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In patients with human granulocytic ehrlichiosis (HGE), the HGE agent has been seen only in the peripheral
blood granulocytes, which have a life span too short for ehrlichial proliferation. To determine if the HGE agent
delays the apoptosis of human peripheral blood neutrophils for its advantage, peripheral blood granulocytes
consisting mostly of neutrophils were incubated with freshly freed host cell-free HGE agent in vitro. The HGE
agent induced a significant delay in morphological apoptosis and the cytoplasmic appearance of histone-
associated DNA fragments in the granulocytes. This antiapoptotic effect was dose dependent. Although much
weaker than the HGE agent freshly freed from the host cells, noninfectious purified HGE agent stored frozen
and thawed also had antiapoptotic effect, which was lost with proteinase K treatment but not with periodate
treatment. Treatment of neutrophils with a transglutaminase inhibitor, monodansylcadaverine, blocked the
antiapoptotic effect of the HGE agent. Addition of oxytetracycline, however, did not prevent or reverse the
antiapoptotic effect of the HGE agent. These results suggest that binding of a protein component(s) of the HGE
agent to neutrophils and subsequent cross-linking and/or internalization of the receptor and ehrlichiae are
required for antiapoptotic signaling, but ehrlichial protein synthesis and/or proliferation is not required.
MG-132, a proteasome inhibitor, and cycloheximide accelerated the apoptosis of neutrophils and overrode the
antiapoptotic effect of the HGE agent. Studies with specific inhibitors suggest that protein kinase A, NF-kB,
and interleukin 1b are not involved in the antiapoptotic mechanism of the HGE agent.

Human granulocytic ehrlichiosis (HGE) is a newly recog-
nized tick-borne zoonosis in the United States and Europe (3,
5, 6, 8, 9). HGE is an acute febrile systemic disease associated
with hematologic abnormalities, such as thrombocytopenia and
leukopenia, as well as increased serum aminotransferase activ-
ity. HGE may be fatal when patients are immunocompromised
or antibiotic treatment is delayed. The etiologic agent, called
the HGE agent, is a small gram-negative coccus closely related
to previously known granulocytotropic Ehrlichia spp.—Ehrli-
chia phagocytophila, the agent of tick-borne fever in sheep and
goats, and Ehrlichia equi, the agent of equine ehrlichiosis (9).
These bacteria are incapable of extracellular survival and are
seen to replicate in the cytoplasm of peripheral blood granu-
locytes. A small number of individually dispersed ehrlichiae
are difficult to recognize under the light microscope. However,
microcolonies, called morulae, that result from ehrlichial rep-
lication stain dark blue to purple with Romanowsky dye; they
are large and have a characteristic morphology and thus can be
recognized by the trained eye (34). All 12 patients initially
reported in Minnesota and Wisconsin had detectable morulae
in 1 to 41% of their peripheral blood granulocytes (5). In
another study, intracytoplasmic morulae were seen in 3 of 12
patients in New York, and the frequency of infected granulo-
cytes ranged from 0.3 to 6% (3). The majority of infected
granulocytes seen were neutrophils. Mature neutrophils un-
dergo rapid apoptosis (programmed cell death), with a half-life
of several hours in vivo (11). Considering the low growth rate
of cytoplasmic ehrlichiae and the important roles neutrophils
play in host defense and acute inflammation, the life span of

neutrophils is a critical determinant for ehrlichial survival and
HGE pathogenesis. Recently, the HGE agent was reported to
induce apoptosis in the human promyelocytic leukemia cell
line HL-60 (17). However, no information is available on
whether the HGE agent modulates apoptosis of human neu-
trophils, its natural host. In the present study, we examined
whether the HGE agent alters constitutive apoptosis of human
peripheral blood neutrophils in vitro. Furthermore, mecha-
nisms by which apoptosis is delayed by the HGE agent were
examined by using an HGE agent treated with various reagents
and host cells inhibited in intracellular signaling pathways. This
study, therefore, is helpful in understanding not only the in-
tracellular survival strategy of the HGE agent but also the role
of neutrophils in the pathogenesis of HGE.

MATERIALS AND METHODS

HGE agent and cell culture. HGE isolate HZ (37) was cultivated in HL-60
cells in RPMI 1640 medium (GIBCO, Grand Island, N.Y.) supplemented with
5% fetal bovine serum (Atlanta Biologicals, Norcross, Ga.), 2 mM L-glutamine
(GIBCO), 0.1 mM minimal essential medium-nonessential amino acid mixture
(GIBCO), and 1 mM minimal essential medium-sodium pyruvate (GIBCO).
When .90% of the cells were infected, as determined by examining cells stained
with Diff-Quik (Baxter Scientific Products, Obetz, Ohio), the infected cells were
sonicated and centrifuged at 500 3 g for 5 min. The supernatant was centrifuged
at 10,000 3 g for 10 min, and the pellet, containing the host cell-free, viable HGE
agent, was immediately used to infect human peripheral blood neutrophils or
peripheral blood leukocytes (PBL). Because the HGE agent is small and multi-
plies as microcolonies, it is impractical to accurately count individual organisms.
Therefore, the number of host cell-free ehrlichiae was estimated by using the
following formula: number of ehrlichial organisms 5 total infected cell num-
ber 3 average number of morulae in an infected cell (typically five) 3 average
number of ehrlichial organisms in a morula (typically 19) 3 percentage of
ehrlichiae recovered as host cell free (typically 50% as determined by using
metabolically [35S]methionine-labeled ehrlichiae [36]).

Purified HGE agent was prepared by brief sonication, differential centrifuga-
tion, and Sephacryl S-1000 chromatography and was kept frozen at 280°C until
it was used, as previously described (35). Periodate-treated ehrlichiae were
prepared by incubating purified HGE agent with 20 mM sodium periodate
(Sigma Chemical Co., St. Louis, Mo.) in 50 mM sodium acetate buffer (pH 4.5)
for 1 h at room temperature in the dark followed by incubation with 50 mM
sodium borohydride (Sigma) in sterile phosphate-buffered saline (PBS; 2.7 mM
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KCl–1.8 mM KH2PO4–137 mM NaCl–10 mM NaH2PO4, pH 7.4) for 30 min at
room temperature (21, 22). For proteinase K treatment, the purified HGE agent
was incubated in 1 mg of proteinase K (GIBCO)/ml in distilled water at 60°C for
2 h. After incubation, 1 mM phenylmethylsulfonyl fluoride (Sigma) was added,
the mixture was incubated for 10 min at 60°C, and then the ehrlichiae were
washed three times in RPMI 1640 medium (21, 22).

Neutrophils were isolated from buffy coats from healthy donors (Ohio Red
Cross, Columbus, Ohio). The buffy coat was overlaid on double layers of His-
topaque 1077 and 1119 (Sigma) and centrifuged at 700 3 g for 15 min. Neutro-
phils at the interface between the 1077 and 1119 were collected and washed twice
with PBS followed by hemolysis in 0.83% ammonium chloride (Fisher Scientific,
Fair Lawn, N.J.) for 5 min at room temperature. Of the total cells, .98% were
neutrophils in morphology, as demonstrated by Diff-Quik staining, and .98%
were viable by the trypan blue dye exclusion test. PBL were obtained from buffy
coats by simply lysing erythrocytes as described above.

Treatment. After being washed twice, purified neutrophils or PBL were sus-
pended at 106 cells/ml in RPMI 1640 medium. Uninfected HL-60 cells, prepared
by brief sonication of the cell suspension at 106 cells/ml followed by differential
centrifugation as previously described (21), and the purified HGE agent pre-
pared as described above was added at a final concentration of 100 mg of
protein/ml. Host cell-free HGE agent was added to purified neutrophils at a
multiplicity of infection (MOI) of 100 immediately after the isolation of the HGE
agent. Treated or infected neutrophil suspensions were seeded in 96-well flat-
bottom plates (Becton Dickinson Co., Franklin Lakes, N.J.) at 200 ml/well in
triplicate wells per assay point, and these samples were incubated at 37°C in a 5%
CO2 atmosphere for #96 h. Cells were harvested every 8 h. To consider indi-
vidual human variations, all experiments were independently repeated two or
three times on different days using neutrophils derived from different donors and
the freshly prepared host cell-free HGE agent each time. Donor cells were never
mixed, and each donor neutrophil assay included positive and negative controls
to ensure the quality of both neutrophil and HGE agent preparation.

For monodansylcadaverine (MDC) treatment, fresh human neutrophils were
suspended in RPMI medium with or without 250 mM MDC, plated in triplicate
at 2 3 106 cells/well in a 24-well plate, and incubated for 30 min at 37°C in 95%
air–5% CO2. The freshly prepared host cell-free HGE agent in RPMI medium
was added to each well, and the mixture was incubated for 2 h at 37°C. The cells
were centrifuged at 500 3 g for 5 min, treated with 2 mg of pronase/ml in sterile
PBS for 5 min at 37°C to remove extracellular ehrlichiae, washed two times with
RPMI medium, and replated in medium without MDC. In another experiment,
cells were incubated continuously without removing MDC and the extracellular
HGE agent. Oxytetracycline (10-mg/ml final concentration) was added to each
well at 0 or 8 h after the addition of freshly prepared host cell-free HGE agent.
The cells were incubated at 37°C and cytocentrifuged to determine the percent
apoptosis and percent infected neutrophils.

H-89 (1 or 10 mM; BIOMOL Research Laboratories, Plymouth Meeting, Pa.),
50 mM genistein (Sigma), 100 mM MG-132 (BIOMOL), 100 mg of SN-50
(BIOMOL)/ml, 2 mg of cycloheximide (Sigma)/ml, and 50 ng of blocking mono-
clonal antibody to recombinant human interleukin 1b (IL-1b) (clone 8516.311; R
& D Systems, Minneapolis, Minn.)/ml or 100 mM acetyl-Tyr-Val-Ala-Asp-chlo-
romethyl ketone (YVAD-CMK) (Calbiochem, San Diego, Calif.) were added to
triplicate wells at 0 h or 8 h (10 mM H-89 only) after the addition of HGE agent.

Microscopic determination of apoptosis. Cell suspensions (80 ml) were cen-
trifuged on a glass slide at 30 3 g for 1 min with Cytospin 3 (Shandon Inc.,
Pittsburgh, Pa.). The cells were stained with Diff-Quik and examined microscop-
ically at 31,000. Apoptotic cells were determined based on their morphology,
including densely condensed and homogeneous nuclei, loss of connection be-
tween the lobules of nuclei, and eosinophilic cytoplasm (Fig. 1). A total of 500
cells were scored from each well. The time required for 50% of the neutrophils
to show morphological apoptosis (T50) was determined by plotting the percent-
age of apoptotic cells observed at each incubation time point.

Detection of histone-associated DNA fragments. To detect the fragmentation
of DNA in apoptotic neutrophils, histone-associated DNA fragments were ex-

FIG. 1. Morphological apoptosis of human peripheral blood neutrophils incubated in vitro for 24 h. (A) Uninfected neutrophils. (B) Neutrophils incubated with
freshly prepared host cell-free HGE agent. (C) A morula (arrow) in a neutrophil incubated with freshly freed HGE agent for 24 h. (D) A morula (arrow) in an
eosinophil incubated with freshly freed HGE agent for 24 h. Magnifications: A and B, 3630; C and D, 31350.

1126 YOSHIIE ET AL. INFECT. IMMUN.



amined by using a Cell Death Detection ELISA Plus kit (Boehringer Mannheim,
Indianapolis, Ind.). This assay is based on the quantitative sandwich enzyme
immunoassay principle, with mouse monoclonal antibodies directed against
DNA and histones. Cell suspensions (80 ml) incubated in a 96-well plate for 8, 12,
and 16 h were harvested and centrifuged at 200 3 g for 10 min. The lysis buffer
(200 ml) was added to the pellet and incubated at room temperature for 30 min.
After centrifugation at 200 3 g for 1 min, a sample of the supernatant was diluted
10-fold with lysis buffer, and 20 ml was applied in a well of the streptavidin-coated
microtiter plate. An immunoreagent mixture (80 ml) containing anti-histone-
biotin (4 ml), anti-DNA-peroxidase (4 ml), and incubation buffer (72 ml) was
added to each well and incubated for 2 h at room temperature. After three
washes with the incubation buffer, 100 ml of the substrate solution (2,29-azino-
di[3-ethylbenzthiazolin-sulfonate]) was added. The absorbances of samples at
405 nm and background at 490 nm were measured.

Statistical analysis. Statistical significance compared with the addition of the
medium alone as a control was determined by Student’s t test with Sigmaplot
version 4.0. A P value of ,0.05 was considered significant.

RESULTS

Morphology. As a first approach, we investigated whether
the HGE agent could interfere with physiological apoptosis
that occurs in mature neutrophils isolated from blood and
cultured. The results of various treatment groups were com-
pared using neutrophils prepared from a single donor for each
experiment, and the experiments were repeated more than
three times with neutrophils derived from different donors.
Neutrophil apoptosis can be assessed by various parameters,
including changes in cellular morphology. Apoptotic neutro-
phils have condensed and homogenous nuclei whose lobules
have lost their connection in condensed eosinophilic cytoplasm
(Fig. 1A). The percentage of apoptotic neutrophils by these
criteria rapidly increased in untreated neutrophils after 8 h of
incubation in vitro (Fig. 1A). Neutrophils treated with HL-60
cell lysate as a negative control had a rate of apoptosis similar
to that without HL-60 cell lysate, indicating that HL-60 cell
lysate (a fraction of which was present in the host cell-free
HGE agent preparation because the HGE agent had been
cultivated in HL-60 cells) does not influence in vitro apoptosis
(Fig. 2). Almost 100% of untreated as well as HL-60 cell
lysate-treated neutrophils were apoptotic after 24 h of incuba-
tion in vitro (Fig. 1 and 2). In contrast, most neutrophils incu-
bated with freshly prepared host cell-free HGE agent for 24 h

showed normal cytoplasm and lobulation of nuclei (Fig. 1B
and 2). Of all neutrophils, .50% that were incubated with
freshly freed HGE agent were not apoptotic for up to 48 h, and
10 to 20% of neutrophils were not apoptotic after 96 h of
incubation. In these nonapoptotic cells, formation of typical
ehrlichial morulae was observed after 24 h of incubation, al-
though the neutrophils having morulae were approximately
5% of all neutrophils (Fig. 1C). Morulae were also observed in
eosinophils present in the neutrophil preparation after 24 h of
incubation (Fig. 1D). Eosinophil numbers varied widely among
the blood donors, but they survived longer even after the ap-
optosis of a majority of neutrophils at 96 h, and morulae
became larger in these cells.

The population of morphologically apoptotic cells increased
in a time-dependent manner (Fig. 2). The T50 of neutrophils
incubated with freshly freed HGE agent was 45.0 6 9.8 h (n 5
3), which was significantly longer than that of uninfected neu-
trophils, 12.2 6 2.5 h (n 5 3). The T50 of neutrophils incubated
with HL-60 lysate did not significantly differ from that of un-
treated neutrophils (Fig. 2). The antigenic and molecular char-
acteristics of the purified HGE agent preparation were de-
scribed previously (20, 45, 46). Ehrlichiae lose their infectivity
within 3 h after becoming extracellular (31). The purified HGE
agent was noninfectious due to being host cell free for a long
period of time and to the freezing and thawing procedure, but
it consistently had a weak antiapoptotic effect (Fig. 2 to 5),
indicating ehrlichial infection is not essential for the antiapop-
totic effect. The T50 of neutrophils incubated with the purified
HGE agent was 16.8 6 4.1 h (n 5 3). All figures show the
results of independent experiments performed on different
days with different pairs of donor cells and freshly prepared
host cell-free HGE agent.

Detection of cytoplasmic histone-associated DNA frag-
ments. Internucleosomal DNA fragmentation in apoptosis ap-
pears as detectable histone-associated DNA fragments in the
cytoplasm of apoptotic cells, after enrichment of mono- and
oligonucleosomes in the cytoplasm of the apoptotic cells

FIG. 2. Time course of morphological apoptosis of peripheral blood neutro-
phils incubated in vitro with freshly prepared host cell-free or purified HGE
agent. Incubation with freshly freed or purified HGE agent in vitro significantly
(p, P , 0.05; pp, P , 0.01) delayed apoptosis of neutrophils compared with
medium alone or HL-60 cell lysate control (n 5 3 assays using neutrophils
derived from a single donor). A representative experiment is shown from more
than three independent experiments performed, each with neutrophils derived
from different donors and freshly prepared host cell-free HGE agent.

FIG. 3. Enzyme-linked immunosorbent assay quantitation of histone-associ-
ated DNA fragments in the cytoplasm of human neutrophils incubated in vitro
with freshly prepared host cell-free or purified HGE agent. Neutrophils incu-
bated with freshly freed or purified HGE agent had significantly (p, P , 0.05; pp,
P , 0.01) increased cytoplasmic histone-associated DNA fragments compared
with neutrophils incubated with medium alone (n 5 3 assays using neutrophils
derived from a single donor). A representative experiment is shown from three
independent experiments performed, each with neutrophils derived from differ-
ent donors and freshly prepared host cell-free HGE agent.
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caused by DNA degradation occurring several hours before
plasma membrane breakdown (15). Because morphological
apoptotic changes in uninfected neutrophils were observed in
.50% of untreated neutrophils after ;12 h of incubation, we
examined the numbers of these DNA fragments after 8 and
16 h of incubation (Fig. 3). Untreated cells revealed rapid
increases in cytoplasmic histone-associated DNA fragments
starting at 12 h of incubation, which were paralleled by an
increase in morphologically apoptotic cells (Fig. 2). DNA frag-
ments of neutrophils infected with freshly prepared host cell-
free HGE agent did not increase up to a 16-h incubation

period. The purified HGE agent had a weak but significant
inhibitory effect on apoptosis at 16 h postincubation (Fig. 3).
Chromatin fragmentation by internucleosomal endonuclease
during apoptosis was also examined by the conventional aga-
rose gel electrophoresis of DNA extracted from neutrophils.
Although the typical “ladder patterns” were detectable in con-
trol neutrophils, but not in HGE agent-infected neutrophils, at
more than 24 h of incubation, the assay was not quantitative
and was less sensitive than the detection of cytoplasmic his-
tone-associated DNA fragments (data not shown).

Dose response. The inhibitory effects on apoptosis of puri-
fied and freshly prepared host cell-free HGE agents were dose
dependent (Fig. 4). The purified HGE agent at 1 mg of pro-
tein/ml significantly inhibited the morphological apoptosis of
neutrophils, but at ,0.1 mg/ml there was no effect. The level of
inhibitory effect with freshly freed HGE agent at an MOI of 10
was comparable to that of 1 mg of protein/ml of the purified
HGE agent.

Treatment of HGE agent with proteinase K or periodate. To
examine the requirement for ehrlichial protein(s) or carbohy-
drate(s) in the antiapoptotic effect, the purified HGE agent
was treated with 1 mg of proteinase K/ml or 20 mM sodium
periodate. The HGE agent treated with proteinase K com-
pletely lost its inhibitory effect, whereas periodate treatment
had no effect (Fig. 5). The results indicates that ehrlichial
proteins are required for antiapoptotic effect.

Effects of MDC and oxytetracycline. Previous results in our
laboratory have shown that internalization and infection of
Ehrlichia risticii in P388D1 cells and of Ehrlichia chaffeensis and
the HGE agent in THP-1 cells (7, 26, 31, 36) was inhibited by
the reversible transglutaminase inhibitor MDC. Transglutami-
nase catalyzes the formation of ε-(g-glutamyl)-lysine between
protein molecules by coupling amines and diamines to the
g-carboxyl residue of glutamine (23). Receptor-mediated en-
docytosis of various ligands has been shown to be inhibited by
transglutaminase inhibitors (23), suggesting an involvement of
transglutaminase and receptor-mediated endocytosis in ehrli-
chial uptake. Therefore, we utilized MDC to determine
whether internalization of the HGE agent is required to pre-
vent apoptosis. MDC blocked the antiapoptotic effect of the
host cell-free HGE agent: the means and standard deviations
of the percentage of apoptotic neutrophils were 49.9 6 4.4 for
the medium control, 54.9 6 1.8 for the medium-plus-MDC
control, 25.5 6 0.8 with the host cell-free HGE agent, and
45.1 6 3.4 with the host cell-free HGE agent plus MDC (n 5
3) when MDC and the extracellular HGE agent were removed
after 2 h of incubation and continuously incubated for 24 h.
When MDC and the extracellular HGE agent were removed at
2 h, the means and standard deviations of the percentage of
infected cells at 24 h were 0.9 6 0.4 with MDC treatment and
6.2 6 0.2 (n 5 3) without MDC, indicating that MDC blocked
internalization of the HGE agent. Similar results were ob-
tained when MDC and the extracellular HGE agent were not
removed at 2 h and were kept throughout the incubation pe-
riod. These results suggest that clustering and/or internaliza-
tion of the ehrlichiae and their receptors is required for the
inhibition of apoptosis.

To evaluate whether new protein synthesis or intracellular
proliferation of ehrlichiae is required to inhibit neutrophil
apoptosis, 10 mg of oxytetracycline/ml was added to the cell
suspension at 0 or 8 h after the addition of freshly prepared
host cell-free HGE agent. This concentration of oxytetracy-
cline completely inhibited the proliferation of the HGE agent
but had no effect on apoptosis of neutrophils in either the
presence or absence of the HGE agent (Fig. 6 [data at 0 h after
addition is shown]). Oxytetracycline (100 mg/ml) added at 8 h

FIG. 4. Morphological apoptosis of human neutrophils incubated in vitro
with different dosages of freshly prepared host cell-free or purified HGE agent.
Freshly freed HGE agent added at an MOI of 100 or 10 or the purified HGE
agent added at 1 mg of protein/ml significantly (p, P , 0.05; pp, P , 0.01) delayed
apoptosis of neutrophils compared with medium alone (n 5 3 assays using
neutrophils derived from a single donor). A representative experiment is shown
from three independent experiments performed, each with neutrophils derived
from different donors and freshly prepared host cell-free HGE agent.

FIG. 5. Morphological apoptosis of human neutrophils incubated in vitro
with proteinase K- or periodate-treated purified HGE agent. Treatment of pu-
rified HGE agent with proteinase K completely eliminated the antiapoptotic
effect of the purified HGE agent. However, periodate treatment did not change
the antiapoptotic effect of the purified HGE agent. The results were significantly
(p, P , 0.05; pp, P , 0.01) different from those with medium alone (n 5 3 assays
using neutrophils derived from a single donor). A representative experiment is
shown from three independent experiments performed, each with neutrophils
derived from different donors.
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also did not have any influence on the inhibition of apoptosis
by the HGE agent. Ehrlichial morulae were not seen in these
neutrophils treated with oxytetracycline after up to 48 h of
incubation. The result suggests that ehrlichial new protein syn-
thesis and/or intracellular proliferation is not required for in-
ducing or maintaining the inhibition of neutrophil apoptosis.

Effects of H-89. The cyclic AMP (cAMP) analog 8-CTP-
cAMP was shown to delay the spontaneous and cycloheximide-
or anti-FAS-induced apoptosis of human neutrophils in vitro
(32). cAMP-elevating agents—prostaglandins and the phos-
phodiesterase type IV inhibitor RO 20-1724—were shown to
inhibit neutrophil apoptosis, and treatment of human periph-
eral blood neutrophils with 1 mM H-89, a selective inhibitor of
protein kinase A (10), prevented prostaglandin E2- and RO
20-1724-induced inhibition of cell apoptosis (30). To investi-
gate whether the host cell protein kinase A is involved in the
inhibition of apoptosis of neutrophils by the HGE agent, H-89
(1 mM at 0 h or 10 mM at 8 h postinfection) was added. The
apoptosis of neutrophils in the presence or absence of the
viable HGE agent did not change with this concentration of
H-89 (Fig. 7). A concentration of H-89 of .10 mM present for
.48 h was toxic to neutrophils. The result suggests that de-
layed in vitro apoptosis of neutrophils by the HGE agent is not
mediated by protein kinase A activation.

Effects of genistein, MG-132, and SN-50. Lipopolysaccha-
ride (LPS)- or granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF)-induced delay in the spontaneous apoptosis of
human neutrophils was reported to be blocked by a tyrosine
kinase inhibitor, herbimycin A, or by pyrrolidine dithiocarbam-
ate (40). Both herbimycin A and pyrrolidine dithiocarbamate
inhibit NF-kB activation in human granulocytes in response to
LPS (40). To investigate whether NF-kB activation was in-
volved in the delayed apoptosis of neutrophils by the HGE
agent, effects of 50 mM genistein, a tyrosine kinase inhibitor
(4); 100 mM MG-132, a cell-permeable peptide-aldehyde pro-
tease inhibitor that blocks NF-kB activation via its effect on the
proteasome (18); and 100 mg of SN-50/ml, a cell-permeable
inhibitory peptide of nuclear translocation of NF-kB (24), were
examined. Genistein had no effect on apoptosis of neutrophils
in the absence or presence of the HGE agent (Fig. 8A). MG-

132 accelerated the apoptosis of neutrophils regardless of the
presence of the HGE agent. Of both infected and uninfected
neutrophils, ;100% became morphologically apoptotic after
16 h of incubation in vitro. This suggests that degradation of
some host proteins by proteasomes is required for the inhibi-
tion of the apoptotic process in both normal and HGE agent-
infected neutrophils (Fig. 8B). On the other hand, 100 mg of
SN-50/ml slightly delayed apoptosis of uninfected neutrophils,
but the percentage of morphologically apoptotic neutrophils
infected with the HGE agent was the same whether SN-50 was
present in the medium or not (Fig. 8C). These results suggest
that NF-kB is not involved in delaying apoptosis of neutrophils
by the HGE agent.

Effects of inhibitors of the IL-1b pathway. Our results
showed that the HGE agent induces IL-1b expression in PBL
and neutrophils (H.-Y. Kim and Y. Rikihisa, Abstr. 99th Gen.
Meet. Am. Soc. Microbiol., abstr. D/B-129, p. 234, 1999). Two
different proinflammatory stimuli, LPS and GM-CSF, upregu-
late the expression of IL-1b-converting enzyme, also known as
caspase-1, and delay the apoptosis of neutrophils. The delay is
blocked by blocking antibody to IL-1b or a caspase-1 inhibitor
(42). Therefore, we examined whether endogenous IL-1b gen-
erated by neutrophils in response to the HGE agent or
caspase-1 is involved in inhibition of neutrophil apoptosis by
the HGE agent by adding blocking anti-human IL-1b antibody
or an irreversible tetrapeptide inhibitor of caspase-1, YVAD-
CMK (39), to the assay system. There was no change in the
apoptosis of neutrophils regardless of the presence of the HGE
agent (Fig. 9A).

Cycloheximide, a eukaryotic protein synthesis inhibitor, is
known to enhance the apoptosis of neutrophils in vitro (32).
Cycloheximide has no effect on NF-kB activation but blocks
the antiapoptotic effect of LPS and GM-CSF by inhibiting
IL-1b and caspase-1 upregulation (42). Cycloheximide treat-
ment accelerated apoptosis regardless of the presence of the
HGE agent (Fig. 9B).

Effect of HGE agent on apoptosis of neutrophils in PBL.
Because other leukocytes, such as monocytes and lymphocytes,
which coexist in the blood influence neutrophil apoptosis

FIG. 6. Effect of oxytetracycline on morphological apoptosis of human neu-
trophils incubated with freshly prepared host cell-free HGE agent. Oxytetracy-
cline (OTC) added at 0 h did not block the inhibition of apoptosis of neutrophils
by the HGE agent (n 5 3 assays using neutrophils derived from a single donor).
A representative experiment is shown from three independent experiments per-
formed, each with neutrophils derived from different donors and freshly pre-
pared HGE agent.

FIG. 7. Effect of a protein kinase A inhibitor, H-89, on morphological apo-
ptosis of human neutrophils incubated with freshly prepared host cell-free HGE
agent. Treatment with 1 mM H-89 added at 0 h had no influence on morpho-
logical apoptosis of neutrophils in the presence or absence of the freshly freed
HGE agent (n 5 3 assays using neutrophils derived from a single donor). A
representative experiment is shown from three independent experiments per-
formed, each with neutrophils derived from different donors and freshly pre-
pared host cell-free HGE agent.
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through cytokines and cell-cell interactions (11), we examined
whether the coexistence of other cell types in the blood influ-
ences the inhibition of neutrophil apoptosis by the HGE agent
in vitro. Freshly prepared host cell-free HGE agent was more
effective in inhibiting apoptosis of neutrophils in PBL, which
consisted of ;60% neutrophils, than in purified neutrophils
(Fig. 10). The purified HGE agent was less effective than host

cell-free HGE agent but was more effective in inhibiting apo-
ptosis of neutrophils in PBL than in purified neutrophils. The
rate of apoptosis of uninfected neutrophils was, however, sim-
ilar in PBL and purified neutrophil preparation.

DISCUSSION

The host of the HGE agent is the neutrophil, a suicidal
effector cell equipped with the most powerful antibacterial
armamentarium. Since ehrlichiae die if they remain extracel-
lular, the HGE agent must enter neutrophils. Once it is intra-
cellular, the HGE agent has solved the problem of lysosomal
destruction by inducing the formation of a unique membrane-
bound niche, a parasitophorus vacuole which does not fuse
with lysosomes (28). However, normal neutrophils survive for
a limited time in the peripheral blood. Unless the neutrophil’s
life span is extended, the intracellular HGE agent will die
together with the host cell before having the chance to prolif-
erate. The present study revealed that the HGE agent delays
the apoptosis of human peripheral blood neutrophils suffi-
ciently to allow intracellular proliferation of the HGE agent in
vitro, resulting in a significant morula formation in 24 to 48 h
of incubation at a level comparable to those seen in patients
with HGE (3, 5). The actual percentage of infected cells may
be greater, since by using immunolabeling and flow cytometry
we previously found that almost 100% of P388D1 cells take up
E. risticii at low levels at 3 h postincubation (26), although by
Diff-Quik staining this low level of intracellular ehrlichiae is
not apparent (31).

Although small, condensed, elementary-body-like and large,
light, reticular body-like ehrlichiae have been seen (34), a
chlamydia-like developmental cycle or eclipse stage has not
been demonstrated in ehrlichiae. However, when we follow the
time course of in vitro ehrlichia infection in a leukemia cell
line, during the first day of culture we can seldom see infected
cells (lag phase). After day 2 to 3 days of culture, logarithmic
growth occurs, and 100% of the cells are infected with a large
number of organisms by day 5 to 7 of culture, after which the
cells are lysed (31). Since even with the delay the apoptosis of
infected neutrophils takes place prior to complete ehrlichial
proliferation and host cell lysis, the HGE agent in neutrophils
must be horizontally transmitted to the next generation of
neutrophils prior to host cell apoptosis in order to survive. This
may be one reason why heavily infected neutrophils are rarely
seen in patients. In the present study, nearly all neutrophils
could be prevented from undergoing rapid apoptosis when
stimulated with the host cell-free HGE agent at an MOI of
100. Delaying apoptosis of all neutrophils is advantageous for
the HGE agent, because it gives more time for the HGE agent
to survive and replicate inside neutrophils and to enhance the
chance of its intercellular spreading. How the HGE agent
spreads from infected to uninfected cells is unknown. Infected
neutrophils were rarely seen filled with the HGE agent and/or
lysed. Spreading of monocytic ehrlichiae can occur without
lysis of the infected host cells (36), probably by ehrlichial exo-
cytosis from the infected cells followed by endocytosis of freed
ehrlichiae by other cells (36). The HGE agent may be trans-
mitted by a similar mechanism from infected to uninfected
neutrophils after brief intracellular proliferation.

Previous observations with other granulocytotropic ehrli-
chiae support our observation. In vitro incubation of periph-
eral blood granulocytes from dogs experimentally infected with
Ehrlichia ewingii or heparinized whole blood from sheep ex-
perimentally infected with E. phagocytophila results in an in-
crease in the proportion of infected neutrophils and the num-
ber of morulae in infected cells even after 2 to 4 days or 24 h,

FIG. 8. Effect of genistein, MG-132, and SN-50 on delayed apoptosis of
neutrophils incubated with freshly prepared host cell-free HGE agent. (A) Treat-
ment of neutrophils with 50 mM genistein had no effect on the apoptosis of
neutrophils in the absence or presence of the HGE agent. (B) MG-132 (100 mM)
significantly (p, P , 0.05; pp, P , 0.01 compared with medium alone) accelerated
the apoptosis of neutrophils regardless of the presence of the HGE agent. (C)
SN-50 (100 mg/ml) slightly (p, P , 0.05 compared to medium alone) delayed
apoptosis of uninfected neutrophils but not that of infected neutrophils (n 5 3
assays using neutrophils derived from a single donor). A representative experi-
ment is shown from two independent experiments performed, each with neutro-
phils derived from different donors and freshly prepared host cell-free HGE
agent.
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respectively (43, 44), suggesting that these infected granulo-
cytes survive for a longer period in vitro to allow for the growth
of ehrlichiae. Our result was the opposite of a previous report
(17). This difference might be due to a difference in host cells,
since the previous study used an immortalized leukemia cell
line, HL-60.

As has been seen in patients’ blood (3), we found that
eosinophils become infected with the HGE agent and survive
much longer than neutrophils in vitro. Eosinophils display a
similar capacity to undergo constitutive apoptosis when aged in
vitro, but this process is much slower than that observed for the
neutrophil and is differentially regulated; for example, it is
stimulated rather than inhibited by corticosteroids (25). Eosin-
ophils, therefore, may potentially serve as a reservoir for the
increasing numbers of HGE agents for longer periods of time
than do neutrophils, in order to infect circulating neutrophils.
Several cytokines, such as granulocyte CSF (1), GM-CSF,
IL-1b (13, 42), IL-2 (11, 33), gamma interferon (IFN-g) (13),
and IL-8 (19), are reported to delay apoptosis of neutrophils in
vitro, but IL-6, tumor necrosis factor alpha (TNF)-a, and IL-10
are reported to accelerate neutrophil apoptosis (2, 11, 40).
Although significant levels of TNF-a and IL-6 were generated
by PBL in response to the HGE agent in vitro (H.-Y. Kim and
Y. Rikihisa, Abstr. 99th Gen. Meet. Am. Soc. Microbiol. 1999,
abstr. D/B-129, p. 234, 1999), in the present study neutrophils
in PBL, which may be closer to the in vivo situation, survived
as long as purified neutrophils in vitro, and the effect of the
HGE agent in delaying apoptosis of neutrophils is greater in
the presence of other leukocytes, indicating that the influence
of the HGE agent is reproducible and the presence of other
leukocyte populations does not override or cancel the influ-
ence.

Unlike E. coli, which accelerates the apoptosis of neutro-
phils (41), it is becoming clear that several intracellular micro-
organisms delay apoptosis of host cells. Detailed signaling
pathways for the inhibition of apoptosis, however, are not yet
known for any of these agents. Rickettsia rickettsii (12) activates
NF-kB to inhibit the apoptotic process of the host endothelial
cells. NF-kB is expressed in human neutrophils, and inhibition
of an inducible form of NF-kB is linked to the induction of

neutrophil apoptosis (40). Our present study, however, sug-
gests that NF-kB activation is not involved in delaying apopto-
sis of neutrophils by the HGE agent. Mycobacterium tubercu-
losis, which has a longer doubling time than the HGE agent, at
low numbers delays apoptosis of human monocytes in vitro
(16). The inhibition is partially neutralized with anti-TNF-a
antibodies, suggesting that TNF-a partially mediates the anti-
apoptotic effect of M. tuberculosis. Unlike monocytes, TNF-a is
known to induce rapid apoptosis of human peripheral blood
neutrophils in vitro (11, 40). An intracellular infection by the
protozoan parasite Toxoplasma gondii counteracts apoptosis of
murine lymphoma cell lines induced by several kinds of stimuli,
such as Fas ligation, granzyme B, g- or UV irradiation, and

FIG. 9. Effect of inhibitors of the IL-1b pathway or cycloheximide on delayed apoptosis of neutrophils incubated with freshly prepared host cell-free HGE agent.
(A) There was no change in the inhibition of neutrophil apoptosis by the HGE agent after adding 50 ng of blocking anti-human IL-1b antibody/ml or 100 mM
YVAD-CMK (caspase-1 inhibitor) to the assay system. (B) Cycloheximide (CHX) (2 mg/ml), a eukaryotic protein synthesis inhibitor, accelerated apoptosis regardless
of whether the HGE agent was present or not (n 5 3 assays using neutrophils derived from a single donor). p, P , 0.05; pp, P , 0.01 compared with medium alone.
A representative experiment is shown from two independent experiments performed, each with neutrophils derived from different donors and freshly prepared host
cell-free HGE agent.

FIG. 10. Effect of the HGE agent on apoptosis of neutrophils in PBL.
Freshly prepared host cell-free HGE agent was effective in inhibiting apoptosis
of neutrophils in PBL. The purified HGE agent was less effective than freshly
freed HGE agent but was more effective in inhibiting apoptosis of neutrophils in
PBL than in purified neutrophil preparations (n 5 3 assays using neutrophils
derived from a single donor). A representative experiment is shown from more
than three independent experiments performed, each with neutrophils derived
from different donors and freshly prepared host cell-free HGE agent.
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calcium ionophores (29), suggesting that a mechanism com-
mon to many apoptotic pathways is involved. In contrast to the
HGE agent, protection against apoptosis by T. gondii requires
the continued presence of live organisms and ongoing protein
synthesis (29). The intracellular protozoan parasite Leishma-
nia donovani or treatment with lipophosphoglycan, the major
surface molecule of the Leishmania promastigote, also inhibits
mouse bone marrow macrophage apoptosis induced by re-
moval of macrophage CSF in vitro (27). Although exogenous
TNF-a inhibits apoptosis in this assay system and Leishmania
infection induces TNF-a secretion, the inhibition was not re-
stored by anti-TNF-a-neutralizing antibodies. As far as we
know, the HGE agent is the first infectious agent known to
delay apoptosis of neutrophils, and the antiapoptotic mecha-
nism of the HGE agent appears to be different from the mech-
anisms of other intracellular microorganisms. Therefore, the
HGE agent may serve as a new tool for analysis of the apo-
ptotic mechanism of neutrophils.

Because the noninfectious purified HGE agent had an an-
tiapoptotic effect and because inhibition of ehrlichial protein
synthesis or proliferation did not prevent or turn off the anti-
apoptotic signal, infection per se is not essential for delaying
apoptosis. However, the protein residue of the HGE agent,
rather than carbohydrates, is required for the inhibition. When
monocytic ehrlichiae are treated with trypsin, a milder proteo-
lytic enzyme than proteinase K, ehrlichial binding and subse-
quent internalization in host cells is prevented (26). In addi-
tion, our MDC study showed that ehrlichial internalization
and/or receptor cross-linking is required for apoptosis inhibi-
tion. The inhibitory effect of the HGE agent on apoptosis was
dose dependent. These results suggest that initial occupation
and cross-linking of host cell receptors by preformed proteins
of the HGE agent may be sufficient to trigger the antiapoptotic
signal. The reason the freshly prepared host cell-free HGE
agent had stronger antiapoptotic activity than the purified
HGE agent may be that the structural or conformational in-
tegrity present in the freshly prepared host cell-free HGE
agent, which is lost in the purified HGE agent, is required for
effective cross-linking of receptors or internalization.

E. chaffeensis, upon binding to THP-1 cells, increases protein
kinase A activity 25-fold within 30 min and inhibits tyrosine
phosphorylation of Jak-1 and -2 and Stat1a in response to
IFN-g. This inhibition does not require the internalization of
E. chaffeensis in THP-1 cells or the carbohydrate residue of the
organism, but binding of the protein of E. chaffeensis to the
host cells is required (22). It appears that these conditions are
similar to those required for delaying apoptosis by the HGE
agent. However, we did not find the involvement of protein
kinase A activation in apoptosis delay by the HGE agent.
Similarly, inhibition of basal protein kinase A activity by 25 mM
H-89 has no influence on (does not accelerate) spontaneous or
cycloheximide- or anti-Fas-induced neutrophil apoptosis (32),
although conditions that raise intracellular cAMP are shown to
delay spontaneous neutrophil apoptosis and inhibit apoptosis
induced by cycloheximide or anti-Fas (30, 32). Additionally,
because host cell interactions with E. chaffeensis and the HGE
agent differ in several respects, such as the intracellular com-
partments they occupy (28) and upregulation of host trans-
ferrin receptor mRNA (7) and cytokine mRNA expression (21;
Kim and Rikihisa, Abstr. 99th Gen. Meet. Am. Soc. Micro-
biol), host cell receptors and intracellular signaling pathways
may be different. The antiapoptotic mechanism may share the
signaling pathway with dexamethasone-induced apoptosis, be-
cause suppression of apoptosis by both dexamethasone and the
HGE agent is abolished by cotreatment with cycloheximide
(14).

The HGE agent might have LPS, since it belongs to the
gram-negative bacteria. E. coli LPS is reported to delay apo-
ptosis of neutrophils in vitro (38, 42). Inhibition of apoptosis of
neutrophils by bacterial LPS is mediated by induced pro-IL-1b
and caspase-1 through protein tyrosine phosphorylation-de-
pendent activation of NF-kB (38, 42). IL-1b is known to delay
apoptosis of neutrophils (42), and IL-1b was also induced in
neutrophils exposed to the HGE agent (Kim and Rikihisa,
Abstr. 99th Gen. Meet. Am. Soc. Microbiol.). However, IL-1b
and NF-kB do not appear to be involved in inhibition of apo-
ptosis by the HGE agent. This suggests that the HGE agent
either lacks LPS or the structure and biological activity of
ehrlichial LPS is distinct from those of E. coli LPS.

Delayed apoptosis of neutrophils may help ehrlichial prolif-
eration and prolong proinflammatory cytokine generation,
making patients more ill and thus prone to hospitalization. In
agreement with this speculation, Bakken et al. reported a
higher percentage of neutrophils in the PBL of hospitalized
than nonhospitalized HGE patients (6). Elucidation of an ehr-
lichial factor(s) and the signaling pathway in the neutrophils
that inhibit apoptosis would be important in understanding the
pathogenesis of HGE. The HGE agent or its protein compo-
nents may also serve as a tool in analyzing the fundamental
apoptotic mechanisms of neutrophils.
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