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Abstract

Toll-like receptors (TLRs) expressed on both immune cells and hepatocytes recognize microbial
danger signals and regulate immune responses. Previous studies showed that TLR9 and TLR2
mediate Propionibacterium acnes-induced sensitization to lipopolysaccharide-triggered acute liver
injury in mice. Ligand-specific activation of TLR2 and TLR9 are dependent on the common TLR
adaptor, myeloid differentiation factor 88 (MyD88). Here, we dissected the role of MyD88 in
parenchymal and bone marrow (BM)—derived cells in liver sensitization. Using chimeric mice with
green fluorescent protein—expressing BM cells, we identified that 2 acnes-induced liver
inflammatory foci are of BM origin. Chimeras with MyD88-deficient BM showed no
inflammatory foci after 2 acnes or TLR2+TLR9 challenge, suggesting that recruitment of
inflammatory cells to the liver required MyD88 expression in BM-derived cells. Further, selective
MyD88 deficiency in parenchymal cells in mice with wild-type BM failed to prevent inflammatory
cell infiltration. These results demonstrate that MyD88 in immune cells rather than in liver
parenchymal cells plays an important role in inflammatory cell recruitment and liver injury.

Multiple conditions can cause sensitization to endotoxin-induced liver injury including
drugs, toxins, metabolic factors, and patho-gens.! Microbial danger signals are recognized
by Toll-like receptors (TLRS) resulting in immune activation.? Of the 10 human TLRs in
humans all are expressed in the liver at the messenger RNA level and functional activity of
most TLRs was found in the various parenchymal and nonparenchymal liver cell
populations.3# Ligand recognition of TLRs triggers downstream signaling that is initiated by
recruitment of adaptor molecules to the intracellular TIR domain of TLRs. Except for TLR3,
all TLRs utilize the myeloid differentiation factor 88 (MyD88) adaptor that, depending on
the TLR, results in downstream activation of proinflammatory mediators or Type | interferon
(IFN).56 MyD88 is expressed in most cell types, and it has been shown to play a role in liver
homeostasis both in a TLR-dependent and TLR-independent manner.”:8 Activation of TLRs
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has been demonstrated in liver diseases such as alcoholic liver disease, ischemia-reperfusion
injury, viral hepatitis, biliary disorders, and primary biliary cirrhosis.1-8

Propionibacterium acnes, a Gram-positive bacterium, is a member of the normal skin and
intestinal flora that causes inflammatory skin diseases in humans and results in granulomas
and sensitization to lipopolysaccharide (LPS)—induced liver failure in mice.® Previous
studies demonstrated that the immunomodulatory effects of P acnes are mediated by TLR2
and TLR9 activation.10-11 In a previous study, we found that administration of selective
TLR9 or TLR2+TLR9 ligands results in both liver granulomas and sensitization to LPS-
induced liver injury.12 Further, immune cells account for the majority of the cell population
in granulomas, and increased expression of chemokines in the liver contributes to the
inflammatory cell recruitment.913 However, the cell-type specificity of the TLRs in the
process of liver granuloma induction is yet to be delineated. In this study, we aimed first, to
determine whether parenchymal or bone marrow (BM)-derived cells participated in the
formation of liver granulomas, and second, to evaluate the utilization of the MyD88 TLR
adaptor in these cell types.

Materials and Methods

Animals and Experimental Protocol.

Four-week-old to 6-week-old female mice (Table 1) were employed; all animals received
proper care in agreement with animal protocols approved by the Institutional Animal Use
and Care Committee of the University of Massachusetts Medical School. Mice were injected
intraperitoneally with either 0.2 mL 0.9% saline or 0.2 mL 0.9% saline containing
combination of 2.5 mg/kg CpG oligonucleotide (ODN1826; InvivoGen, San Diego, CA) and
5 mg/kg lipoteichoic acid (Sigma, St. Louis, MO), or 1 mg heat-killed P acnes (Van
Kampen Group, Hoover, AL). At 3 or 7 days after the above priming stimuli, mice were
intraperitoneally administered saline or 0.5 mg/kg lipopolysaccharide (Sigma, St. Louis,
MO) and were sacrificed 1.5 hours later.12 There were 3-5 mice in each experimental group.

Bone Marrow Transplantation.

To induce BM aplasia, mice were irradiated with 900 rads from a 137Cs irradiator. Four
hours later, mice were reconstituted with 5 million BM cells via a single tail vein injection.
Mice were housed in microisolator cages on conventional racks during the engraftment
period, were fed standard mouse chow, and received prophylactic Bactrim in drinking water
for days 1-14.

Histopathological Analysis.

Sections of formalin-fixed, paraffin-embedded livers were stained with hematoxylin and
eosin (H&E), and assessed for granuloma formation and necroinflammation by a pathologist
blinded to the treatment groups.

Serum Liver Enzymes and Cytokines.

Serum alanine aminotransferase (ALT) was determined using a kinetic method (ALT Liquid;
Advanced Diagnostics Inc., South Plainfield, NJ). Serum tumor necrosis factor-a(TNF a)
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and IFN y levels were determined using specific BD OptEIA enzyme-linked immunosorbent
assay kits (BD Biosciences Pharmingen, San Diego, CA).

Immunofluorescence.

The formalin-fixed paraffin-embedded tissue sections were de-waxed and rehydrated, and
the antigen retrieval was carried out in citrate buffer pH 6.0 by microwave heat treatment (5
minutes at 750 W). After cooling, washing, and nonspecific blocking with 1% bovine serum
albumin—phosphate-buffered saline solution for 10 minutes, the samples were stained with
rabbit polyclonal anti-green fluorescent protein (GFP) antibody (Abcam, Cambridge, MA)
(1:2000) followed by rhodamine-conjugated goat anti-rabbit immunoglobulin (Chemicon,
CA) (1:500) and with 4’-6-diamidino-2-phenylindole (DAPI); the fluorescence (20 fields/
sample) was then analyzed.

Western Blot Analysis.

Whole-cell lysates were extracted from liver as previously described.! The protein of
interest was detected by immunostaining with specific primary antibody against GFP
(Abcam, Cambridge, MA) followed by horseradish peroxidase—labeled secondary antibody
using chemiluminescence as read-out. The immu-noreactive bands were quantified by
densitometric analysis using an UVP System (Fuji).

Statistical Analysis.

Results

Statistical significance was determined using the nonparametric Kruskal-Wallis test followed
by the Mann-Whitney test. Data are presented as mean + standard error of the mean, and
were considered statistically significant at £< 0.05.

Sensitization of mice with heat-killed 2 acnesinduces inflammatory cell foci (non-caseating
granuloma-like lesions) in the liver and sensitizes to LPS-induced liver injury.12-14 Here, we
employed wild-type (WT) chimera mice engrafted with WT GFP-positive BM (WT/WT-
GFP*-BM) to differentiate between the impacts of BM-derived and parenchymal cells ina 2
acnes-triggered sensitization model for endotoxin-induced liver injury. LPS stimulation
resulted in a moderate recruitment of GFP-positive BM-derived cells in the livers of control,
saline-primed mice (Fig. 1A), whereas LPS administration in the 2 acnes-primed mice leads
to massive accumulation of GFP-positive BM-derived cells (Fig. 1B). The distribution of the
GFP* BM-derived cells in the £ acnes-primed mice showed inflammatory foci consistent
with liver granulomas.!! Evaluation of the total liver protein confirmed the substantially
stronger recruitment of GFP-expressing cells into the liver in P acnes—challenged mice
compared to the saline control (Fig. 1C). These data suggested that BM-derived cells
contribute to the inflammatory infiltrates in the liver.

We have recently demonstrated that liver granulomas and sensitization to LPS can be
induced in mice by priming with a selective TLR9 ligand and these effects are amplified by
coadministration of a selective TLR2 ligand.12 After ligand engagement, both TLR2 and
TLRO9 utilize the MyD88 adaptor through their intracellular TIR domain to induce
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downstream signaling that leads to the biological effects of TLR activation.® Indeed, mice
deficient of the MyD88 adaptor, £ acnes, failed to induce granulomas and/or sensitization to
LPS-induced liver injury.12 Here, we hypothesized that cell-type specificity of MyD88
expression was required for liver granuloma formation. To address this hypothesis, we
employed chimeras with WT parenchymal cells and MyD88-deficient BM (WT/MyD88~/~-
BM) and reverse chimeras, with MyD88-deficient mice reconstituted with WT BM
(MyD88~/~/WT-BM). As illustrated in Fig. 2, liver granulomas (Fig. 2A,B) and increased
serum ALT (Fig. 2C) were induced with administration of TLR2+TLR9 ligands only in
chimeras with WT BM, similar to the 2 acnes-primed WT positive controls. Selective
MyD88 deficiency in the BM-derived cells, but not in liver parenchymal cells, prevented
granuloma formation (Fig. 2A,B) as well as induction of liver injury as indicated by
increased ALT (Fig. 2C). These results suggested that inflammatory response to the danger
signal provided by TLR2+TLR9 ligands occurred at the level of BM-derived cells rather
than in liver parencymal cells. Further-more, host cells of non-BM origin, including liver
parenchymal cells, appeared to have little if any modulatory effect on the inflammatory cell
recruitment and liver injury in this model of liver sensitization.

Accumulation of inflammatory cell foci upon endotoxin-induced liver injury in the £ acnes-
primed or TLR2+TLR9-primed liver is associated with increased expression of cytokines
and chemokines.11:15 In contrast to the increased serum TNFa levels in WT/WT-BM mice,
the WT/MyD88~/~-BM chimeras had negligible TNFa levels after 2 acnesor TLR2+TLR9
priming and LPS challenge (Fig. 2D). Importantly, MyD88~/~/WT-BM chimera mice
showed TNFa levels similar to the WT/WT-BM controls, suggesting that priming for TNFa
production was solely mediated by BM-derived cells (Fig. 2D).

Discussion

Inflammation is a key component of a wide range of liver diseases, including steatohepatitis
(SH) of alcoholic (ASH) and nonalcoholic (NASH) origin as well as acute liver failure due
to systemic infections. The “two hits” hypothesis was proposed as culprit in the pathogenesis
of these diseases, where liver sensitization precedes the endotoxemia, which in turn
precipitates the clinical course of the disease. Until recently, the mechanisms of liver
sensitization (first hit) and the role of the immune system during endotoxemia (second hit)
were largely unknown. The discovery of TLRs allows dissection of the input of different
cellular compartments (parenchymal, immune) in liver inflammation.

Here, we report for the first time that expression of the pathogen-sensing machinery in the
immune cells is key to liver sensitization (development of the first hit). We employed a
chimera mouse system and a liver sensitization model based on administration of 2 acnes or
TLR2+TLR9 ligands to show that BM-derived immune cells, rather than parenchymal liver
cells, contribute to damage of the sensitized liver in response to endotoxin.

Previous studies demonstrated that in £ acnes-primed mice, LPS challenge results in a
massive induction of proinflammatory cytokines.1-15 This priming effect of £ acnes was
attributed to activation of a T,,1-type immune response with predominant IFN ,
interleukin-12 (IL-12), and IL-18 induction.13:16 Consistent with this, we found no induction
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of IFN y (Fig. 2E) and IL-12 (data not shown) in chimeras with MyD88-deficient BM (WT/
Myd88~/~-BM) whereas high serum levels of IFNy and 1L-12 were found in WT/WT-BM
and in MyD88~/~/WT-BM chimeras. Taken together, these results suggest that BM-derived
immune cells have a major role in sensitization to liver injury. This involves recognition of
pathogen-derived signals though TLRs and induction of inflammatory mediators that can
amplify inflammatory cell recruitment to the liver resulting in sensitization to liver injury
caused by subsequent insults, such as LPS. Other studies demonstrated a critical role for
MyD88 in liver regeneration,’”:8 however, the particular cell population responsible for this
effect remains to be defined. Interestingly, inflammatory cytokine induction and liver
regeneration after partial hepatectomy was impaired in MyD88-deficient mice but TLR4,
CD14, or TLR2 were not required for optimal liver regeneration.8 Another study found that
the MyD88-dependence was not linked to TLR2-induced or TLR9-induced activation during
liver regeneration.” Functionally active TLR9 was also found in biliary epithelial cells and
sinusoidal endothelial cells in the liver.17:18 Interestingly, in primary biliary cirrhosis, where
increased frequency of liver granulomas was noted, TLR9 activation has been shown to play
a central role in the maintenance of autoimmune stimulation.19 In the lung, TLR9 activation
was also associated with mycobacterial antigen-associated granulomas.2% Although TLR2
and TLR9 are expressed in various parenchymal cells in the liver, our results with the
MyD88-deficient chimeras suggest that BM-derived rather than parenchymal cells play a
role in liver granuloma formation and injury. Thus, TLR-induced inflammatory cell
accumulation and activation can have a major impact on liver injury of various etiologies.

The relevance of the immune cells and MyD88-dependent signaling in sensitization is not
limited to endotoxin (LPS)-induced liver injury. Although increased serum endotoxin has
been implicated in the pathogenesis of various liver diseases, including alcoholic liver
disease and most recently, hepatitis associated with hepatitis C virus and human
immunodeficiency virus infection,21-23 sensitization from a first hit in the liver may extend
to various second-hit insults from either pathogen or host origin. For example, TLR4, the
receptor for LPS, also recognizes host-derived danger signals such as heat shock proteins
and high mobility group box-1 (HMGB1) in sterile inflammation such as autoimmunity,
cancer trauma, or ischemia-reperfusion injury.24

Our results also point to new possibilities in therapy and/or management of liver diseases.
Therapeutic manipulation of TLRs is a common practice in basic research that awaits bench-
to-bed translation.#25 Our findings that immune, rather than parenchymal cells, play a role
during the first hit in liver injury may also provide a lever in TLR-based therapeutic
interventions due to the shorter life span and higher turnover of the immune cells compared
to hepatocytes. Finally, immunomodulation may become a viable option for prevention
and/or modulation of the events responsible for the first hit once we gather more specifics of
pathogen-derived or host-derived ligands and their role in immune activation to account for
the first hit /7 vivoin humans.

Abbreviations:

ALT alanine aminotransferase
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Fig. 1.
Bone marrow-derived cells are recruited into the liver after 2 acnes priming. Wild-type mice

transplanted either with wild-type (WT/WT) or wild-type GFP-labeled bone marrow
(WT/WT-GFP*-BM) (3-5 per group) were injected intraperitoneally with 0.2 mL saline or
0.2 mL saline containing 1 mg heat-killed 2 acnes. Mice were challenged 7 days later with
0.5 mg/kg body weight LPS administered intraperitoneally and mice were sacrificed 1.5
hours later. Sections of formalin-fixed, paraffin-embedded livers were stained with anti-
GFP-rhodamine and DAPI for nuclear material and analyzed for immunofluorescence (IF).
(A,B). One representative IF section of WT/WT-GFP*-BM after (A) saline plus LPS or (B)
P, acnes plus LPS stimulation is shown out of n = 5 with similar results; the nuclei are shown
in blue, the GFP is shown in red for color contrast, the arrows point to granulomas. (C) GFP
protein expression in liver tissue was analyzed by Western blot analysis (C) and B-actin was
used as loading control.
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Fig. 2.

Grganuloma formation, liver damage, and cytokine induction are dependent on MyD88
expression in BM-derived cells. Wild-type mice transplanted with wild-type or MyD88-
deficient bone marrow (WT/WT-BM and WT/MyD88~/~-BM, respectively) or MyD88-
deficient mice transplanted with wild-type bone marrow (MyD88~-/WT-BM) were injected
intraperitoneally with 0.2 mL saline, 0.2 mL saline containing 1 mg heat-killed 2 acnes, or
combination of a TLR2 (5 mg/kg lipoteichoic acid) and a TLR9 ligand (2.5 mg/kg CpG
DNA), as indicated (n = 3-5 mice in each experimental group). Three days after
TLR2+TLR9 ligands or 7 days after 2 acnes priming, mice were administered
intraperitoneally 0.5 mg/kg LPS and were sacrificed 1.5 hours later. (A) Sections of
formalin-fixed, paraffin-embedded livers were stained with H&E; representative histology
sections are shown for each experimental group; the arrows point to granulomas. (B,C)
Average number of liver granulomas per 20 high-power fields (B) and mean serum ALT
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levels + standard error of the mean (C) is shown. (D,E) Serum levels of (D) TNFa and (E)
IFN 5 were analyzed by enzyme-linked immunosorbent assay. In (B) through (E), asterisk
(*) indicates £< 0.05 in saline primed versus £ acnesor TLR2+TLR9 ligands—primed
groups; the # indicates £< 0.05 as defined.
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Table 1.

Annotation of Mouse Chimera Models

Annotation WT/WT-GFP*-BM ~ WT/MyD887-BM  MyD88~-/WT-BM

Host WT WT MyD88~/~
Bone marrow WT-GFP MyD88-/- WT
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