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Human monocytic ehrlichiosis, an influenza-like illness accompanied by signs of hepatitis, is caused by
infection of monocytes/macrophages with a lipopolysaccharide-deficient bacterium, Ehrlichia chaffeensis. The E.
chaffeensis strain Wakulla induces diffuse hepatitis with neutrophil infiltration in mice with severe combined
immunodeficiency, which is accompanied by strong CXCL2 (mouse functional homolog of interleukin-8 [IL-8])
and tumor necrosis factor alpha (TNF-«) expression in the liver. In this study, we found that expression of
IL-1B, CXCL2, and TNF-a was induced by strain Wakulla in mouse bone marrow-derived macrophages; this
expression was dependent on MyD88, but not on TRIF, TLR2/4, IL-1R1/IL-18R1, or endosome acidification.
When the human leukemia cell line THP-1 was exposed to E. chaffeensis, significant upregulation of IL-8, IL-1p,
and TNF-a mRNA and extracellular regulated kinase 2 (ERK2) activation were detected. U0126 (inhibitor of
mitogen-activated protein kinase/extracellular signal-regulated kinase kinase 1/2 [MEK1/2] upstream of
ERK), manumycin A (Ras inhibitor), BAY43-9006 (Raf-1 inhibitor), and NS-50 (inhibitor of NF-kB nuclear
translocation) inhibited the cytokine gene expression. A luciferase reporter assay using HEK293 cells, which
lack Toll-like receptors (TLRs), showed activation of both the IL-8 promoter and NF-kB by E. chaffeensis.
Activation of the IL-8 promoter in transfected HEK293 cells was inhibited by manumycin A, BAY43-9006,
U0126, and transfection with a dominant-negative Ras mutant. These results indicate that the E. chaffeensis
Wakulla strain can induce inflammatory responses through MyD88-dependent NF-kB and ERK pathways,

without the involvement of TRIF and TLRs.

Human monocytic ehrlichiosis (HME), discovered in 1986
(27), is one of the most prevalent life-threatening tick-borne
zoonoses in North America (31). HME is an acute febrile
illness characterized by headache, malaise, nausea, myalgia
and/or arthralgia and is frequently accompanied by leukope-
nia, thrombocytopenia, anemia, and elevation of hepatic
transaminase levels (38). HME patients may develop a fulmi-
nant toxic or septic shock-like syndrome, particularly individ-
uals with HIV infection or who are otherwise immunocompro-
mised (39). The small numbers of bacteria detected in the
blood and tissues of patients suggest that the clinical disease is
mediated largely by proinflammatory cytokines (41).

HME is caused by Ehrlichia chaffeensis, a monocyte-tropic
obligatory intracellular bacterium (9). Previously, we demon-
strated that the Wakulla strain is more virulent than the type
strain Arkansas in mice with severe combined immunodefi-
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ciency (SCID mice) (33). The Wakulla strain of E. chaffeensis
causes a fatal illness in SCID mice; the mice develop fulminant
hepatitis and show upregulation of tumor necrosis factor alpha
(TNF-a) and interleukin-18 (IL-1B), several chemokines, in-
cluding CXCL2 (Mip2, a mouse homolog of human IL-8), and
chemokine receptors in the inflammatory liver (32). The
Arkansas strain of E. chaffeensis induces expression of IL-1p,
IL-8, and IL-10 mRNA and proteins in the human monocytic
leukemia cell line THP-1 at 2 and 24 h postexposure, respec-
tively (23). Transcriptome analysis also determined induction
of IL-1B, IL-8, and TNF-« in E. chaffeensis Arkansas-infected
THP-1 cells (56). These studies demonstrate that E. chaffeensis
can induce inflammatory cytokines and chemokines upon in-
teraction with mammalian host cells.

It is well known that pathogen-associated molecular patterns
(PAMPs) such as lipopolysaccharide (LPS), flagella, and pep-
tidoglycan are able to induce cytokines/chemokines by innate
immune cells (14, 37, 45). Although E. chaffeensis is a Gram-
negative bacterium, these PAMPs are not encoded in the E.
chaffeensis genome (10, 25). This suggests that the cytokine and
chemokine induction by E. chaffeensis is dependent on other
types of PAMPs or the signaling pathway. For example, ehrli-
chial ankyrin repeat-containing protein p200 binds to the pro-
moter region of 456 host genes, including TNF-«, and it was
suggested that this leads to transcriptional activation of TNF-«
(58). PAMPs are recognized by the pattern-recognition recep-
tors (PRRs) such as Toll-like receptors (TLRs), retinoic acid-
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TABLE 1. Primer pairs used for genomic PCR or RT-PCR

Gene Primer sequence (5'—3")

Human IL-8 promoter ........... CATCTCGAGTTCACCAAATTGTGGAGCTT
CATAAGCTTGAAGCTTGTGTGCTCTGCTG
E. chaffeensis 16S rRNA ........ AGCAATGCCTCCTGCACCACCAAC

CCACATCACCCCTCTACCTC
Human GAPDH...................... AGCAATGCCTCCTGCACCACCAAC
CCGGAGGGGCCATCCACAGTCT
Human TNF-a ...ccooveevriienene CCCCAGGGACCTCTCTCTAA
TGAGGTACAGGCCCTCTGAT
Human IL-18 ccoovoveeieieeeee ACAGATGAAGTGCTCCTTCCA
GTCGGAGATTCGTAGCTGGAT
Human IL-8.....ccccoveviireiens CTGCGCCAACACAGAAATTA
ATTGCATCTGGCAACCCTAC
Mouse GAPDH ...GGCATTGCTCTCAATGACAA
TGTGAGGGAGATGCTCAGTG
Mouse TNF- ....cccceeveverenrnens CATCTTCTCAAAATTCGAGTGACAA
TGGGAGTAGACAAGGTACAACCC
Mouse TL-1B..cieereereiereeienens GGGCCTCAAAGGAAAGAATC
TACCAGTTGGGGAACTCTGC

Mouse CXCL2 ...CTCTCAAGGGCGGTCAAAAAGTT

TCAGACAGCGAGGCACATCAGGTA

inducible gene I-like receptors, and nucleotide-binding oli-
gomerization domain-like receptors (20). Other than a single
report describing a prolonged infection by E. chaffeensis of
C3H/Hel mice deficient in TLR4 function (46), the role of
PRRs in E. chaffeensis pathogenesis and immunity is unknown.

To investigate the E. chaffeensis cytokine induction path-
ways, in the present study we determined cytokine induction in
bone marrow-derived macrophages (BMDMs) from various
mouse strains deficient in TLRs or adaptor molecules as well
as in THP-1 cells in response to E. chaffeensis Wakulla. To
further analyze the signaling for IL-8 induction, we developed
a luciferase reporter assay system using HEK293 cells that can
be infected with E. chaffeensis. We present here potentially
new cytokine induction pathways activated by E. chaffeensis
Wakulla.

MATERIALS AND METHODS

Ehrlichia, antibodies, and reagents. Arkansas and Wakulla strains of E.
chaffeensis were propagated in DHS2 cells as previously described (33). Anti-
bodies used were rabbit anti-extracellular regulated kinase (anti-ERK) antibody,
mouse anti-phosphorylated ERK monoclonal antibody (both from Cell Signal-
ing, Danvers, MA), and mouse anti-tubulin monoclonal antibody (Santa Cruz,
Santa Cruz, CA). Reagents used were manumycin A, BAY43-9006, U0126, Go
6983, and bisindolylmaleimide I (all from Calbiochem, San Diego, CA), SN-50
(Enzo Life Sciences, Farmingdale, NY), chloroquine, and bafilomycin Al
(Sigma, St. Louis, MO).

BMDMs. MyD88/~ and TRIF/~ mice, originally developed by S. Akira
(Osaka University) (1, 50), were crossbred to generate MyD88™/~, TRIF ',
and MyD88 ™/~ TRIF '~ mice. Wild-type, TLR2™/~, TLR4~/~, IL-1R17/~, and
IL-18R17/~ C57BL/6 mice were purchased from Jackson Laboratory (Bar Har-
bor, ME). All animal experiments were performed under the animal protocol
approved by the Institutional Animal Care and Use Committee (IACUC) at The
Ohio State University. The mice were euthanized with CO, gas, and the femur
and tibia of the hind limbs were dissected to prepare bone marrow cells. Cells
were cultured in RPMI medium with 10% fetal bovine serum, 2 mM L-glutamine
(GIBCO-Invitrogen, Carlsbad, CA), 10% conditioned medium of L.929 cells, and
1% antibiotic mixture (100 U/ml penicillin, 100 pg/ml streptomycin, 0.25 pg/ml
amphotericin B; GIBCO-Invitrogen) for 5 to 7 days. Adherent BMDMs were
harvested and washed and then seeded in 24-well plates.

IL-8 promoter-luciferase construct. To construct an IL-8 promoter reporter
plasmid, a DNA fragment containing the human IL-8 promoter from —243 to
+46 bp (where +1 is the transcriptional start site) (51) was amplified by PCR
(Table 1) using genomic DNA purified from THP-1 cells as a template. The PCR
product was digested with Xhol and HindIII and inserted upstream of the
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luciferase gene between the Xhol and HindIII sites of pGL4.17 (Promega,
Madison, WI) to obtain pK666.

Stimulation of THP-1 cells and mouse BMDMs. THP-1 cells were incubated
with E. chaffeensis freshly isolated from infected DHS2 cells as previously de-
scribed (23). Briefly, heavily infected DHS82 cells (6 X107) were sonicated and
centrifuged at 1,000 X g for 5 min to remove unbroken cells and nuclei. The
supernatant was centrifuged at 10,000 X g for 10 min to harvest host cell-free
bacteria. As a control, an extract of uninfected DH82 cells was prepared under
the same conditions. Freshly prepared bacteria or corresponding uninfected
DHBS2 cell extract was suspended in 400 pl phosphate-buffered saline (PBS; 137
mM NaCl, 2.68 mM KCl, 1.47 mM KH,PO,, 8.06 mM Na,HPO,), and 50 ul of
this suspension was added to THP-1 cells (1 X 10°well) in 6-well plates, and 25
pl was added to mouse BMDMs (5 X 10%/well) in 24-well plates. This corre-
sponds to approximately 20 inclusion-forming units (IFU)/cell. IFU were deter-
mined by immunofluorescence labeling of THP-1 cells infected for 24 h at 37°C.
Cells were stained with dog anti-E. chaffeensis serum and rhodamine-conjugated
anti-dog IgG, and positively stained inclusions were scored in 100 cells. For
cytokine assay, after incubation at 37°C for 2 h, cells were harvested and total
RNA was extracted with an RNeasy minikit (Qiagen, Valencia, CA). When
required, inhibitors were added to the cell culture 45 or 60 min prior to the
addition of bacteria and remained present until the cells were harvested.

Stimulation of HEK293 cells and luciferase assay. For IL-8 and NF-«B re-
porter assays, HEK293 cells (ATCC, Manassas, VA) cultured in a 96-well plate
at 10° cells/well were transfected using FuGene HD (Roche, Basel, Switzerland)
with two plasmids: pGL4.73 (simian virus 40 [SV40]-Renilla luciferase; Promega)
and either pK666 (IL-8 promoter luciferase) or pGL4.32 (NF-kB response ele-
ment and minimal promoter luciferase; Promega). To examine the involvement
of Ras, HEK293 cells were triply transfected with pGIL4.73, pK666 or pGL4.32,
and pCMV-Ras or pCMV-RasN17H encoding human wild-type Ras or domi-
nant-negative Ras, respectively (Clontech, Mountain View, CA). Host cell-free
E. chaffeensis was added at 24 h posttransfection and incubated for 2 h at 37°C.
The dual-luciferase assay was performed using a dual-luciferase reporter assay
system (Promega). Firefly luciferase activity of each sample was normalized to
the internal control, Renilla luciferase activity (42). When required, inhibitors
were added 45 min prior to the addition of E. chaffeensis. RNA was extracted
from cells for quantitative reverse transcription-PCR (RT-PCR).

Quantitative RT-PCR. cDNAs were prepared from 1 pg total RNA using
SuperScript IIT reverse transcriptase (Invitrogen) or a Maxima first-strand cDNA
synthesis kit (Fermentas, Glen Burnie, MD) with an oligo(dT) primer. The
amount of cDNA for each of the selected genes was quantified by real-time PCR
using gene-specific primers (Table 1). Expression of each gene was normalized
against GAPDH levels.

Western blot analysis. Cells were harvested and suspended in PBS supple-
mented with protease and phosphatase inhibitor cocktail (Calbiochem) followed
by sonication and centrifugation to prepare clear lysate. After heat denaturation,
proteins in the cell lysate were resolved by 12.5% SDS-PAGE. Proteins in the gel
were transferred to a nitrocellulose membrane and incubated with a 1:1,000
dilution of each antibody at 4°C. After treatment with the second antibody, the
membrane was developed by using ECL Western blotting substrate (Thermo
Fisher Scientific, Waltham, MA).

Statistical analysis. One-way analysis of variance (ANOVA) with the Tukey
honestly significant difference (HSD) test or Student’s ¢ test was performed to
determine the significance of differences between groups. A P value of <0.05 was
considered significant.

RESULTS

Induction of proinflammatory cytokines is MyD88 depen-
dent. TLR signaling occurs through two distinct pathways
based on Toll/IL-IR homology (TIR) domain-containing
adapter molecules: MyD88- and TRIF (TICAM-1)-dependent
molecules. MyDS88 is essential for the downstream signaling of
TLRs, except for TLR3. TLR3 recruits TRIF, and TLR4 trig-
gers both MyD88- and TRIF-dependent signaling (45).

The E. chaffeensis Wakulla strain induces neutrophil infil-
tration and profound expression of proinflammatory cytokines,
including TNF-a and IL-1pB, and several chemokines, such as
CXCL2 in the liver of infected SCID mice (32). To analyze the
signaling pathways that are involved in cytokine/chemokine
expression by E. chaffeensis Wakulla, we used BMDMs from
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FIG. 1. Proinflammatory cytokine induction in mouse BMDMs by E. chaffeensis is MyD88 dependent but TRIF independent. (A) Dose
response of IL-18, CXCL2, and TNF-a induction in mouse BMDMs to E. chaffeensis Wakulla was determined by quantitative RT-PCR. Bacteria
were added at different IFU/ml to each well, and the plates were incubated at 37°C for 2 h. The transcript amount of each gene is represented as
expression relative to untreated BMDMs. All data are normalized to mouse GAPDH mRNA. Mock, extract of uninfected DHS82 cells corre-
sponding to 20 IFU of Ehrlichia/cell. (B) IL-1B, CXCL2, and TNF-« induction in BMDMs from MyDS88, TRIF, or MyD88/TRIF double-knockout
mice (KO). Bacteria derived from 5 X 10° infected cells were added/well and incubated at 37°C for 2 h. C57BL/6 WT, wild-type control. —, PBS.
Data shown are means and standard deviations from triplicate assays. **, significantly different from each other (ANOVA, P < 0.01). NS, not
significantly different (ANOVA, P > 0.05). Data are representative of results of at least three independent experiments.

CS57BL/6 mice. E. chaffeensis Wakulla strongly induced the
expression of IL-1B, CXCL2, and TNF-a mRNA in a dose-
dependent manner, although TNF-« induction reached a pla-
teau at a lower bacterial titer than did IL-8 and IL-1B (Fig.
1A). DHS2 lysate, which may be present in host cell-free prep-
arations of E. chaffeensis, did not activate these cytokines (Fig.
1A, Mock). To determine the involvement of TLR signaling in
the induction of cytokines/chemokines, we used BMDMs from
MyD88~/~, TRIF/~, and MyD88 ™/~ TRIF /" double-knock-
out mice. Induction of IL-18, CXCL2, and TNF-a by Wakulla
was reduced in BMDMs from MyD88/~ and MyD88 /'~
TRIF /'~ double-knockout mice, whereas no reduction was
detected for TRIF '~ mouse-derived BMDMs (Fig. 1B).
These results show that induction of IL-18, CXCL2, and
TNF-a by Wakulla in mouse BMDMs is MyDS88 dependent
but TRIF independent. This result also rules out involvement
of TLR3 in IL-1B, CXCL2, and TNF-« induction by Wakulla.

Induction of proinflammatory cytokines by E. chaffeensis
Wakulla does not require TLR2/4, endosome acidification, or
IL-1R/IL-18R. We next examined whether MyD88-recruiting
TLRs (37, 45) are involved in the cytokine/chemokine signal-
ing elicited by E. chaffeensis infection. TLR2 and TLR4 recog-
nize peptidoglycan/lipoprotein and LPS, respectively, which
induce MyD88-dependent signaling. Induction of IL-1B,
CXCL2, and TNF-a by E. chaffeensis Wakulla was not im-
paired in BMDMs from TLR2 ™/~ or TLR4 '~ mice compared
to that in BMDMs from wild-type mice (Fig. 2A), indicating

that neither TLR2 nor TLR4 mediates the cytokine induction
by E. chaffeensis Wakulla. Instead, we observed enhanced ex-
pression of IL-18 and TNF-a in TLR2™/~ BMDMs, and of
CXCL2 in TLR4/~ BMDMs, suggesting the presence of
TLR2/~- or TLR4/~-dependent immunosuppressive com-
ponents in E. chaffeensis Wakulla.

The endosomal TLRs TLR3, TLR7, and TLRY recognize
viral double-stranded RNA, viral single-stranded RNA, and
nonmethylated DNA with CpG motifs, respectively (37, 45).
As acidification of endosomes is required for endosomal TLR-
dependent signaling (8, 28, 54), we investigated the effects of
the acidification inhibitors chloroquine (weak base) and bafi-
lomycin Al (inhibitor of vacuolar-type H"-ATPase). Pretreat-
ment of BMDMs with either inhibitor did not abrogate IL-1p,
CXCL2, or TNF-a induction in mouse BMDMs (Fig. 2B).
These results indicate that induction of IL-13, CXCL2, and
TNF-a by Wakulla occurs largely independently of endosome
acidification, and thus of TLR3, TLR7, and TLR9 as well. The
observed partial reduction of IL-1B induction by both chloro-
quine and bafilomycin Al and the enhanced expression of
CXCL2 in the presence of bafilomycin Al suggest that
Wakulla induces some acidification-dependent signaling path-
ways.

Secretion of IL-1B or IL-18 is regulated by the processing
enzyme caspase-1 (11). Following secretion of IL-1B or IL-18,
IL-1B and IL-18 receptors (IL-1R and IL-18R) become in-
volved in positive-feedback regulation of proinflammatory cy-
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FIG. 2. Induction of proinflammatory cytokines by E. chaffeensis is independent of TLR2/4, acidification, and IL-1R1/18R1. (A) IL-1B, CXCL2,
and TNF-a induction in BMDMs from TLR2 or TLR4 knockout (KO) mice in response to E. chaffeensis Wakulla. (B) Effects of acidification
inhibitors on CXCL2 induction in mouse BMDMs. Inhibitors were added to the cell culture at 37°C 60 min prior to infection at the final
concentration of 10 wM chloroquine (CQ) or 50 nM bafilomycin A1l (BFA). —, PBS control for CQ; DMSO, dimethyl sulfoxide (solvent control
for BFA). (C) IL-1B, CXCL2, and TNF-« induction in BMDMs from IL-1R1 or IL-18R1 knockout mice. C57BL/6 WT, wild-type control. —, PBS
control. Bacteria were added to each well at 20 IFU/cell and incubated at 37°C for 2 h. Data shown are means and standard deviations from
triplicate assays. *, significantly different from control (ANOVA, P < 0.05); **, significantly different from all others (ANOVA, P < 0.01). NS,
not significantly different (ANOVA, P > 0.05). Data are representative of results of at least three independent experiments.

tokine induction by recruiting MyD88 (37). There are two
kinds of IL-1 receptors, type I (IL-1R1) and type II (IL-1R2).
Because IL-1R2 lacks a TIR domain which binds to MyD88
(37), IL-1R2 is not functional in MyD88 recruitment (3). There
are two kinds of IL-18 receptors, IL-18R1 (or IL-18Ra) and
IL-18R2 (or IL-18RpB). IL-18R1 and IL-18R2 form a het-
erodimer to function (3). To determine whether IL-1R and/or
IL-18R pathways are required for induction of proinflamma-
tory cytokines, we performed a cytokine induction assay using
IL-1R1/~ or IL-18R1™/~ mice. Induction of IL-1B, CXCL2,
and TNF-a was not impaired in BMDM:s from these knockout
mice (Fig. 2C). Taken together, these data suggest that proin-
flammatory cytokine/chemokine induction in mouse BMDMs

by E. chaffeensis Wakulla does not require TLR2, -3, -4, -7, or
-9 or IL-1R1/IL-18R1.

E. chaffeensis Wakulla induces a strong cytokine response by
THP-1 cells. We next explored signaling pathways associated
with induction of inflammatory cytokines/chemokines using
the human macrophage cell line THP-1. Although genetic
manipulation, such as transfection and gene knockout, is not
practical for this cell line, it is a useful model for studying
cytokine/chemokine induction in the context of E. chaffeen-
sis pathogenesis of human cells. In concordance with previ-
ous observations of cytokine/chemokine induction in SCID
mouse liver (32), significantly higher levels of IL-1p3, IL-8,
and TNF-a were induced in human THP-1 cells in response
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to strain Wakulla than to the same number of cells of strain
Arkansas (Fig. 3A). DHS82 lysate did not activate these cy-
tokines (Fig. 3A, Mock). Expression of IL-8 and TNF-a was
elevated within 30 min of exposure to E. chaffeensis
Wakulla, whereas IL-1B induction occurred with a slight
delay (Fig. 3B), suggesting that induction of IL-18 may
involve additional steps. In addition, TNF-a peaked at 60
min, while IL-8 and IL-1B continued to be activated at 2 h
(Fig. 3B).

Induction of proinflammatory cytokines in THP-1 cells by E.
chaffeensis is dependent on ERK and NF-kB pathways. The
ability of E. chaffeensis Arkansas to limit MAPK activity has
been suggested as an important virulence mechanism (26).
Therefore, we examined whether ERK1/2 (p44/p42) is acti-
vated by strain Wakulla and whether this is dose dependent.
IL-1B, IL-8, and TNF-a were all found to be induced by E.
chaffeensis Wakulla in a dose-dependent manner, although
TNF-a induction reached a plateau at a lower titer of E.
chaffeensis than did IL-8 and IL-1pB (Fig. 4A), similar to the
effect in mouse BMDMs (Fig. 1A). At 2 h postinoculation (h
p.i.), phosphorylation of ERK2, but not ERK1, was upregu-
lated in an E. chaffeensis dose-dependent manner (Fig. 4B
and C).

The best studied canonical ERK1/2 activation pathway is the
Ras GTP-binding protein activating the nonreceptor tyrosine
kinase Raf-1, which then activates mitogen-activated protein
kinase/extra cellular signal-regulated kinase kinase (MEK) by
tyrosine phosphorylation (19). To assess whether the cytokine
induction involves the Ras-Raf-MEK-ERK signaling cascade,
the effects of specific inhibitors of the pathway were examined.
As shown in Fig. 4C, manumycin A, BAY43-9006, and U0126,
inhibitors of Ras, Raf-1, and MEK1/2, respectively (4, 35, 48),
significantly inhibited the induction of IL-1B, IL-8, and TNF-«
by strain Wakulla.

NF-kB is a well-known signaling mediator that activates
cytokine genes in macrophages exposed to LPS (14). NF-«B
is also activated in THP-1 cells in response to E. chaffeensis
Arkansas (24). An inhibitor of NF-«kB nuclear translocation,
SN-50, significantly inhibited induction of IL-1B, IL-8, and
TNF-a in THP-1 cells (Fig. 4D), suggesting that NF-«B is
also required to activate cytokine genes in response to E.
chaffeensis.

Cytokine induction in HEK293 cells by E. chaffeensis
Wakulla is mediated by ERK and NF-kB pathways. To estab-
lish a simple reporter assay system to examine signaling path-
ways for cytokine induction, we used the easily transfectable
cell line HEK293, derived from human embryonic kidney cells.
We found that HEK293 cells can be readily infected with E.
chaffeensis (Fig. 5A) and therefore must have proteins required
to support the growth of this bacterium. Furthermore,
HEK?293 cells do not express any TLRs (HEK293 microarray
data set, Gene Expression Omnibus [GEO] data set number
GDS686) (55), allowing us to analyze TLR-independent sig-
naling pathways associated with E. chaffeensis-induced cyto-
kine expression. Indeed, E. chaffeensis Wakulla can activate
IL-1B, IL-8, and TNF-a genes in HEK293 cells (Fig. 5B).
Dose-dependent activation of the IL-8 promoter by E.
chaffeensis Wakulla was also confirmed in HEK293 cells trans-
fected with pK666 harboring a fusion of the human IL-8 pro-
moter and a luciferase reporter gene, whereas DH82 lysate
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FIG. 3. E. chaffeensis Wakulla induces a stronger cytokine response
than Arkansas by THP-1 cells. (A) Activation of cytokine genes by E.
chaffeensis Wakulla (Wak) and Arkansas (Ark) strains. THP-1 cells
were exposed for 2 h at 37°C to the bacteria at 20 IFU/cell or to extract
of corresponding uninfected cells. The amount of two strains of bac-
teria was normalized according to the copy number of bacterial
genomic DNA determined with real-time PCR of E. chaffeensis 16S
rRNA genes. The transcript amount of each gene is represented as
expression relative to that of untreated THP-1 cells. All data are
normalized to human GAPDH mRNA. #%, significantly different from
all others (ANOVA, P < 0.01). *, significantly different from mock
control (ANOVA, P < 0.05). (B) Time course of cytokine gene acti-
vation in THP-1 cells stimulated with E. chaffeensis Wakulla at 20
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(mock treated) did not activate the IL-8 promoter (Fig. 5C and
D). Thus, Wakulla can induce IL-1B, IL-8, and TNF-« in a
TLR-independent manner.

HEK293 cells by E. chaffeensis Wakulla. As shown in Fig. 6A,
manumycin A, BAY43-9006, and U0126 significantly inhibited
IL-8 induction in the luciferase reporter assay. Dominant-neg-

Induction of IL-1pB, IL-8, and TNF-a in THP-1 cells by E.
chaffeensis was dependent on ERK and NF-«kB pathways (Fig.
4). IL-1B, IL-8, and TNF-a promoters contain the NF-«B
element (12, 40, 49). Therefore, we examined whether NF-«kB
was activated in HEK293 cells by E. chaffeensis Wakulla. As
shown in Fig. 5D, luciferase expression under the control of
the NF-kB responsive element was observed, indicating NF-«kB
activation.

Ras is typically activated by growth hormones through re-
ceptor tyrosine kinases and Grb2/SOS, but may also receive
other signals (7). Specific inhibitors of the Ras-Raf-MEK-ERK
pathway were examined for their effect on IL-8 induction in

ative Ras suppressed IL-8 activation by E. chaffeensis Wakulla,
whereas wild-type Ras did not affect the activation (Fig. 6B).
Protein kinase C { (PKC{)-dependent, but Ras- or Raf-inde-
pendent, activation of ERK has been demonstrated in LPS-
exposed (34) and in Mycobacterium tuberculosis-infected (52)
macrophages. Hence, we examined the involvement of PKC in
induction of IL-8 by E. chaffeensis Wakulla. Inhibitors of PKC{
(bisindolylmaleimide I and Go6983) had no or partial inhibi-
tory effects (Fig. 6A), implying that PKC{ activation is not the
major pathway. Taken together, these results suggest that
the ERK pathway is involved in IL-8 induction by E.
chaffeensis Wakulla. These results agree with the results for

different from either the nontreated or DMSO-treated control (ANOVA, P < 0.01). (D) THP-1 cells were incubated with or without E. chaffeensis
Wakulla at 20 IFU/cell for 2 h in the presence or absence of 100 pg/ml SN-50, a cell-permeable NF-kB inhibitory peptide. Expression of cytokine
genes was determined by quantitative RT-PCR. Data shown are means and standard deviations from triplicate assays. #x, significantly different
from Ehrlichia, nontreated control (ANOVA, P < 0.01). Data are representative of results of at least three independent experiments.
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the THP-1 cells shown in Fig. 4, indicating that similar signal
pathways are involved in activating proinflammatory cyto-
kines and chemokines in THP-1- and TLR-deficient
HEK293 cells.

DISCUSSION

In this study, we showed that E. chaffeensis induces cytokines
and a chemokine in BMDMs through MyDS88, but indepen-
dently of TRIF. MyDS8S8 is also a key signaling adaptor mole-
cule for IL-1R and IL-18R, but we found that neither IL-1R
nor IL-18R is required for induction of cytokines and a chemo-
kine in response to E. chaffeensis. Recently Koh et al. reported
MyDS88-dependent clearance of Ehrlichia muris in mice (18).
E. muris induced IL-12 p40 in mouse bone marrow-derived
dendritic cells (DCs), but not in macrophages, and this is also
MyD88 dependent (18). In the same study, caspase-1-deficient
DC:s did not show any differences in IL-12 p40 induction and E.
muris infection compared to wild-type DCs. Taken together,
MyDS88, but not TRIF or the IL-1R/IL-18R family, plays a
critical role in Ehrlichia sp. recognition by innate immune cells.
This is in stark contrast to gamma interferon (IFN-vy) secretion
by natural killer T (NKT) cells in response to E. muris infec-
tion, which is a CD1d-dependent but MyD88-independent pro-
cess, and during which an endogenous glycolipid may be an E.
muris PAMP for NKT cell stimulation (29).

In agreement with previous observations of cytokine/chemo-
kine induction in SCID mice (32), significantly higher levels of
proinflammatory cytokines were induced in THP-1 cells in
response to strain Wakulla than to the same number of cells of
strain Arkansas. Thus, strain Wakulla can provide a convenient
in vitro model to study proinflammatory cytokine induction by
E. chaffeensis. TLR2 and TLR4 did not mediate cytokine and
chemokine induction by E. chaffeensis Wakulla. Because TLR1
and TLR6 function as a heterodimer with TLR2 (45), the
result also may imply lack of TLR1 and TLR6 involvement in
induction of IL-1B, CXCL2, and TNF-a by Wakulla. Although
TLRS, TLR11, and TLR13 also recruit MyD88 for their down-
stream signaling (20, 43), TLRS is so far not known to recog-

nize any PAMPs other than flagella, which the E. chaffeensis
genome does not encode (10). Furthermore, although bacterial
ligands of TLR11, TLR12, and TLR13 have not been identi-
fied, none of these receptors is encoded in the human genome
(45). Therefore, we can exclude involvement of TLR11, -12,
and -13 because E. chaffeensis is nevertheless able to induce
cytokines in human cells. TLRS8 is a human counterpart of
mouse TLR7, and the mouse #r10 gene is disrupted by inser-
tion of an endogenous retrovirus (37, 45). DNase or RNase
treatment of freeze-thawed E. chaffeensis Wakulla did not re-
duce cytokine induction (data not shown). Bacterial DNA
needs to be processed in the acidic endosome to be recognized
by TLRY (2). It is possible that TLR9 is not present in E.
chaffeensis inclusions or that E. chaffeensis DNA cannot be
processed properly, since bacterial inclusion does not fuse with
lysosomes. Therefore, it appears that none of these TLRs
(TLR1, -2, -3, -4, -5, -6, -7, -9, -11, -12, or -13) mediates
proinflammatory cytokine induction by E. chaffeensis. This is
corroborated by the fact that HEK cells, which do not express
TLRs, could be induced to express proinflammatory cytokines
and a chemokine in response to E. chaffeensis stimulation.
Combined with the report that IL-12 p40 secretion by mouse
bone marrow-derived DCs in response to E. muris occurs in-
dependently of TLR1, -2, -3, -4, -5, -6, -7, -9, and -11 (18), these
observations support an emerging concept of TLR-indepen-
dent activation of innate immune cells by Ehrlichia spp.
There are several recent reports about TLR-independent
cytokine induction by bacteria or bacterial components. For
example, Burkholderia pseudomallei can induce IL-8 via NF-«kB
and MAPK pathways, aided by the Bsa type III secretion
system (T3SS), without involving TLRs (16). VP1680, a T3SS
effector protein of Vibrio parahaemolyticus, is responsible for
IL-8 induction in Caco-2 cells, which is mediated by activation
of both the ERK signaling pathway and NF-«kB (44). Phospho-
glycolipids from thermophilic bacteria such as Meiothermus
taiwanensis induce IL-1 in human monocytes through a mech-
anism involving PKC-a, MEK1/2, and JNK, but independently
of TLRs (53). In all of these cases, cytokine induction is inde-



VoL. 79, 2011

pendent of MyD88 or MyD88 dependency is unknown. E.
chaffeensis recombinant TRP120 (2 tandem repeats) was re-
ported to induce strong chemokine responses (IL-8, MCP-1,
MIP-1B) (57). While cytokine induction was not reported with
another tandem repeat protein, p47 of E. chaffeensis, it can
interact with a number of host cytoplasmic signaling proteins
(47). It is possible that p47 or other E. chaffeensis proteins may
directly activate the ERK signaling pathway and NF-kB in a
MyD88-dependent manner. While p47 sequences are more
than 99% identical between Wakulla and Arkansas (33), pro-
teins of variable amino acid sequences or expression amounts
between Wakulla and Arkansas strains (33) may be responsible
for strain-variable cytokine induction. We previously reported
that the E. chaffeensis Arkansas strain induces IL-13, IL-8, and
IL-10 in THP-1 cells (23). Because viable E. chaffeensis organ-
isms are not required for induction of IL-1p3, IL-8, or IL-10 (23,
57), and freeze-thawed Wakulla induces strong proinflamma-
tory cytokine induction (data not shown), bacterial infection
does not seem to be required for this early response.

NF-«B is thought to be a key transcription factor in regu-
lating inflammatory cytokine expression, including IL-8 (22).
Indeed, both our previous study with the less-virulent E.
chaffeensis Arkansas strain (23) and the present study using the
virulent Wakulla strain showed a critical role for NF-kB in
induction of cytokines and chemokines by E. chaffeensis. In
addition, the present study revealed that the ERK pathway is
also required for induction of these cytokines. It has been
reported that LPS induces cytokines/chemokines (IL-1pB,
TNF-a, IL-8, etc.) through the TLR4-dependent MAPK path-
way and activation of NF-kB (14, 17). M. tuberculosis induces
TNF-a through TLR2 and PKC¢-mediated ERK activation in
human monocytes/macrophages (52). Chlamydia trachomatis,
an obligatory intracellular Gram-negative bacterium, induces
IL-8 in infected epithelial cells through the ERK pathway (6).
C. trachomatis LPS is associated with cytokine induction
through TLR4/CD14- and NF-«kB-dependent signaling (15). In
contrast to those reports, the present study showed that the
IL-8 gene and NF-kB were activated in HEK293 cells by E.
chaffeensis Wakulla without transfection of any TLR genes,
despite other reports that HEK293 cells require transfection
with one or two specific TLR genes, such as the TLR2/6,
TLR4, and TLRS genes, to activate NF-kB or cytokine genes
(21, 30, 36). Taken together, our results indicate that E.
chaffeensis does not require any TLRs to activate ERK and
NF-«kB. Elucidation of E. chaffeensis PRRs awaits further in-
vestigation.

Ras is a GTPase that is inactive when GDP-bound and
becomes activated when a nucleotide exchange factor (GEF)
stimulates GDP dissociation allowing rapid replacement by the
more abundant GTP. To date, 5 families of GEF molecules
have been identified: SOS, RasGRF, RasGRP, CNRasGEF,
and PLCe (7). Among them, the SOS family is ubiquitously
expressed to signal downstream of receptor tyrosine kinases. In
addition, THP-1 cells seem to have RasGRP2 and PLCe, ac-
cording to results of a transcriptome analysis (GEO data set
number GSE4110) (13). HEK293 cells appear to express Ras-
GRF1, RasGRP1, and RasGRP2 (GEO data set number
GDS686) (55). Human monocytes seem to have RasGRF2,
RasGRP1, RasGRP2, RasGRP4, and PLCe (GEO data set
number GSE6054). These findings imply that SOS and/or Ras-
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GRP2 may be commonly involved in the Ras-Raf-MEK-ERK
pathway to induce cytokines by E. chaffeensis in these cells.

C. trachomatis induces IL-8 expression at a markedly later
time (15 h p.i.), which is dependent on bacterial intracellular
growth and protein synthesis. IL-8 induction occurs only within
inclusion-containing cells and is independent of exogenous fac-
tors in the supernatant, indicating a requirement for chlamyd-
ial products within the host cell (5). In contrast, because E.
chaffeensis induces cytokines within 2 h p.i., this indicates that
preformed bacterial factors can induce inflammation indepen-
dent of infection.

We cannot rule out involvement of additional signaling
pathways in E. chaffeensis cytokine/chemokine induction. How-
ever, taken altogether, the present study shows that LPS- and
peptidoglycan-deficient E. chaffeensis cells induce monocyte
inflammatory responses through MyDS88, ERK, and NF-«B,
but not via TLRs, suggesting involvement of previously unrec-
ognized PAMPs and cognate PRRs.
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