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Interferon Type I Regulates
Inflammasome Activation and High
Mobility Group Box 1 Translocation in
Hepatocytes During Ehrlichia-Induced
Acute Liver Injury

Muhamuda Kader, * Abdeljabar E1 Andaloussi,** Jennie Vorhaour ,! Kenichi Tamama,’ Natalia Nieto = ;> Melanie J. Scott,’
and Nahed Ismail®

Inflammasomes are an important innate immune host defense against intracellular microbial infection. Activation of
inflammasomes by microbial or host ligands results in cleavage of caspase-1 (canonical pathway) or caspase-11 (non-
canonical pathway), release of interleukin (IL)-1p, IL-18, high mobility group box 1 (HMGB1), and inflammatory
cell death known as pyroptosis. Ebrlichia are obligate, intracellular, gram-negative bacteria that lack lipopolysaccharide
but cause potentially life-threatening monocytic ehrlichiosis in humans and mice that is characterized by liver injury
followed by sepsis and multiorgan failure. Employing murine models of mild and fatal ehrlichiosis caused by infection
with mildly and highly virulent Ebrlichia muris (EM) and Ixodes ovatus Ebrlichia (I10E), respectively, we have previ-
ously shown that IOE infection triggers type I interferon (IFN-I) response and deleterious caspase-11 activation in
liver tissues, which promotes liver injury and sepsis. In this study, we examined the contribution of IFN-I signaling
in hepatocytes (HCs) to Ehbrlichia-induced liver injury. Compared to EM infection, we found that IOE enter and
replicate in vitro cultured primary murine HCs and induce secretion of IFNp and several chemokines, including regu-
lated upon activation, normal T-cell expressed, and secreted (RANTES), monocyte chemoattractant protein 1 (MCP1),
monokine induced by gamma (MIG)/chemokine (C-X-C motif) ligand 9 (CXCL9), macrophage inflammatory pro-
tein 1 alpha (MIP1x), keratinocyte-derived chemokine (KC), and granulocyte-macrophage colony-stimulating factor
(GM-CSF). Notably, in wvitro stimulation of uninfected and Ebrlichia-infected HCs with recombinant IFNp triggered
activation of caspase-1/11, cytosolic translocation of HMGB1, and enhanced autophagy and intracellular bacterial rep-
lication. Secretion of HMGB1 by IOE-infected HCs was dependent on caspase-11. Primary HCs from IOE- but not
EM-infected mice also expressed active caspase-1/11. Conclusion: HC-specific IFN-I signaling may exacerbate liver pa-
thology during infection with obligate intracellular Ebrlichia by promoting bacterial replication and detrimental caspase-
11-mediated inflammasome activation. (Hepatology Communications 2021;5:33-51).

nflammasomes are cytosolic protein complexes molecular patterns (DAMPs).?) Nucleotide-binding
that sense intracellular pathogen-associated molec-  oligomerization domain-like receptor family pyrin
ular patterns (PAMPs) and damage-associated ~domain containing 3 (NLRP3) is a major inflammasome

Abbreviations: ATGI12, autophagy-related 12; CCL, chemokine (C-C motif) ligand; CXCL, chemokine (C-X-C motif) ligand; DAMP
damage-associated molecular pattern; DAPI, 4',6-diamidino-2-phenylindole; dsb, disulfide bond formation protein gene; ELISA, enzyme-linked
immunosorbent assay; EM, Ebrlichia muris; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GM-CSE granulocyte-macrophage colony-
stimulating factor; HC, hepatocyte; HMGBI, high mobility group box 1; IFNAR, type I interferon receptor; IFN-I, type I interferon; IL, interleuking
IOE, Ixodes ovatus Ehbrlichia; IRF interferon regulatory factor; KC, keratinocyte-derived chemokine; LC3, Microtubule-associated protein 14/1B,
light-chain 3; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; MCPI1, monocyte chemoattractant
protein 1; MIG, monokine induced by gamma; MIP1a, macrophage inflammatory protein 1 alpha; MOIL multiplicity of infection; mRINA, messenger
RNA; mt, mitochondrial; mTORCI, mammalian target of rapamycin complex 1; MyD88, myeloid differentiation primary response 88; NLRP3,
nucleotide-binding oligomerization domain-like receptor family pyrin domain containing 3; p62/SQSTMI, sequestosome 1; PAME pathogen-
associated molecular pattern; pS6, phosphorylated S6 protein; gPCR, quantitative real-time polymerase chain reaction; gRT-PCR, quantitative
reverse-transcription polymerase chain reaction; RANTES, regulated upon activation, normal T-cell expressed, and secreted; rDINA, ribosomal DNA;
rIEN, recombinant interferon; S6, protein S6; TRE tandem repeat protein; W, wild type.
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complex that consists of NLRP3, apoptosis-associ-
ated speck-like protein with caspase activation and
recruitment domain (ASC), and (pro)—caspase—l.(3’4)
Activation of NLRP3 by PAMPs or DAMPs induces
cleavage/activation of caspase-1 followed by cleav-
age of pro-interleukin (pro-IL)-1p and pro-IL-18
into biologically active IL-1p and IL-18 cytokines.
This pathway is referred to as the canonical inflam-
masome pathway.Y) Recently, a noncanonical inflam-
masome pathway has been described and is mediated
by caspase-11 activation following sensing of cyto-
solic lipopolysaccharide (LPS).®) Active caspase-11
enhances the activation of caspase-1 and the subse-
quent secretion of IL-1f, IL-1a, and high mobility
group box 1 (HMGB1) as well as induction of inflam-
matory cell death known as pyroptosis.”) Although
the NLRP3 inflaimmasome plays protective roles
in certain infection models by promoting pathogen
elimination, NLRP3 can also play a deleterious role in
host responses to certain microbial infections through
excessive inflammation and cell death.”®

Ebrlichia are obligate intracellular gram-negative
bacterial pathogens that cause potentially fatal human
monocytic ehrlichiosis (HME).® If not treated early
in infection, patients develop complications, such as
sepsis with multiorgan failure."*') Unlike other
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gram-negative bacteria, Ehrlichia lacks peptidoglycan
and LPS.%>'3) The liver is the main site of infection
and pathology during the early stage of ehrlichiosis.
We have shown that virulent Ixodes ovatus Ehrlichia
(IOE) triggers NLRP3 inflaimmasome activation in
the liver, which leads to extensive and dysregulated
adaptive immune responses, inflammation, and liver
immunopathology.'®1*15) We recently showed that
canonical and noncanonical inflaimmasome activation
in IOE-infected macrophages is due to inhibition of
autophagy induction by myeloid differentiation pri-
mary response 88 (MyD88)-dependent mammalian
target of rapamycin complex 1 (mTORC1) activa-
tion.1? Interestingly, we and others have demon-
strated that Ehrlichia sequesters autophagy proteins
as nutrients to further support their own survival and
replication.'®1*1®) Thus, while suppressed autophagy
by MyD88 restricts bacterial replication by inhibit-
ing autophagy, it enhances inflaimmasome activation
during fatal Ebrlichia infection.

Recently, we and other investigators have demon-
strated that type I interferon (IFN-I) receptor
(IFNAR) signaling is the master regulator of Ebrlichia-
induced liver injury and sepsis.(10’14’19) However, the
exact cellular source of IFNAR-mediated inflam-
masome activation during virulent Ebr/ichia infection
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TABLE 1. PRIMER SEQUENCES FROM INTEGRATED DNA TECHNOLOGIES

Primer Name Forward 5'-3 Reverse 5'-3’

DSB CAG GAT GGT AAA GTA CGT GTG A TAG CTAACG CTG CCT GAA CA
16S rDNA AGC AAT GCC TCC TGC ACC ACC AAC CCA CAT CAC CCCTCTACCTC
HMGBI1 GGCGAGCATCCTGGCTTATC GGCTGCTTGTCATCTGCTG
IL-1pB ACC CTG CAGTGG TTC GAG TTG CAC AAG GAA GCTTGG
Caspase-1 ATC ATTTCC GCG GTT GAAT AATTGCTGT GTG CGCATGT
Caspase-11 ACA ATG CTG AAC GCA GTG AC CTG GTT CCT CCATTT CCA GA
ATG12 GCTACAGCACTACTTGGGTCA GACCTCAAAAACTCGTTCACAGA
IFNAR GGATGG CAG TGA CAGTGAC ATG GAG AAC CCT CAG AAA CAC
IFNB AGG CAG TGG GAA CAA GAC AG AAA CTT CCT GAC GCCACC C
IRF7 GCGTACCCTGGAAGCATTTC GCACAGCGGAAGTTGGTCT
GAPDH CAA CTA CAT GGT CTACAT GTT C TCG CTC CTG GAA GAT G

remains elusive. Ehrlichia infect leukocytes, endothe-
lial cells, and hepatocytes (HCs) in mice and humans.
Studies have suggested that HCs are not simply tar-
get cells for infectious pathogens but can also regu-
late inflammation during infection through innate
and adaptive immunity.(zo’m) However, little is known
about the contribution of HCs to the pathogenesis of
Ebrlichia-induced liver injury and sepsis.

In this study, we examined the regulation of the
inflammasomes and of autophagy by paracrine
IFNAR signaling in HCs following infection with
virulent IOE. Our data show that IFNAR signal-
ing in HCs promotes the development of inflam-
mation and enhances bacterial replication through
mechanisms that involve inflammasome activation,
HMGB1 cytosolic translocation, and induction of
autophagy.

Materials and Methods

MICE AND EHRLICHIA SPECIES
Female, 6-8-week-old, C57BL/6 wild-type (WT)

mice were obtained from Jackson Laboratory (Bar
Harbor, ME). These mice were used to isolate pri-
mary HCs. All mice were maintained in a specific
pathogen-free environment at the University of
Pittsburgh Animal Care Facility. Two Ehrlichia spe-
cies were used in this study: a highly virulent IOE
and mildly virulent Ebrlichia muris (EM). These
strains were provided by Dr. Yasuko Rikihisa (Ohio
State University, Columbus, OH). IOE and EM
cause fatal and mild ehrlichiosis in C57BL/6 mice,
respectively.1®

ISOLATION OF PRIMARY MURINE
HCs

Primary HCs were isolated using a two-step per-
fusion method as described.?? Isolated HCs were
seeded on collagen-coated culture dishes and used for
experiments on the following day.

IN VITRO EHRLICHIA INFECTION

IOE and EM organisms were added to the HC
cultures at a multiplicity of infection (MOI) of 5.
Uninfected or infected cells were cultured in the
absence or presence of recombinant IFNB (rIFNB;
500 IU/mL) and a caspase-1 inhibitor (10 pm/mL)
(Enzo Life Sciences, Ann Arbor, MI). All cells were
collected at 24 hours postinfection for further analysis
by western blot. The cell-culture media was collected
and stored at -80°C for cytokine analysis.

BACTERIAL BURDEN
MEASUREMENT USING
QUANTITATIVE REAL-TIME PCR

The number of intracellular Ehbrlichia (IOE or
EM) in infected HCs was determined at 24 hours
and 48 hours postinfection by quantitative real-time
polymerase chain reaction (qPCR) amplifying the
conserved Ebrlichia disulfide bond formation protein
(dsb) gene as described.?” The primers used for
Ebrlichia dsb are listed in Table 1. The relative copy
number of intracellular Ehr/ichia harvested from
in vitro-infected cells was determined by normaliza-
tion of the Ebrlichia copy number to glyceraldehyde
3-phosphate dehydrogenase (GAPDH). In some
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experiments, the number of live replicating bacteria
was determined by quantitative reverse-transcription
PCR (qRT-PCR) analysis of the 16S ribosomal DNA
(rDNA) as described.? PCR primer sets are listed in
Table 1. The GAPDH gene was amplified for normal-
ization of the complementary DNA (cDNA) amount
used in qRT-PCR. Reactions were performed in

triplicate, and the data were analyzed using the 2744¢*

method as described.??

MEASUREMENT OF CYTOKINES
AND CHEMOKINES BY ENZYME-
LINKED IMMUNOSORBENT ASSAY

Levels of proinflammatory cytokines and chemo-
kines were measured by multiplex enzyme-linked
immunosorbent assay (ELISA) (Bio-Plex Pro TM
Mouse Cytokine 23 plex #MD60009RDPD; Biorad,
Hercules, CA) following the manufacturer’s rec-
ommendation. The concentration of HMGB1 was
determined using the mouse HMGB1 ELISA Kit
(LifeSpan Bioscience, Seattle, WI). The concentra-
tion of IL-1a, IL-1p, and IFNp was measured with a
commercial ELISA kit (R&D Systems, Minneapolis,
MN).

WESTERN BLOT

HCs were lysed in radio immunoprecipitation
assay buffer (Thermo Fisher Scientific, Waltham,
MA) supplemented with protease inhibitors and
1 mM phenyl methyl sulphonyl fluoride. Membranes
were processed and probed with the following
antibodies according to standard protocols: anti-
caspase-1 (1:100) (EMD Millipore, Billerica, MA),
anti-caspase-11 (1:100), and anti-LC3AB (Sigma-
Aldrich, St. Louis, MO). Antibodies against seques-
tosome 1 (p62/SQSTM1), protein S6 (S6), and
phosphorylated S6 (pS6) were from Cell Signaling
Inc. Blots were stripped and reprobed with anti-
GAPDH (1:5,000) (Sigma-Aldrich) or anti-beta
actin (1:2,500) (Abcam, Cambridge, MA) as load-
ing controls. The density of bands in western blots
was determined using Image] software version 1.48
(National Institutes of Health [NIH], Bethesda,
MD). The ratio of LC3II:LC3I was determined by
normalization of LC3II and LC3I to GAPDH.
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IMMUNOFLUORESCENCE
STAINING AND CONFOCAL
MICROSCOPY

Staining of LC3 puncta, LysoTracker staining of
acidified lysosomes, Ebrlichia, and HMGB1 aggre-
gates as well as quantification b{ confocal microscopy
were performed as described."®
Additional information on the Confocal Staining

protocols are being provided in the Supplementary
Methods Section.

IMAGE ANALYSIS

Analysis of HMGB1 and LC3B puncta as well as
colocalization of LC3B with LysoTracker were per-
formed using the NIH Image] software package. We
analyzed 40-50 cells per group from three independent
experiments. The colocalization images were analyzed
using PCI software by counting the number of yellow
aggregates per cell. Results were presented as average
HMGBI1 or LC3 puncta per cell or the number of
colocalized LC3 puncta with lysosome per cell. At least
10 fields of view for each sample were quantified for
each experimental group across at least three indepen-
dent experiments. Data were analyzed as average + SD.

STATISTICAL ANALYSIS

All data presented are representative of at least three
independent experiments that yielded similar results.
The two-tailed # test was used for comparison of mean
values for two experimental groups, and a one-way anal-
ysis of variance was used for comparisons of multiple
experimental groups. Data are expressed as means + SD.

Results

EHRLICHIA INVADE AND
REPLICATE INTRACELLULARLY
IN HCs

Our previous studies have shown that intraper-
itoneal infection with IOE causes acute fatal toxic
shock-like syndrome, characterized by extensive foci of
hepatic apoptosis and necrosis followed by multiorgan
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FIG. 1. Ebrlichia invade and replicate in HCs. (A) Absolute copy number of intracellular bacteria in murine HCs from WT mice infected
with IOE and EM at 12 and 24 hours postinfection. (B) Relative expression of IOE and EM 16S rDNA, normalized to GAPDH,
in order to detect viable bacteria in uninfected and infected WT HCs at 24 hours postinfection. (C) Immunofluorescence staining of
primary HCs isolated from W'T mice (WT-HCs) and infected in vitro with IOE or EM at an MOI of 5 and labeled with polyclonal
anti-Ehrlichia antibodies. Scale bar 10 pm. Data are presented as mean + SD (*P < 0.05, **P < 0.01) of mice/group and representative of

three independent experiments. Abbreviation: Ab, antibody.

failure.”) In contrast, infection with mildly virulent
EM causes mild and self-limited disease with mini-
mal hepatic pathology.(24) To determine how HCs
contribute to the pathogenesis of Ehrlichia-induced
liver damage, we first examined the HC response to
IOE infection compared to EM infection. Primary
HCs were isolated from naive WT mice and infected
in vitro with IOE or EM at an MOI of 5. Analysis of
total number of intracellular Ebr/ichia by qPCR indi-
cated that both IOE and EM enter and survive in HCs
at 12 and 24 hours postinfection, although the number

of EM but not IOE organisms significantly declined
at 24 hours compared to 12 hours postinfection
(Fig. 1A). Consistent with the qPCR of bacterial DNA,
analysis of the number of live and replicating bacte-
ria by 16S rDNA demonstrated a significantly higher
number of replicating bacteria in IOE-infected HCs
at 24 hours when compared to 12 hours (P < 0.01)
while HCs were able to control the EM infection at
24 hours (Fig. 1B). The difference between the num-
ber of intracellular IOE and EM in HCs at 24 hours
is less likely due to prolonged internalization of IOE
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from the extracellular environment because we did not
detect extracellular EM or IOE organisms in the HC
culture supernatant at 12 and 24 hours after infection
(data not shown). Immunofluorescence staining of cells
with polyclonal cross-reactive anti-Ehrilchia antibodies
demonstrated internalization of both EM and IOE
organisms in HCs at 24 hours postinfection (Fig. 1C).
These data suggest that IOE are able to evade host
response and replicate within HCs compared to EM.

HCs ARE A CELLULAR SOURCE OF
IFNg AND CHEMOKINES DURING
FATAL IOE INFECTION

Recent studies by us and other investigators have
defined a central role for IFN-I in severe and fatal ehrli-
chiosis in mice infected with IOE. "% To determine
whether HCs contribute to IFN production and dys-
regulated production of cytokines and chemokines, we
compared responses among uninfected, IOE-infected,
and EM-infected HCs at 24 hours postinfection.
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Compared to uninfected and EM-infected HCs, we
detected significant secretion of IFNP by IOE-infected
HCs at the protein level as measured by ELISA
(P < 0.001)(Fig. 2A) and at the messenger RNA
(mRNA) level as measured by gRT-PCR (P < 0.001
and <0.01, respectively) (Fig. 2B). mRNA quantifica-
tion data indicated that infection of HCs with IOE sig-
nificantly up-regulated IFNARs in HCs compared to
uninfected and EM-infected HCs (P < 0.05) (Fig. 2C).

Based on these data and the findings that IFNAR
signaling on nonhematopoietic cells plays a role in
bacterial infection and the development of Ehrlichia-
induced sepsis,**1%?%?”) we hypothesized that binding
of myeloid cell-derived IFN-I cytokines to IFNARs
on HCs could mediate dysregulated inflammation and
immunopathology. To test this hypothesis, HCs were
infected with virulent IOE in the presence or absence
of IFNp and measured HC responses. IOE infection
alone significantly increased expression of IFN regu-
latory factor 3 (IRF3) (P < 0.05) but not IRF7 (Fig.
2D,E) or IRF9 (data not shown). Exogenous IFNf
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FIG.2. IOE induces IFNf and IFNAR in primary HCs. Uninfected or infected WT-HCs i vitro with IOE in the presence or absence
of rIFNB, and IFN-I responses at 24 hours postinfection. (A) Levels of secreted IFNp measured by ELISA. (B,C) mRNA expression
of IFNp and IFNAR, respectively, measured by RT-qPCR. (D,E) Relative mRNA expression of IRF3 and IRF7, respectively, in IOE-
infected WT-HCs following exogenous stimulation with rIFNf. Data are representative of three independent experiments. All results
presented as mean = SD (*P < 0.05, P < 0.01, ***P < 0.001). Abbreviation: ns, not significant.
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stimulation did not increase IRF3 further compared
to infection alone. On the other hand, rIFNf stimula-
tion of uninfected or IOE-infected HCs significantly
triggered up-regulation of IRF7 (P < 0.01) compared
to unstimulated controls (Fig. 2E), suggesting that
IOE infection alone does not induce the expression
of IRF7.

We next examined whether HCs contribute to
excessive production of proinflammatory cytokines
and chemokines, which is a major pathognomonic
finding during fatal infection in mice and humans.
Our data showed HCs infected with either IOE or
EM did not produce significant levels of inflamma-
tory cytokines tumor necrosis factor alpha, IL-12,
IL-4, IL-5, IL-6, or IL-10 compared to uninfected
HCs (data not shown). On the other hand, IOE-
infected HCs produced significantly higher levels of
granulocyte-macrophage colony-stimulating factor
(GM-CSF; P < 0.001), macrophage inflammatory
protein 1 alpha (MIPla; P < 0.01), IFNy-induced
protein  10/chemokine (C-X-C motif) ligand 10
(CXCL10), monokine induced by gamma (MIG)/
CXCL9, keratinocyte-derived chemokine (KC)/
CXCL1, regulated upon activation, normal T-cell
expressed, and secreted (RANTES)/chemokine (C-C
motif) ligand 5 (CCLS5) (P < 0.001), vascular endo-
thelial growth factor (P < 0.05), and monocyte che-
moattractant protein 1 (MCP1)/CCL2 compared
to uninfected and EM-infected HCs (Fig 3A-H).
Notably, rIFNB stimulation of IOE-infected HCs
resulted in a significant increase in the production of
GM-CSF (neutrophil chemoattractant and growth
factor) and MIPla (macrophage chemoattractant)
(P < 0.0001 and P < 0.001, respectively) when com-
pared to unstimulated infected HCs (Fig. 4A,B). We
did not observe a significant increase in the secretion
of other chemokines by IOE-infected HCs following
IFNB stimulation (Fig. 4C-E). Taken together, these
data suggest that HCs are a major source of several
chemokines associated with fatal infection.

IFN-I SIGNALING INDUCES
ACTIVATION OF CANONICAL
AND NONCANONICAL
INFLAMMASOME PATHWAYS IN
IOE-INFECTED HCs

We next examined whether IOE infection trig-
gers inflaimmasome activation in HCs and if this

KADER, ELANDALOUSSL ET AL.

response was regulated by IFNAR signaling and
measured markers of canonical and noncanonical
inflammasome pathways. IOE infection significantly
enhanced mRNA expression of caspase-1, IL-1§,
and caspase-11 in HCs compared to uninfected
cells (Fig. 5A-C). Additional rIFNB stimulation
of HCs significantly up-regulated mRNA expres-
sion of caspase-1 (P < 0.01), IL-1p (P < 0.01), and
caspase-11 (P < 0.00.1) in both uninfected and IOE-
infected HCs compared to unstimulated control cells
with or without infection (Fig. 5A-C). To validate
mRNA data at the protein level, we measured expres-
sion of active caspase-1 and caspase-11 by immuno-
blot. Infection of HCs induced activation of active
caspase-1 and caspase-11 when compared to unin-
fected cells. Although stimulation of uninfected HCs
with rIFNf was higher than unstimulated and unin-
fected controls, IOE infection of IFNp-stimulated
cells further increased expression of active caspase-1
and caspase-11 rIFNf (Fig. 5D,E). This synergistic
effect of infection and paracrine IFNAR signaling
also resulted in significant secretion of IL-1f (Fig.
5F) as well as pyroptotic cell death marked by signif-
icant increase in lactate dehydrogenase (LDH) release
when compared to IOE infection alone, rIFNp alone,
or uninfected/unstimulated cells (Fig. 5G). Together,
these data suggest that IOE infection triggers signifi-
cant canonical and noncanonical inflammasome acti-
vation marked by cleavage of caspase-1, caspase-11,
IL-1B secretion, and pyroptosis following paracrine

IFNAR signaling.

EHRLICHIA INFECTION INDUCED
HMGB1 RELEASE IS MEDIATED BY
IFNAR SIGNALING

Activation of caspase-11 during gram-negative
bacterial infection induces secretion of HMGB1.2®
HMGB1 is a nuclear protein that acts as a DAMP
when translocated to the cytosol and is secreted
actively or passively following necrotic cell death
during many inflammatory diseases. To determine
the contribution of HMGB1 to Ehrlichia-induced
sepsis, we first measured the serum levels of HMGB1
in IOE and EM-infected WT mice on day 7 post-
infection. Compared to uninfected and EM-infected
mice (mild disease), IOE-infected mice (fatal disease)
had significantly higher serum levels of HMGB1
(P < 0.01) (Fig. 6A), suggesting that systemic
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FIG. 3. Chemokine production by HCs following IOE and EM infection. WT HCs were infected with IOE and EM at an MOI of 5,
and HC responses were analyzed at 24 hours postinfection. Significant secretion of cytokines, presented in pg/mL, were quantified by
ELISA, including (A) GM-CSE, (B) MIP1q, (C) IP10/CXCL10, (D) MIG/CXCL9, (E) KC/CXCL1, (F) RANTES, (G) VEGE, and
(H) MCP1/CCL2, in HC culture supernatant infected with IOE compared to uninfected and untreated controls. Data are representative
of three independent experiments. All results presented as mean + SD (*P < 0.05, P < 0.01,**P < 0.001). Abbreviations: IP10, interferon-
gamma-induced protein 10; VEGEF, vascular endothelial growth factor.

HMGB1 production is associated with a fatal ehrli-
chiosis. Next, we examined the contribution of hepatic
IFNAR signaling to HMGB1 production by analyz-
ing HMGB1 cytosolic translocation and secretion
in HCs following in vitro infection with IOE in the
presence or absence of rIFNP. We detected significant
cytosolic translocation of HMGB1 in IOE-infected
HCs following stimulation with IFNB compared to

40

IOE alone or uninfected cells (P < 0.01) (Fig. 6B).
Quantitative analysis of nuclear HMGB1 by confocal
microscopy demonstrated a significantly higher level
of HMGB1 in the nucleus of IOE-infected cells and
uninfected cells stimulated with IFNf compared to
the level of nuclear HMGB1 in uninfected HCs or
infected cells stimulated with IFNB (Fig. 6C). This

result further confirmed cytosolic translocation in
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FIG. 4. Chemokine production by HCs following IOE infection and IFNp stimulation. WT-HCs were infected with IOE at an MOI
of 5 with and without IFNB, and HC responses were analyzed at 24 hours postinfection. Significant secretion of cytokines quantified by
ELISA and presented in pg/mL, including: (A) GM-CSEF, (B) MIP1a following IOE infection and IFNp stimulation. No significant
difference was observed for (C) MCP1/CCL2, (D) RANTES, and (E) MIG/CXCL9, between IOE-infected and IOE-infected-IFNf
stimulated HCs. All results presented as mean = SD (*P < 0.05,”P < 0.01, **P < 0.001, ***P < 0.0001). Abbreviation: ns, not significant.

the former conditions. Increased cytosolic translo-
cation of HMGBI1 in infected cells following para-
crine IFNAR signaling was consistent with higher
mRNA expression of HMGB1 compared to controls
(Fig. 6D).

We next examined whether paracrine IFNARs
promote HMGB1 secretion and whether IFNAR-
mediated HMGB1 secretion is dependent on
caspase-11. To this end, we measured HMGB1 secre-
tion from IOE-infected WT and caspase-11-deficient
(caspase-117"") primary HCs cultured with or with-
out exogenous IFN. We found that IFNf stimula-
tion of IOE-infected WT HCs induced significantly
higher secretion of HMGB1 and IL-la com-
pared to unstimulated but infected cells (Fig. 6E,F).
Notably, caspase-11 deficiency significantly decreased
HMGB1 and IL-la secretion from infected HCs
stimulated with IFNB compared to WT controls
(Fig. 6E,F). Inhibition of caspase-1 activation in WT

HCs also resulted in an attenuated extracellular level

of HMGB1 and IL-1a, although the effect was less
remarkable compared to the impact of caspase-11
deficiency. Combined inhibition of caspase-11 and
caspase-1 pathways in IOE-infected HCs stimu-
lated with IFNp resulted in complete abrogation of
HMGBI secretion (Fig. 6E,F). Together, these data
suggest that IFNAR-mediated HMGB1 secretion is

mainly dependent on caspase-11.

IFNp SIGNALING PROMOTES
BACTERIAL REPLICATION IN HCs
DURING EHRLICHIA INFECTION

We have previously shown that the increased resis-
tance of IFNAR-deficient mice is associated with
decreased bacterial burden in the liver.!” Thus, we
hypothesized that IFNAR signaling could promote
bacterial replication in HCs. To test this hypothesis,
we measured the total number of live intracellular

IOE in primary HCs by qPCR. In vitro stimulation
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FIG.5. Paracrine IFNAR signaling promotes caspase-11 activation in infected HCs. WT-HCs uninfected or infected with IOE in vitro
in the presence or absence of IFNp. (A-C) Inflammasome activation was assessed at 24 hours postinfection based on mRNA expression
of caspase-1,1L-1p, and caspase-11 and quantified by RT qPCR. (D,E) Representative immunoblot analysis of caspase-1 and caspase-11
proteins; P-actin was used as the loading control. (F) Level of IL-1p in culture supernatant measured by ELISA and presented in pg/
mL. (G) LDH release as marker of pyroptosis was measured in uninfected and infected HCs with and without IFNp (500 IU/mL) and

presented as a percentage. Data from in vitro experiments are representative of three independent experiments. All results presented as

mean = SD (*P < 0.05,"P < 0.01,™*P < 0.001).

of IOE-infected HCs with rIFNp significantly
enhanced bacterial survival and replication as mea-
sured by qPCR of the 16S rDNA at 24 hours post-
infection compared to unstimulated uninfected HCs
(P < 0.01). This effect was abrogated when infected
and stimulated cells were treated with anti-IFNAR
blocking antibodies (Fig. 7A) (P < 0.05), confirming
that indeed IFNAR signaling is responsible for the

increased number of intracellular Ebrlichia.
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IFNg SIGNALING INCREASES
AUTOPHAGY INDUCTION AND
AUTOPHAGIC FLUX IN HCs
DURING EHRLICHIA INFECTION

Because Ehbrlichia uses autophagy proteins for their
own survival and replication, we hypothesized that
IFNAR may enhance bacterial replication in IOE-
infected HCs by inducing autophagy. To test this
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hypothesis, we measured the number of LC3 puncta by immunoblot. Confocal microscopy analysis showed
(as a marker of autophagosome formation) by confocal ~that IOE infection of HCs significantly increased
microscopy as well as conversion of LC3I to LC3II  the number of LC3 puncta/cells when compared to
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FIG. 6. HMGBI release during fatal Ehrlichia infection is mediated by IFNAR signaling. (A) Serum HMGB1 levels for infected or
uninfected mice with no treatment. (B) Immunofluorescence staining of cells at 24 hours postinfection using anti-HMGB1 antibodies
showing translocation of HMGB1 in IOE-infected HCs following paracrine IFNp stimulation. Scale bar 10 pm. (C) Quantitation
of mean pixel intensity of HMGB1 in nuclei of uninfected and IOE-infected cells in the presence or absence of IFNf. (D) Relative
expression of HMGB1 mRNA in cell lysates from the indicated culture conditions. WT HCs and caspase—llf/’—deﬁcient HCs were
infected with IOE in the presence and absence of IFNf (500 IU/mL) and caspase-1 inhibitor (10 pm/mL), individually or together.
The culture supernatant of HCs was used to determine by ELISA the level (pg/mL) of (E) HMGB1 and (F) IL-1a. Data from in vitro
experiments are representative of three independent experiments. All results presented as mean + SD (*P < 0.05,**P < 0.01). Abbreviations:
Casp, caspase; Inh, inhibitor.
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FIG. 7. Paracrine IFNAR signaling enhances autophagy and bacterial replication. (A) Relative expression of IOE 16S rDNA for
detecting viable bacteria, normalized to GAPDH, in uninfected and infected WT HCs with and without IFNp (500 IU/mL) and in the
presence or absence of anti-IFNAR monoclonal antibody. (B) Immunofluorescence staining showing higher LC3B puncta in infected
HCs stimulated with IFNp (500 TU/mL); cells stained with anti-LL.C3 antibodies and DAPI for nuclear localization. Scale bar 10 pm.
(C) Average of LC3 puncta per HCs with IOE and stimulated with IFNf (500 IU/mL) compared to the corresponding controls.
(D) Relative quantification of ATG12 by RT-qPCR and normalized to GAPDH. All results are presented as mean = SD (*P < 0.05,
P < 0.01,"*P < 0.001) from three independent in vitro experiments. Abbreviation: Ab, antibody.
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FIG. 8. IOE infection induces mMTORC1-independent autophagy in HCs following exogenous IFN stimulation. (A) Representative
immunoblot analysis of LC3I/II and p62/SQSTM1 in uninfected and IOE-infected WT HCs cultured with or without IFNB
at 24 hours postinfection; GAPDH used as loading control. Density of bands is quantified and normalized to GAPDH expression.
(B) Immunofluorescence staining with LC3 (green) and LysoTracker (red) showing higher colocalization of LC3 and LysoTracker
(yellow) puncta in IOE-infected HCs stimulated with IFNp (500 IU/mL). Cells stained with DAPI (blue) for nuclear localization. Scale
bar 10 pm. (C) Quantification of LC3 with LysoTracker per cell. (D) Immunoblot showing expression of pS6 and total S6, a downstream
target of mTORCI1 activation; GAPDH used as loading control. Data in (A,C) are presented as mean + SEM from three different

experiments (*P < 0.01, **P < 0.001).

uninfected cells, with a further increase in the num-
ber of LC3 puncta/cells following exogenous stimu-
lation with rIFNp (Fig. 7B,C). Furthermore, mRNA
expression of autophagy-related 12 (ATG12), a major
autophagy protein that initiates autophagosome for-
mation, was significantly higher in IOE-infected
WT HCs following rIFNp stimulation compared to
unstimulated uninfected controls at 24 hours post-
infection (Fig. 7D) (P < 0.05). Consistent with the
immunofluorescence data, we detected a significant

increase in LC3II expression and higher LC3II/1I ratio

by immunoblot in IOE-infected HCs following IFN
stimulation when compared to uninfected or infected
HCs cultured without rIFN (Fig. 8A). The accumu-
lation of LC3II in IOE-infected and TFNf stimulated
HCs could be due to enhanced autophagosome for-
mation/induction or a reduced degradation of auto-
phagic cargo. To distinguish between these events, we
analyzed autophagic flux by measuring the level of
p62/SQSTM]1, a selective autophagy adaptor/receptor
that binds to ubiquitinylated proteins and damaged
organelles to target them to autophagosome-lysosomal
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compartments for degradation. The total cellular p62/
SQSTM1 expression levels inversely correlated with
autophagic flux and activity. Compared to uninfected
HCs, there was slightly less accumulation of p62 in
IOE-infected HCs cultured with or without IFN,
although less accumulation was detected in infected
cells following IFNP stimulation (Fig. 8A). These
data suggest that autophagy flux is enhanced in both
conditions. Similarly, immunofluorescence staining of
LC3B showed that IOE-infected HCs had increased
LC3B colocalization with lysosomes (stained by
LysoTracker Red) following IFNp stimulation when
compared to uninfected and unstimulated IOE-
infected HCs (Fig. 8B,C). These data further confirm
that increased LC3II in infected HCs following para-
crine IFNAR signaling is due to enhanced autophagy
induction but not to blocked flux.

Recently, we demonstrated that induction of auto-
phagy in macrophages is negatively regulated by
mTORC1 following infection with IOE."? To exam-
ine if similar regulation occurs in HCs, we measured
mTORCI1 activation by immunoblotting. We found
that IOE infection induced mTORCT1 activation fol-
lowing stimulation with rIFNf, as marked by pS6,
when compared to the uninfected unstimulated cells
(Fig. 8D). Together, these results suggest that autoph-
agy regulation in HCs infected with virulent Ebr/ichia
is mMTORC1 independent.

HEPATOCYTE-SPECIFIC
CASPASE-11 AND CASPASE-1
ACTIVATION IN VIvO CORRELATE
WITH FATAL OUTCOME

We and others have demonstrated substantial IFNf
production in the liver and spleen of IOE-infected
mice that correlates with liver injury, multiorgan failure,
sepsis, and death on days 8-10 postinfection.'*?” In
contrast, mild and self-limited disease in EM-infected
mice correlate with lack of IFN-I response. To validate
our in vitro data, we isolated primary HCs from the
livers of IOE- and EM-infected mice on day 7 post-
infection. Our immunoblot data showed that primary
HCs from IOE-infected mice exhibit activation of
mTORCI, as marked by expression of pS6, as well as
cleavage/activation of caspase-11 and caspase-1 com-
pared to HCs from uninfected and EM-infected mice
(Fig. 9A-C). Together, these data indicate that hepatic
IFNAR signaling mediates caspase-1/caspase-11
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Naive

activation, which in turn causes release of HMGB1
and inflammatory cell death, which cause liver injury
and sepsis following lethal infection.

Discussion

The liver is a major site of pathology and infec-
tion in patients with Ehrlichia-induced sepsis.™¥ The
mechanism by which Ebrlichia infection induces liver
injury remains unclear. Using two Ehrlichia species
that cause mild/self-limited disease or fatal ehlichio-
sis in mice and humans, we uncovered in this study
an important role for HCs and in particular hepatic
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IFN-I signaling in mediating EAr/ichia-induced liver
injury. Several laboratories including our own have
shown that IFNAR signaling plays a pathogenic role
in the pathogenesis of fatal ehrlichiosis by promot-
ing inflammasome activation and liver injury.1%1%2
The expression of IFNAR in nonhematopoietic cells
is a key player in bacterial replication and fatal ehrli-
chiosis where IFNf production is mainly mediated
by plasmacytoid dendritic cells and monocytes.?” To
mimic the in wvivo cross-talk between myeloid cells
and HCs during fatal Ebr/ichia infection, we exam-
ined the HC response to IOE infection following
exogenous/paracrine stimulation with IFNp. Here, we
show that paracrine IFNAR signaling on HCs medi-
ates Ehrlichia-induced sepsis by mechanisms involving
activation of a noncanonical inflammasome pathway
mediated by caspase-11, resulting in cytosolic trans-
location of HMGB1 and active secretion from HCs.

Our data suggest that the
caspase-11-mediated inflammasome pathway is the
key mechanism that accounts for dysregulated inflam-
masome activation following IFNAR signaling and
subsequent liver damage. This conclusion is further
supported by our previous study showing that lack
of caspase-11 in IFNAR™" mice was linked to min-
imal liver pathology and heightened resistance to
fatal ehrlichiosis while lack of caspase-1 in caspase-1
knockout mice did not alter susceptibility to fatal dis-
case compared to IOE-infected WT mice."” The
lack of caspase-11 in IOE-infected IFNAR™" mice
resulted in decreased serum level of IL-1p mice,
suggesting that caspase-11 promotes activation of
caspase-1-dependent IL-1f production. In this study,
we examined whether the IFNAR—caspase-11 axis is
upstream of HMGB1 and IL-1a. Our data demon-
strate a reduced secretion of HMGB1 and IL-1a in
IOE-infected caspase-11-deficient HCs compared to
infected WT cells or IOE-infected HCs treated with
caspase-1 inhibitor. Deletion of caspase-11 along with
inhibition of caspase-1 significantly suppressed the
secretion of both HMGB1 and IL-1a. We also found
that infected HCs undergo pyroptosis (caspase-11-
dependent cell death) following exogenous IFNP
stimulation, as indicated by LDH release (Fig. 5). We
turther validated these in vifro data by examining acti-
vation of caspase-11 and caspase-1 in in vivo-infected
HCs harvested from IOE (a fatal model with height-
ened IFN-I response) and EM-infected mice (a model
that lacks IFN-I response). Our data show a strong

noncanonical
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correlation between IFNAR signaling, inflammation,
caspase-1-HMGB1 axis, and fatal Ehr/ichia-induced
liver injury and sepsis. Together, our study suggests
that IFNAR induces caspase-11 activation during a
fatal infection, which in turn mediates caspase-1 acti-
vation and subsequent IL-1p production as well as
caspase-11/1-dependent HMGB1 secretion and pyro-
ptotic cell death.

How HMGB1 contributes to Ebrlichia-induced
liver injury and sepsis remains elusive. However, we
argue that HMGB1 contributes to both immune-
mediated liver damage as well as defective immunity
and enhanced bacterial survival and replication. In
support of HMGB1-mediated liver damage, our data
(Fig. 6A) demonstrate that development of liver injury
and fatal sepsis in IOE-infected mice is associated with
high serum levels of HMGBI1. On the other hand,
lack of liver damage and development of mild diseases
in EM-infected mice correlate with undetectable
HMGB in circulation (Fig. 6A). Extracellular hepatic
HMGBI could also bind to the receptor for advanced
glycation end products (RAGE) on uninfected cells
(macrophages or HCs), which then triggers caspase-1
activation and pyroptosis as suggested by other stud-
ies.?3) Our data are consistent with other studies
showing that genetic deletion of Hmgb1 or inhibition
with HMGB1-neutralizing antibodies protects mice
from lethal endotoxemia and sepsis.®**" Notably, our
data show that cytosolic translocation of HMGB1
correlates with autophagy induction. We and others
have shown that EAr/ichia exploit the autophagy pro-
cess to obtain nutrients for their own survival and rep-
lication.1%32%) How intracellular HMGB1 induces
autophagy in our model is unknown. However, as
suggested by others, translocation of HMGBI1 to the
cytosol following stressful stimuli may promote auto-
phagy by direct interaction with beclin-1 (a key pro-
tein that initiates autophagosome formation), which
results in separation of beclin-1 from Bcl2 apoptosis
regulator (Bcl2).%%3% This HMGB1-beclinl complex
is controlled at the transcriptional, posttranscriptional,
and posttranslational level and is positively regulated
by unc-51-like autophagy activating kinase 1 (Ulk1)
and mitogen-activated protein kinase (MAPK).?*?)
Our unpublished data suggest that MAPK plays a
role in the induction of autophagy in HCs follow-
ing IOE infection, as evidenced by phosphorylation
and activation of the p38 MAPKs (data not shown).
The findings that IOE infection induces autophagy
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tollowing exogenous IFNf stimulation despite activa-
tion of negative regulator mTORCI1 (Fig. 7) suggests
that induction of autophagy under these conditions is
mTORCI1 independent and may occur by a noncanon-
ical pathway mediated by MAPK. On the other hand,
extracellular/reduced HMGB1 may induce autophagy
through interaction with RAGE.?*%% Together, our
data suggest that IFNAR signaling in HCs enhances
autophagy by HMGB1. These data explain our pre-
vious in vivo studies!? showing a protective immu-
nity and decreased bacterial burden in IOE-infected
Ifnar”™ mice compared to IOE-infected WT mice.

Our data indicate that IOE induced IFNf secre-
tion from HCs and involved IRF3 signaling (Fig. 2).
However, the exact upstream receptor of IREF3
remains elusive. We speculate that this IFN-I pro-
duction may be mediated by cytosolic receptors, such
as stimulator of interferon genes (STING) and reti-
noic acid-inducible gene-1 (RIG-1), that are involved
in the IFN-I response.®¥ These receptors could be
triggered by Ebrlichia tandem repeat proteins (TRPs),
such as TRP75 and TRP120, that are secreted into
cytosol and are known to interact with a diverse group
of human proteins associated with innate responses,
multiple metabolic processes, and signal transduc-
tion. 1433 Alternatively, bacterial or mitochon-
drial DNA can bind to toll-like receptor 9 (TLRY),
another upstream receptor that is involved in produc-
tion of IFN-I cytokines. This possibility is based on
our study showing that the TLR9-MYD88 pathway
plays a role in inflammasome activation in macro-
phages and IOE-induced liver injury.(lo)

Our study also showed that infection of HCs with
virulent IOE induced significantly increased levels of
several chemokines known to promote infiltration of
immune cells in the liver, including T cells, natural
killer (NK)T cells, and neutrophils.(34) We have previ-
ously demonstrated that neutrophils play a pathogenic
role in the host response to Ebrlichia as they promote
excessive inflaimmation and induction of pathogenic
cluster of differentiation (CD)8+ T cells. 113738 We
have also shown that secretion of inflaimmasome-
dependent cytokine IL.-18 and IL-18 signaling pro-
mote neutrophil expansion and migration to sites of
infection.™ These data suggest that chemokine pro-
duction by HCs following IOE infection promotes
migration and expansion of neutrophils, NKT cells,
and CD8+ T cells in the liver following IFNS/IFNAR
signaling, causing sepsis and multiorgan failure.
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Although our data are also consistent with a
recent study by Deng et al,®” demonstrating a role
of HMGB1 in caspase-11-mediated injury, there are
several differences between the two studies. First,
the study by Deng et al. examined the role of the
caspase-11-HMGB1 axis in liver injury caused by
LPS of gram-negative bacteria. The data from their
LPS model, although intriguing, cannot be gener-
alized to hepatic infections caused by other gram-
negative bacterial pathogens that harbor a pleth-
ora of other virulence factors known to activate
multiple innate and adaptive immune signaling
pathways. Our model system employs Ebr/ichia, gram-
negative bacteria that lack LPS yet trigger the delete-
rious caspase-11-HMGB1 axis and liver injury. The
exact microbial ligand that triggers caspase-11 activa-
tion in our model remains elusive. However, Ebr/lichia
TRPs that are secreted by the type I secretion sys-
tem1*3%39) or Ebrlichia translocated factor-2 (Etf-2)
that is secreted by the type IV secretion system into
cytosol®” are likely ligands or PAMPs that trigger
inflammasome activation.**? Additionally, our data
suggest that DAMPs, such as mitochondrial (mt)
DAMPs, are potential ligands that mediate canoni-
cal and noncanonical inflammasome activation.“*?
Similar to our previous study examining macrophage
response to JOE infection,"” our unpublished pre-
liminary data suggest that IOE induces metabolic
reprogramming, oxidative stress, and mitochondrial
dysfunction in HCs, which are associated with intra-
cellular accumulation of mtDAMPs (e.g., reactive
oxygen species, mtDNA, and cardiolipin) known
to trigger inflammasome activation.?***?  Such
mitochondrial dysfunction is possibly induced fur-
ther due to blocked mitophagy, as suggested by our
recent study in macrophages.(lo) Second, while Deng
et al®” suggest that HMGB1 directly interacts with
LPS to mediate caspase-11-dependent pyroptosis in
lethal sepsis, we demonstrate, for the first time, that
the deleterious role of HMGB1 is induced only fol-
lowing IFN-I signaling by mechanisms described
above and shown in Fig. 10. Finally, our data suggest
cell-specific inflammasome activation during virulent
IOE infection. In macrophages, IOE causes inhibi-
tion of autophagy by mTORC1 activation, which
in turn causes inflammasome activation.®) In con-
trast, IOE induces autophagy in HCs by mTORC1-
independent pathways and is further enhanced by
paracrine IFNAR signaling. The role of mTORC1
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FIG. 10. Schematic model of IFNAR and paracrine IFNP roles in the pathogenesis of Ehrlichia-induced liver injury. (1) IOE entry in
HC:s release cytosolic PAMPs and DAMPs (after induction of mitochondrial damage), which provide the first signal for activation of
the (2) canonical (caspase-1-dependent) and (3) noncanonical (caspase-11-dependent) inflammasome pathways. (4) IFNAR signaling
up-regulates expression of nuclear HMGB1 and its translocation to the cytosol through a common step with the noncanonical pathway
of capsase-11. HMGB1 can then induce apoptosis or pyroptosis of adjacent cells. (5) Cytosolic HMGB1 also binds to beclin-1, which
in turn (6) induces autophagosome formation and induction of autophagy. (7) As Ebrlichia hijack autophagy proteins for their survival,
the formation of autophagosome enhances intracellular bacterial survival and replication. (8) A second signal for significant activation of
caspase-11 and secretion of proinflammatory cytokines, including (9) IFNp by activation of nuclear factor kappa B (not shown) is through
(10) the binding of IFN to IFNAR, which can be considered a positive feedback loop in this model. Furthermore, caspase-11 activation
is expected to promote further activation of caspase-1 and consequently the cleavage and secretion of mature IL-1p.
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activation in the pathogenesis of ehrlichiosis is not
yet understood. mTORC1 activation in HCs may
enable obligate intracellular Ebrlichia to survive and
replicate and induce inflammatory responses. Thus,
although our infection model may be limited in the
context of organisms causing liver injury and sepsis,
we argue that a similar mechanism could account for
sepsis caused by other pathogens that induce IFN-I
responses, oxidative stress, and metabolic reprogram-
ming of the target cells.

In conclusion, our model (Fig. 10) highlights the
role of IFNAR and paracrine IFNP in the patho-
genesis of Ehrlichia-induced liver injury and sepsis
by mechanisms that involve caspase-11-mediated
HMGB1 cytosolic translocation and extracellular
secretion, which are linked to induction of autoph-
agy, host cell death, and liver injury. Understanding
the role of hepatic IFN-I responses during infection
with LPS-negative Ebr/ichia IOE will greatly enhance
our knowledge of the mechanisms of liver dysfunc-
tion in patients with HME. Similar to other disease
models, **¥ targeting HMGB1 and the IFN-I path-
way may provide a novel approach for treatment of
Ebrlichia-induced liver injury and sepsis.
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