 in modulating
hepatic inflammation in APAP-induced ALF. STM28
treatment also prevented a rise in the plasma IL-10
level, which, when raised, is associated with an
increased risk of infection and a poor prognosis.?®
After liver necrosis, mice that were administered APAP

had a limited increase in the expression of hepatic
NFkB-p65  in comparison with other organs. Its
expression in the liver increased - further in the
APAP+STM28 group; this observation at first glance
seems counterintuitive because its activation can lead
to the generation of proinflammatory cytokines. NFkB
is a pleiotropic transcription factor that plays a vital
role in maintaining liver homeostasis, - including cell
death and survival.’® NFxBp65 KO has previously
been associated with extensive hepatocyte apoptosis
and embryonic death.®! The inhibition of NFkB by
sublethal ‘doses of APAP has been found to sensitize
hepatocytes to the cytotoxic actions of TNF-«.52 Our
data support the view that up-regulation of NFkB-p65
in the liver was most likely due to a-positive feedback
signal following limited liver damage in the STM28
treatment group, which induced a regenerative drive
for the viable cells.. However, ‘this was not true for the
APAP-treated animals, in which extensive necrosis
failed to instigate the NFkB signal. It is. of particular
interest that we noted viable, healthy hepatocytes in
mice treated with STM28. It is likely that STM28 spe-
cifically - inhibits TLR4 but does not interfere with
other TLRs, leaves the NFkB pathway partially active,
and allows liver regeneration. Further studies are
required to ascertain whether the reduction in the se-
verity of liver injury in the TLR4-KO animals and
those treated with STM28 was the result of increased
liver regeneration due to the activation of early regen-
erating genes such as NFkB,33:34

After acute liver injury, there is a surge in the circu-
lating inflammatory cells responsible for the initiation
and progression of ALF by secreting a host of proin-
flammatory cytokines and chemokines in patients
with APAP-induced ALF.® Furthermore, chemokines
secreted from necrotic hepatocytes, Kupffer cells, and
sinusoidal endothelial cells facilitate the migration of
inflammatory infiltrates attributable to the proinflam-
matory milieu in APAP hepatotoxicity.*°> Although we
did not find an increase in inflammatory cell infil-
trates, there was a marked: increase in CD68- and
F4/80-positive Kupffer.cells in WT animals adminis-
tered APAP in contrast to naive and APAP-+STM28
animals. - Additionally, TLR4-KO  mice- that were
administered: APAP showed .low expression of acti-
vated Kupffer cells. Fisher et al.?® showed an abroga-
tion in the inflammatory response after Kupffer cell
depletion in APAP-induced liver failure. In addition,
Chinnery et al.>® very recently used a dual approach
of Fas-mediated macrophage depletion and  a bone
marrow chimeric mouse model of myeloid-derived
donor TLR*/* cells in TLR4™/" recipient mice to eval-
uate the role of myeloid cells in LPS-induced corneal
inflammation. The authors convincingly showed that
the resident myeloid lineage cells, including macro-
phages, played a significant role in TLR4-mediated
corneal inflammation. Our data show an attenuation
in the severity of liver injury together with a reduction
in the activation of Kupffer cells in the STM28-treated
group, and this implies a possible contributory role of
these cells in liver injury.
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Additionally, the peripheral inflammatory response
was abrogated in the STM28-treated animals. The
exact mechanism of MOD in ALF is unclear. Anecdotal
reports indicate that the removal of a necrotic liver
from a patient with ALF will stabilize the clinical con-
dition, and this indicates that the necrotic liver may
produce some undefined substances leading to end-
organ dysfunction.®”*® The mechanism or mecha-
nisms of the relay of interorgan inflammatory cross-
talk are ill understood and remain to be elucidated.
However, emerging evidence suggests that sterile
inflammation and subsequent TLR4 activation across
organ systems may be due to liver injury. A modern
concept involving TLR activation in the cross-organ
involvement of inflammation in the setting of hemor-
rhagic shock has recently been proposed.>®*° More
recently, Antoine et al.*’ demonstrated an increase in
total and acetylated HMGB1 in the serum of patients
with APAP toxicity and its association with a poor
prognosis. In this study, we report that TLR4 activa-
tion in extrahepatic organs possibly contributes to the
pathogenesis of MOD in APAP-induced ALF, and as
such, the inhibition of TLR4 may prove to be an effec-
tive strategy for the prevention of MOD (Supporting
Fig. 3).

Further studies are needed to elucidate whether the
up-regulation of TLR4 in the kidneys is secondary to
liver injury or sterile inflammation in the kidneys is
independent of liver injury because a cytochrome
p450-metabolizing enzyme system similar to its he-
patic counterpart exists in the kidneys. Additionally,
the STM28-treated animals and the TLR4-KO animals
were protected against the brain effects of APAP toxic-
ity, possibly because of a combination of liver injury
prevention, reduced hyperammonemia, and an ame-
liorated inflammatory response. As with the kidneys,
there was a significant reduction in brain NFkB-p65
expression.

In conclusion, the data described in this study sug-
gest that TLR4 is a distinct target for the prevention of
the progression of ALF and associated multiorgan fail-
ure. TLR4-KO mice were protected from APAP-induced
liver failure and extrahepatic organ dysfunction and
had improved survival. Moreover, the TLR4 antagonist
STM28 was able to dampen excessive inflammation,
reduce Kupffer cell activation, and preserve end-organ
function. However, to take STM28 from bench side to
bedside, further studies are required to ascertain its
effectiveness as a therapeutic modality alone or in
combination with N-acetylcysteine after APAP admin-
istration in the prevention of ALF.
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