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Overview
The Mouse as a Model for Investigation of Human

Granulocytic Ehrlichiosis: Current Knowledge
and Future Directions

Dori L. Borjesson, DVM, PhD,1 and Stephen W. Barthold, DVM, PhD2,*

The use of laboratory mice to investigate correlates of infectious disease, including infection kinetics, cellular
alterations, cytokine profiles, and immune response in the context of an intact host has expanded exponentially in
the last decade. A marked increase in the availability of transgenic mice and research tools developed specifically
for the mouse parallels and enhances this research. Human granulocytic ehrlichiosis (HGE) is an emerging, zoonotic
disease caused by tick-borne bacteria. The HGE agent (Anaplasma phagocytophila) is one of two recognized patho-
gens to cause human granulocytic ehrlichiosis (HGE). The mouse model of HGE complements in vitro tissue culture
studies, limited in vivo large animal studies, and ex vivo studies of human and ruminant neutrophils, and promises
new avenues to approach mechanisms of disease. In the overview reported here, we focus principally on current
research into HGE pathogenesis using the mouse model. Included is a discussion of current changes in ehrlichial
classification and nomenclature, a review of ehrlichial biology and ecology, and highlights of clinical disease in
animals and people.

Figure 1. Blood smear from an human granulocytic ehrlichiosis (HGE)
agent-infected mouse. Notice that the neutrophil contains pathogno-
monic large, multiple, intracytoplasmic morulae representing colo-
nies of ehrlichial bacteria.

Human granulocytic ehrlichiosis (HGE) is an emerging, poten-
tially fatal, tick-borne zoonotic disease caused by an obligate intra-
cellular bacterium. These bacteria replicate within the cytoplasm
of granulocytes, forming morulae, readily identified by blood smear
examination (Fig. 1). Although they were recognized in the 1930s
as important animal pathogens (1), granulocytic ehrlichia have
only recently been incriminated as human pathogens (2, 3). In-
deed, HGE wasn’t recognized until 1994 (4). The HGE agent was
successfully cultivated in a human promyelocytic leukemia cell
line in 1996 (5). As a human syndrome, there has been renewed
interest in ehrlichial disease pathogenesis, host immune response,
host cell-pathogen interactions, diagnostic assay development, and
disease epidemiology.

Animal models of ehrlichial infection have greatly expanded
our understanding of ehrlichial biology and disease. This review
will focus on the role of the laboratory mouse as a model for
HGE, with principal emphasis on disease pathogenesis and host
cell-pathogen interactions. Research observations involving use
of ex vivo and in vitro cell culture techniques are included to
fully delineate advances in understanding HGE pathogenesis.
In addition, there is an overview of ehrlichial classification and
nomenclature, biology, clinical disease, and ehrlichial infection
in other animal species.

Classification and Nomenclature
Substantial change in the classification and nomenclature of this group of organisms, on the basis of 16S rRNA gene and

groESL operon sequences, has taken place. Previously, the
Ehrlichia genus was in the family Rickettsiaceae and members
were classified into three major genogroups on the basis of their
16S rRNA gene sequences (Table 1A). The order Rickettsiales
now has two families, Rickettsiaceae and Anaplasmataecae.
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Table 1A. Former classification of ehrlichial organisms

Genogroup Primary vertebrate host Vector Target cell

I.
E. canis Canids Rhipicephalus sanguineus Monocyte, macrophage
E. chaffensis Humans Amblyomma americanum Monocyte, macrophage
E. ewingii Canids, Humans Amblyomma americanum Neutrophil
E. muris Mice Haemaphusalis sp. Monocyte, macrophage
Cowdria ruminantium Ruminants Amblyomma spp. Endothelium

II.
E. phagocytophila Ruminants Ixodes persulcatus complex Neutrophil
E. equi Equids Ixodes persulcatus complex Neutrophil
HGE Humans Ixodes persulcatus complex Neutrophil
LGE* Llama Ixodes pacificus Neutrophil
E. platys Canids Unknown Platelet
E. bovis Ruminants Unknown Monocyte
Anaplasma marginale Ruminants Boophilus spp., Dermacentor spp. Erythrocyte

III.
E. sennetsu Humans Ingestion of raw fish Monocyte, macrophage
E. risticii Equids Ingestion/snail/fluke Monocyte, enterocyte
Neorickettsia helmintheca Canids Ingestion/salmon/fluke Macrophage

*LGE = Llama granulocytic Ehrlichia sp.

Table 1B. Current classification of the ehrlichial organisms

Genus Ehrlichia Genus Anaplasma Genus Neorickettsia

E. canis A. phagocytophila* N. sennetsu
E. chaffensis A. marginale N. risticii
E. ewingii A. platys N. helminthoeca
E. muris A. bovis
E. ruminantium

*Organisms formerly classified separately as E. phagocytophila, E. equi, HGE
and LGE are now lumped together as one genus and species, A. phagocytophila.

Ehrlichia spp., including the HGE agent, are now classified as
members of the Anaplasmataceae family (6). All members of
this family selectively inhabit and replicate within unique in-
tracellular vacuoles of their host cells, including granulocytes,
monocytes, platelets, and erythrocytes. Although these organ-
isms have an ultrastructural similarity to gram-negative bacte-
ria, they lack lipopolysaccarharide endotoxin.

Under the new classification scheme, the former three
genogroups have been found to be sufficiently distinct genetically
so as to mandate renaming the genogroups as distinct genera
(Table 1B). Members of former genogroup I remain within the
genus Ehrlichia. Cowdria ruminantium, which stands alone as
an agent that infects endothelium, is now classified as Ehrlichia
ruminantium. Members of former genogroup II are now within
the genus Anaplasma. Furthermore, the agents that were for-
merly named E. phagocytophila, E. equi, the agent of llama
granulocytic ehrlichiosis (LGE), and the HGE agent, which have
> 99% homology among them, are now considered to be conspe-
cific, and are named Anaplasma phagocytophila. Members of
former genogroup III, which share similar fish/fluke life cycles,
are now within the genus Neorickettsia (Table 1B). Tables 1A and
1B are not complete lists of all members within these families. A
comprehensive taxonomic review of the families Rickettsiaceae
and Anaplasmataceae has recently been published (6).

The newly created nomenclature provides a cohesive scheme
on the basis of clear genetic criteria, and confirms the related-
ness of members, yet poses new problems when citing past lit-
erature and referring to specific clinical entities. Traditional
terminology of these agents, particularly ones within former
genogroup II, has been based on the hosts that have been found
to harbor them. It is highly unlikely that E. equi or the HGE

agent, for example, live in nature to infect horses or people, re-
spectively, both of which are likely to be incidental hosts. Tick-
borne agents in general have a wide host range. Nevertheless,
lumping these agents together among horse and human isolates
does not reflect biological differences, such as variable infectivity
between horse and human isolates. A somewhat more confusing
issue is granulocytic ehrlichiosis, which can be caused not only by
the HGE agent, which is now called A. phagocytophila, but also
by E. ewingii, which belongs to the genetically and serologically
distinct former genogroup I (2). Thus, these two agents of dis-
tinctly different genera induce the same characteristic morulae
within granulocytes, infect humans and dogs, and induce an in-
distinguishable clinical syndrome of granulocytic ehrlichiosis.

The subsequent text of this review deals solely with the HGE
agent (now named A. phagocytophila). The other known cause of
granulocytic ehrlichiosis, E. ewingii, has not been successfully
cultured, and specific diagnostic assays as well as basic re-
search on this pathogen are notably scant. For the sake of clar-
ity and easy reference to past literature, this review uses
traditional terminology to minimize confusion when referring to
different cited studies. The HGE agent, therefore, is the term
used in this review for human isolates (rather than horse,
sheep, or other hosts) that are associated with the human clini-
cal syndrome of HGE. The terms E. equi and E. phagocytophila
will be used to denote experimentally induced or natural infec-
tion with agents isolated from horses and ruminants, respec-
tively, acknowledging however that these organisms are not
genetically distinct from one another.

Ecology
As denoted in Tables 1A and 1B, agents within the genera

Ehrlichia and Anaplasma are vectored by different ticks. The
HGE agent (A. phagocytophila) is vectored by ticks of the Ixodes
persulcatus genospecies complex. Ticks in this genospecies are
found circumpolarly throughout the northern hemisphere, with
the evolution of a number of different tick species in association
with the advancement and recession of the last ice age. During
this process, various ecologic niches evolved that supported dif-
ferent reservoir hosts (generally rodents) that were co-infected
with a common guild of pathogens that co-evolved with their
tick vectors. Each niche evolved with its own Ixodes species, in-
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cluding I. persulcatus in Eurasia, I. ricinus in western Europe, I.
scapularis in the northeastern and upper mid-western United
States, I. pacificus in the western United States, and many
other lesser species. Each niche, regardless of its geographic lo-
cation, contained a guild of common co-evolving pathogens:
Ehrlichia (now Anaplasma), Borrelia, and Babesia spp., and
tick-borne encephalitis viruses. These agents are co-transmitted
among the same reservoir hosts and same ticks within a par-
ticular ecosystem. These hosts and ecosystems have merged
and mixed since the last ice age due to the environmental im-
pact and traffic of humankind. In Europe, for example, I. ricinus
ticks that are infected with three distinct genospecies of B.
burgdorferi, (all agents of Lyme borreliosis), which each origi-
nated from either Eurasia, Europe or North America, have been
found. Even in North America, single ticks may carry a genetic
mix of B. burgdorferi isolates. Thus, it is likely that the ehrlichiae
in these environments also are likely to be equally diverse. They
also are likely to vary in their individual potential for pathoge-
nicity, as has been documented to exist among B. burgdorferi
genospecies and among various B. burgdorferi isolates (7). As
human pathogens, the ehrlichiae lag about ten years behind B.
burgdorferi in scientific awareness, so that we can expect grow-
ing clarity on the genetic and biologic diversity of the HGE agent.

Human Disease
HGE is characterized by fever, headache, myalgias, chills, and

malaise. Less common symptoms include nausea, anorexia,
vomiting, arthralgias, cough, confusion, weakness, diarrhea,
pneumonia, vertigo, seizure, and rash (8, 9). Despite the selec-
tive granulocytotropism of the HGE agent, hematologic abnor-
malities include thrombocytopenia, leukopenia (lymphopenia
and neutropenia, occasionally with a left shift), and anemia.
Later, reactive lymphocytosis and monocytosis are frequently
observed (8, 10). Serum biochemical abnormalities may include
increased aspartate and alanine aminotransferase, alkaline
phosphatase, lactate dehydrogenase, and C-reactive protein ac-
tivities, indicative of mild hepatocellular injury and acute in-
flammation (8, 9).

Toxic shock-like syndrome (11, 12) that results in pulmonary,
renal, cardiac, and neurologic complications, particularly in eld-
erly or debilitated hosts, has been reported (13-16). Consumptive
coagulopathy, with increases in prothrombin time, activated par-
tial thromboplastin time, and fibrin(ogen) degradation products,
also has been described (17). The diagnostic hallmark of acute
HGE is presence of morulae within circulating neutrophils; how-
ever, their absence does not rule out infection. Results of poly-
merase chain reaction (PCR) analysis and paired serologic titers
are used to confirm infection.

Granulocytic Ehrlichiosis in
Other Species

The first granulocytic ehrlichial organism described was E.
phagocytophila, the agent of tick-borne fever in ruminants (1).
As such, early research focused on the disease in small rumi-
nants, especially sheep. When inoculated intraveneously (i.v.)
with infected blood, sheep become febrile and parasitemic by
postinoculation days 3 to 4, with bacteremia continuing for 6 to
8 days, as evidenced by circulating morulae (18). Tick-borne fe-
ver is characterized by fever, apathy, anorexia, tachypnea, nasal
discharge, cough, and reluctance to move (19). Sheep and cattle

manifest classic hematologic alterations, including presence of
morulae, thrombocytopenia, early leukopenia characterized by
lymphopenia and marked neutropenia, as well as monocytosis
at postinoculation day 5 (20, 21). Additionally, abortion com-
monly occurs if naïve pregnant sheep are introduced to pasture
infested with vector ticks (I. ricinus) (22). The most important
clinical consequences of tick-borne fever are secondary infec-
tions, including staphylococcal abscesses and septicemia, pas-
teurellosis, and flavivirus infection (louping ill), among others
(23-29). After infection, sheep remain infective for at least 35
days, and possibly as long as 2 years (30). Experimentally in-
duced infection of cows with the HGE agent in Switzerland re-
sulted in seroconversion to the HGE agent and conferred
protection from later challenge with E. phagocytophila; how-
ever, clinical or laboratory signs of acute infection were not ob-
served. In contrast, experimentally induced infection with E.
phagocytophila resulted in typical clinical and laboratory signs
of illness, highlighting the biologic differences between strains
and isolates (21).

Granulocytic ehrlichiosis in horses, attributed to E. equi, was
first described in 1969 (31). Experimentally induced infection of
horses via intravenous inoculation results in fever and para-
sitemia in approximately 5 days. Results of PCR analysis of
blood generally are positive by postinoculation day 3 (32). Clini-
cal signs of infection include fever, depression, anorexia, icterus,
ataxia, and limb edema (33, 34). Moderate to marked thromb-
ocytopenia, moderate leukopenia, and mild anemia, develop
from 6 to 15 days after inoculation. Full recovery is generally
evident in 2 to 3 weeks (33, 35). Subclinical infection or infection
accompanied by mild clinical signs of disease may be the most
frequent outcome of infection in horses (30), as the prevalence of
seroreactivity to E. equi far exceeds that of detectable disease
(36). Experimentally induced infection of horses with E.
phagocytophila, obtained from cows, resulted in seroconversion
and protection against subsequent E. equi challenge; however,
evidence of active disease was not apparent (21). When inocu-
lated with the HGE agent, horses develop clinical disease that
is indistinguishable from disease secondary to E. equi infection
(32). Histopathologic changes in a group of six horses inoculated
with E. equi have been reported. Important findings included
splenic lymphoid depletion and erythrocyte congestion, normal
to hypercellular bone marrow, mild pulmonary perivascular
lymphohistiocytic infiltrates and mild periportal mononuclear
cell infiltrates, or mild lobular hepatitis with focal apoptotic
cells (37).

Canine granulocytic ehrlichiosis was first recognized as a dis-
tinct clinical entity in Arkansas in 1971. At the time, it was
thought to be a new strain of E. canis (the agent of canine mono-
cytic ehrlichiosis) (38). It was not until 1992 that the 16S rRNA
gene of this agent was sequenced and found to be unique from
that of E. canis as well as other members of the Ehrlichia ge-
nus, and the agent was named E. ewingii, in honor of S. A.
Ewing (39). Concurrently, it is being established that canine
granulocytic ehrlichiosis could also develop secondary to infec-
tion with E. equi (A. phagocytophila). Because of the 20 years be-
tween initial recognition and molecular definition of E. ewingii,
literature describing canine granulocytic ehrlichiosis up until
the early 1990s does not distinguish between disease secondary
to E. ewingii and E. equi. Currently, granulocytic ehrlichiosis
due to E. ewingii in dogs is distinguished from granulocytic

Mouse models of granulocytic ehrlichiosis
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ehrlichiosis due to E. equi by finding: characteristic bacterial
morulae within granulocytes, higher serum antibody titer to E.
canis than E. equi, and positive results of PCR analysis or DNA
sequencing. Disease due to E. ewingii has been recognized prin-
cipally in southern United States, including Missouri, Oklahoma,
Tennessee, North Carolina, and Virginia (40-43). This geographic
distribution reflects vector distribution and can be used in con-
junction with the aforementioned parameters to predict prob-
ability of infection with E. ewingii versus E. equi. Clinically, dogs
have evidence of muscular stiffness, lameness or polyarthritis
and, rarely, meningitis. They also have the usual hematologic
abnormalities, with moderate to severe anemia (41, 42, 44).

As mentioned previously, dogs were found to be experimen-
tally susceptible to E. equi in the mid-1970s (45), and in 1982, E.
equi was found to be associated with naturally infected dogs in
California (46). Since then, clinical disease or serologic evidence
of infection has been found in numerous locales, including Min-
nesota, Wisconsin, Connecticut, New York, North Carolina, Vir-
ginia, and Sweden (41, 47-49). Disease ranges from mild and
subclinical to overt, with fever, depression, lethargy, and classic
hematologic alterations. Histopathologic changes include reac-
tive splenic hyperplasia and non-specific mononuclear reactive
hepatitis (49).

Laboratory Mice as a Model for HGE
Laboratory mice serve as useful tools for investigation of

HGE pathogenesis and infection kinetics, not easily evaluated
in people or other large animal species. Soon after recognition of
HGE, Telford and co-workers (50) inoculated several mouse
strains, including inbred and outbred mice, to examine the deer
tick-rodent life cycle of the HGE agent. Most mouse strains
were susceptible to infection, as measured by blood smear ex-
amination for morulae, PCR analysis, and xenodiagnosis (51).
In addition, hematologic, immunologic, and pathologic responses
to infection mimicked infection in human beings and other spe-
cies, although overt clinical signs of disease were not apparent
(51, 52). The kinetics of infection have been defined principally in
C3H/HeN (C3H) and C57BL/6 (B6) mice. The C3H/HeJ mice
have defective macrophage activation and are used only spo-
radically in studies investigating HGE. As such, C3H mice will
be used to refer to studies using C3H/HeN mice, and C3H/HeJ
mice will be denoted separately when applicable.

Although B6 mice support a transient and low infection bur-
den, compared with that in C3H mice, they are the background
strain for most genetically engineered mice and, thus, are fre-
quently used to model infection kinetics. In contrast to immuno-
competent mice that eventually clear infection, C3H mice with
severe combined immune deficiency (SCID) remain persistently
infected (50). Blood passaged through SCID mice is frequently
used as a source of infective material in mouse studies. Thus,
infective dose and route of inoculation can be manipulated ex-
perimentally, using intraperitoneal injection to standardize
dose or exploiting ticks, as mechanical vectors, to study the
natural route of infection. Combining the mouse model with
quantitative PCR analysis of blood and other tissues permits
investigation of infection kinetics not accessible by use of in
vitro or cell culture systems. Additionally, use of genetically en-
gineered mice with precise genetic defects, including deletions
of leukocyte-signaling molecules, leukocyte adhesion molecules,
and cytokines, allows detailed investigation of the correlation

between infection kinetics, pathogenesis, and leukocyte func-
tion. Table 2 provides a comprehensive list of mouse strains and
mutants that have been infected with the HGE agent to inves-
tigate disease pathogenesis.

Infected B6 and C3H mice consistently have marked sple-
nomegaly (Fig. 2) on postinfection days 7 to 10. Splenomegaly is
secondary to extramedullary hematopoiesis and reactive lym-
phoid hyperplasia with prominent follicle formation, which sub-
sides by postinfection days 17 to 24. Infected mice also have
generalized lymphoid hyperplasia in cervical, mediastinal, and
mesenteric lymph nodes as well as Peyer’s patches. Active he-
matopoiesis is evident in the bone marrow of all cell lineages
(51). In studies with C3H/HeJ mice, the animals have a few
small aggregates of inflammatory cells in the liver as well as
rare apoptotic hepatocytes from postinfection days 2 to 14. Ex-
tramedullary hematopoiesis is seen in the spleen, with an in-
crease in foamy macrophages. Lymph nodes have paracortical
lymphoid hyperplasia, and lung changes consist of mild perivas-
cular infiltrates (53).

Mice infected with the HGE agent can be safely handled after
completion of a standard laboratory animal-handling course,
with an emphasis on blood-borne pathogens. Direct inoculation,
especially needle exposure, is the principal risk of which animal
handlers should be made aware. Personal protective equipment,
including lab coat, gloves, and booties should be worn. The dis-
ease in human beings and animals is readily treated with anti-
biotics, and the agent is neither air-borne nor transmitted by
saliva or fecal/oral routes; thus, research can be performed in a
biosafety level-2 laboratory.

Inbred mice can provide consistent, measurable responses to
an infection. As such, they have been extensively used in the
modeling of infectious disease. However, because of their small
size and limited blood volume, mice have been underused in leu-
kocyte function research. Nonetheless, increasingly sensitive
analytical techniques now permit single cell analysis. Combined
with the availability of genetically modified mouse strains and
murine specific monoclonal antibodies in the areas of leukocyte
biology and inflammation, these tools provide a rich foundation
on which to build in vivo studies of leukocyte function and HGE
pathogenesis. The following section focuses on mechanisms by
which the HGE agent enters granulocytes, replicates within its
own vacuole in a short-lived, terminally differentiated cell, and
subverts the powerful bactericidal capacities of their host cells.
To date, most host cell-pathogen interactions have been defined
in vitro or ex vivo; yet, they set the stage for the pursuit of in
vivo pathogenesis in the context of an intact host. Indeed, the
mouse model is useful only if it is understood within the context
of the overall biology of the agent in a variety of in vivo and in
vitro systems.

The HGE Agent: Life Within a Neutrophil
The HGE agent binds specifically to the fucosylated leukocyte

P-selectin glycoprotein ligand 1 (PSGL-1) on human neutro-
phils. Blocking of PSGL-1 with monoclonal antibodies or pro-
teolytic destruction of PSGL-1 prevents adhesion and entry into
host cells (54, 55). This receptor-mediated interaction likely is a
key determinant in the pathogen’s unique tropism for granulo-
cytes. Bacterial binding to PSGL-1 may be the proximate cause
of bacterial entry into the host cell, or it may simply be an ini-
tial signal leading to downstream events with resultant entry.
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Table 2. Laboratory mice used in HGE research

Mouse strain Description Infection features Infection interval Reference

C3H/HeJ Defective macrophage activation Clears infection 10 days* 50
24 days† 51

DBA/2 Widely used inbred strain Prolonged infection > 6 weeks 50

CD-1 Outbred Swiss Clears infection 10 days* 50

CD-1 (splenectomized) Increased, prolonged bacteremia > 60 days 50

C3H/HeN Widely used inbred strain Clears infection 10 days* 50
55 days 51

C3H/HeN (splenectomized) Increased, prolonged bacteremia > 15 days‡ 50

C3H/Smn.CIcrHsd/scid Severe combined immune deficiency Persistent infection Persistent 50

Peromyscus leucopus Natural reservoir host Clears infection 10 days* 50
14 days† 90

BALB/c Widely used inbred strain Clears infection 21 days* 76

BALB/c-Cmkar2tm1Mwm Interleukin 8 receptor (CXCR2) K/O Decreased bacteremia 7 days* 76

C57BL/6 Widely used inbred strain Clears infection 20 days† 51

B6.129P2-Tcrbtm1momTcrd.tm1mom T cell receptor beta/delta K/O, Increased, prolonged bacteremia > 30 days‡ 94
T cell deficient

B6.129S2-Igh-6tm1Cgn Immunoglobulin heavy chain K/O, Increased, prolonged bacteremia > 30 days‡ 94
B cell deficient

B6.129S7-rag1tm1mom Recombination activating gene-1 K/O Persistent infection Persistent 94

B6.129Sv-CD11b β2-integrin, CD11b/CD18 (Mac1) K/O Moderately increased bacteremia 8 days‡ 74

B6.129S7-Ifngtm1Ts IFN gamma K/O Markedly increased  bacteremia 15 days† 73

B6.129P2-Nos2tm1Lau Inducible nitric oxide synthase K/O Increased bacteremia 12 days† 72

B6.129S6-Cybbtm1 gp91 phox K/O No differences noted 12 days† 72

B6.129S7-Ifngrtm1 IFN gamma receptor K/O Increased bacteremia 12 days† 72

B6.129S7-IL10tm1Cgn Interleukin 10 K/O No differences noted 15 days† 90

*Reflects minimal infection time, on the basis of absence of morula from blood.
†Reflects minimal infection time, on the basis of negative results of polymerase chain reaction analysis.
‡Not tested beyond this time point.
K/O = knockout.

Figure 2. Marked splenomegaly in a C3H/HeN mouse 6 days after
intraperitoneal inoculation with the HGE agent.

Either way, it is clear that engagement of PSGL-1 can and likely
does lead to signal transduction (56, 57), and that the induced
signals may be important not only for entry, but also for intrac-
ellular survival. More research is needed to fully define the
pathway by which the bacteria enters the cell, the signals trans-
duced along the way that may facilitate survival, the specific
bacterial ligands that mediate this interaction, and whether al-
ternate receptors or pathways also are used. To the authors’
knowledge, studies evaluating initial bacterial binding and en-
try into murine neutrophils have not been performed. However,

on the basis of known differences in PSGL-1 signal transduc-
tion between human and murine neutrophils, research in this
area will be vital to understanding comparative HGE pathogen-
esis (57, 58).

Once inside its host granulocyte, the HGE agent resides
within its own unique cytoplasmic membrane-bound vacuole.
On the basis of ultrastructural studies of HL-60 cells (a human
promyelocytic cell line), vacuoles containing the HGE agent
were able to incorporate colloidal gold particles, suggesting
these vacuoles were a part of the endocytic pathway (59). How-
ever, antibodies directed against the transferrin receptor (an
early endosome marker) and lysosomal-associated membrane
protein 1 (a late endosome marker), as well as a number of
other endosomal markers, did not label HGE agent-containing
vacuoles (59, 60). Attempts to label HGE agent-containing vacu-
oles with mannose-6-phosphate receptor, a marker of endocytic
organelles, have yielded discrepant results (59, 60). Co-infection
of HL-60 cells with E. chaffensis and the HGE agent, and co-in-
cubation of sheep neutrophils with latex beads or Candida
albicans and the HGE agent, indicated that the HGE agent re-
sides within separate inclusions (61, 62). Thus, it appears that
the vacuoles are not typical of either early or late endosomes
and, if they are indeed an endosomal compartment, they are
somehow modified or fail to mature into phagolysosomes.

As an obligate intracellular pathogen that has chosen to re-
side within the potentially hostile environment of a powerful
antimicrobial cell, simply gaining intracellular access is not suf-
ficient to ensure survival. Usually, pathogens that enter neutro-
phils via phagocytosis or endocytosis are subject to rapid

Mouse models of granulocytic ehrlichiosis
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destruction once lysosomes fuse with the pathogen-containing
phagosome. Prevention of phagosome-lysosome fusion is a mecha-
nism by which a number of pathogens, including Mycobacterium
tuberculosis, Legionella pneumophila and Neorickettsia risticii, es-
cape intracellular destruction (63-65). This also appears to be a
mechanism by which the HGE agent avoids intracellular de-
struction. It has been documented in sheep neutrophils and HL-
60 cells that vacuoles containing the HGE agent do not fuse with
host lysosomes or Golgi-derived vesicles (59, 61, 62). This preven-
tion of phagosome-lysosome fusion requires active synthesis of
bacterial proteins, as preincubation of infected sheep neutrophils
with oxytetracycline results in phagosome-lysosome fusion (61).

One of the many paradoxes of the HGE agent is that it chooses
to occupy a terminally differentiated granulocyte that has a cir-
culating half-life of < 8 h. This life span is clearly too short for
ehrlichial replication and formation of the pathognomonic
morulae found in circulating neutrophils (Fig. 1). This suggests
that the HGE agent either infects granulocytic precursors in
bone marrow and the bacteria replicate during granulocyte
maturation, and/or that intracellular infection alters the life
span of granulocytes. Klein and co-workers (66) observed that
isolated human bone marrow stem cells stimulated toward
granulocytic differentiation are susceptible to infection with the
HGE agent (66). Studies in C3H mice have documented the
HGE agent DNA in bone marrow up to 60 days after infection,
regardless of the inoculation route (67, 68). Given the high num-
ber of susceptible granulocyte precursors in bone marrow, infec-
tion in this tissue is not surprising. The tools available for
studying hematopoiesis, including lineage specific markers and
quantitative colony-forming assays, will permit more detailed
investigations into the role primary bone marrow infection
plays in the paradox of circulating morulae, pathogenesis of
cytopenias and maintenance of long-term infection.

Another possible explanation for the presence of circulating
morulae is prolongation of granulocyte survival. Indeed, intracel-
lular infection with the HGE agent inhibited apoptosis of human
neutrophils in vitro (69). Delayed apoptosis required binding of
the pathogen to a protein component of the host cell membrane
and internalization of the HGE agent. However, ehrlichial pro-
tein synthesis was not required, as addition of oxytetracycline to
the culture did not prevent the anti-apoptotic effect. Although
the mechanism behind inhibition of apoptosis was not delin-
eated, the authors found that protein kinase A, nuclear factor-κB,
and interleukin 1β were not directly involved (69). Whether de-
layed apoptosis contributes substantially to bacterial survival
and propagation in vivo is not known; however, investigations of
neutrophil life span in vivo can be readily evaluated in the mouse
model of HGE.

It has long been speculated that the antimicrobial capacities
of granulocytes infected with ehrlichiae are altered. In large
part this was due to early recognition that E. phagocytophila in
sheep and cattle exacerbates other diseases, including louping
ill, listeriosis, pasteurellosis, chlamydiosis, streptococcal ab-
scesses, and parainfluenza 3 (23-29). Early studies of granulocyte
function focused on neutrophils isolated from sheep infected with
E. phagocytophila. Assays that compared the ex vivo capacity of
neutrophils to phagocytose Staphylococcus aureus suggested
that neutrophils from infected sheep were less able to phagocy-
tose S. aureus than were neutrophils from uninfected sheep. In
addition, qualitative assays suggested that bacterial killing was

also reduced in neutrophils from infected sheep (18).
Neutrophils contain powerful oxygen-dependent and oxygen-

independent mechanisms for killing of microbes. The respira-
tory burst initiated by the NADPH oxidase system is a first line
of defense against most invading pathogens. Recently, using di-
verse models, including human blood leukocytes (neutrophils
and monocytes), murine splenic neutrophils, and HL-60 cells, it
has been documented that granulocytes infected with the HGE
agent do not generate superoxide anion (70, 71). In addition,
monocytes, known to be resistant to infection in vivo do not
have decreased respiratory burst (71). At least one mechanism
behind inhibition of the respiratory burst is the down-regula-
tion of glycoprotein91phox, one of four components of the
NADPH oxidase system. Using fluorescence-activated cell
sorter (FACS) analysis and reverse transcription-PCR (RT-
PCR) analysis, decreased expression of glycoprotein91phox was
observed in infected HL-60 cells and in C3H murine splenic
neutrophils in vivo on days 2 and 8 after inoculation. Consistent
with these findings, B6, compared with wild-type, mice with a
genetic deletion of glycoprotein91phox did not experience alter-
ations in infection kinetics or bacterial killing/clearance (72).
That report highlights the strength of the mouse model in that
it permits the correlation of a phenomenon (decreased superox-
ide anion production) with alterations in a single gene.

A second important microbiocidal pathway in neutrophils is
production of reactive nitrogen intermediates by inducible ni-
tric oxide synthase (iNOS). The role of iNOS in bacterial clear-
ance was investigated by infecting B6-iNOS knockout mice with
the HGE agent. These mice had delayed clearance of infection
(day 12, compared with day 8), as indicated by results of RT-
PCR of splenocytes (72). As interferon (IFN)-γ signaling can in-
duce iNOS, and IFN-γ has been documented to dominate the
murine cytokine response to the HGE agent (73), B6 mice with
genetic deletion of the IFN-γ receptor also were examined. As
with iNOS deficient mice, delayed clearance of the HGE agent
was observed (72). The authors concluded that iNOS was likely
to be important in early pathogen clearance, and this may be
mediated by IFN-γ working via its receptor. However, neither
mechanism is necessary for eradication of persistent infection,
as both groups of knockout mice were ultimately able to clear
infection by day 20. In this instance, use of knockout mice
helped to differentiate between the roles of innate (or pre-im-
mune) host defenses and the specific immune response to infec-
tion with the HGE agent.

Cellular activation status during infection can be assessed
via detection of adhesion molecules on the cell surface. Infection
of mice with the HGE agent results in neutrophil activation, as
evidenced by up-regulation of the β2 integrin (CD11b/CD18) on
the neutrophil surface in vivo (74). This activation occurs in the
absence of IFN-γ and is directly associated with intracellular
presence of bacteria. Activation occurs in only a subset of circu-
lating neutrophils and, thus, may not be the end result of all
bacteria-host cell interactions; however, it may facilitate organ-
ism clearance. Clearly, cellular activation is detrimental to
pathogen survival, as infection of CD11b/CD18 B6-knockout
mice results in an early increase in bacteremia (74). In the end,
pathogen survival mandates that multiple facets of the cellular
activation cascade be diminished and, indeed, it appears that
the HGE agent does just that.

The ability of neutrophils to migrate in tissues toward an in-
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flammatory stimulus is mandatory for successful cell function.
Due to the HGE agent’s unique association with its host cell,
neutrophil migration may play many roles in HGE pathogenesis,
including cytopenias, bacterial dissemination, and transmission
to a competent vector. Studies of the role of chemotaxis and di-
rected neutrophil migration in bacterial dissemination and mi-
gration to a tick feeding site are ideally suited to the in vivo
mouse model. Using this model, it has been found that the HGE
agent is maintained principally in blood, bone marrow, and tis-
sues with high blood flow, especially the spleen (68). In addition,
bacterial burden and dissemination can be altered by manipulat-
ing leukocyte trafficking (75). Akkoyunlu and co-workers (76)
found that the HGE agent was able to induce interleukin 8 (IL-8)
secretion and CXCR2 (IL-8 receptor) up-regulation in HL-60
cells treated with retinoic acid (which stimulates differentiation
toward granulocytes). They also observed that human neutro-
phils migrated toward HGE agent-infected cells and that this
movement was specifically blocked by antibodies to IL-8. Al-
though mice do not produce IL-8, they do produce granulocyte
chemotactic agents that function similarly to IL-8 and utilize the
CXCR2 family of receptors. Mice with a targeted genetic disrup-
tion of CXCR2 were less susceptible to infection with the HGE
agent than were wild-type mice. Those authors hypothesized
that the HGE agent exploits the induction of IL-8 (or similar
chemotactic agents) and its receptors to facilitate cell-cell patho-
gen transfer and bacterial dissemination (76).

The mouse model permits examination of leukocyte traffick-
ing to the dermis in an infected host. Given that HGE is a tick-
borne disease, the migration of infected neutrophils to the
dermis may be enhanced in response to a tick stimulus to facili-
tate tick acquisition and transmission of the HGE agent to a
new host. Use of quantitative PCR of C3H mouse skin has docu-
mented that HGE copy numbers rapidly increase at the site of a
tick bite within 24 to 48 h after tick attachment, compared with
those at non-tick sites (77).

Persistent Infection of the Host
Ehrlichial species able to establish persistent infections in

their hosts include E. canis, A. marginale and E. ruminantium
(78-81). In a tick-borne disease, persistence may be a mecha-
nism promoting pathogen acquisition and transmission to a
new host. Anaplasma marginale is closely related to the HGE
agent in that its major surface protein 2 (MSP-2) has a high de-
gree of homology to an MSP of the HGE agent p44 (82). Polymor-
phic MSP-2 variants are involved in strain-specific immunity
and persistent infection of Anaplasma sp. in cattle (83). To the
authors’ knowledge, emergence of polymorphic variants of HGE
agent p44 has not been described, and the question of persis-
tence with the granulocytotropic ehrlichial organisms has yet to
be fully resolved. Two immunosuppressed beagles experimen-
tally infected with the HGE agent had intermittently positive
PCR results 5.5 months after inoculation (84). One human pa-
tient was found to be PCR test positive approximately 1 month
after infection (85). Infection in immunocompetent mice can be
prolonged for up to 60 days (51). However, persistent infection
with the HGE agent has been clearly documented only in SCID
mice that lack functional B and T lymphocytes (50). Use of sen-
sitive molecular tools, including quantitative PCR analysis, in
combination with mouse strains that vary in immune compe-
tence and immune response to the HGE agent will be useful in

approaching the question of persistent infection. Although a
natural, clinical syndrome of “chronic granulocytic ehrlichiosis”
has never been adequately documented, under experimental
conditions of immunosuppression and in mutant mice without
functional immune systems, reactivation of a dormant infection
or persistent infection may occur.

Disease Pathogenesis
Regardless of host species, granulocytic ehrlichiosis generally

results in peripheral pancytopenia. In fact, retrospective studies
have found that the likelihood of having acute HGE was in-
versely related to leukocyte and/or platelet counts. Human pa-
tients with leukopenia or thrombocytopenia were 25 times (8) or
5 or 10 times (10) more likely to have HGE than were patients
with a normal blood cell count. Nonetheless, mechanisms un-
derling the pathophysiology of erhlichial cytopenias are not well
understood. Potential mechanisms include decreased or ineffec-
tive hematopoiesis, increased intramedullary destruction (he-
mophagocytic syndrome), increased peripheral destruction
(immune or non-immune mediated mechanisms), decreased cell
life span, or altered cellular distribution (endothelial or splenic
sequestration).

The most prominent and consistent hallmark of infection is
moderate to marked thrombocytopenia, with approximately
50% reduction in circulating platelet numbers 3 to 5 days after
infection. Thrombocytopenia is accompanied by an increase in
mean platelet volume, supportive of increased peripheral de-
struction and increased hematopoietic production of platelets.
In one study (86), platelet autoantibodies were found in serum
samples obtained from human patients during the acute phase
of HGE; however, the retrospective study design precluded dif-
ferentiation between autoantibodies that preceded infection
versus those potentially caused by immune stimulation due to
HGE. A substantial percentage of patients had autoantibodies
on the basis of the criteria set in the study; however, platelet
counts were not performed and the timing of autoantibody pro-
duction in relation to disease was unknown (86).

The C3H and B6 mice infected with the HGE agent have mod-
erate leukopenia, moderate thrombocytopenia, and variable ane-
mia (51, 52). Thrombocytopenia is evident from postinfection
days 3 to 7 in B6 and C3H mice (52). The early and rapid (pre-
immune) decrease in platelet numbers supports increased de-
struction or sequestration of platelets rather than immune-
mediated destruction or decreased hematopoietic production of
cells. Further investigation into the kinetics of thrombocytopenia
indicated that neither splenic sequestration nor immune-medi-
ated destruction was responsible for the acute decrease in plate-
let numbers (52).

In cattle with granulocytic ehrlichiosis, lymphopenia is charac-
terized by reduction in circulating B and T lymphocytes (CD4+

and CD8+ cells) (87, 88). Lymphocytes obtained from sheep ex-
perimentally infected with E. phagocytophila, had reduced reac-
tivity to the mitogens phytohemagglutinin (T cells) and
Escherichia coli lipopolysaccharide (B cells). The kinetics of re-
duced lymphocyte reactivity coincided with the period of para-
sitemia and leukopenia (89). Evaluation of cytokine profiles during
infection has led to speculation that alterations in the cytokine
mileau may result in cytopenias due to early inflammatory re-
sponses and sequestration or destruction of cells (90). Kim and co-
workers (91) documented that human blood monocytes produce

Mouse models of granulocytic ehrlichiosis
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the proinflammatory cytokines, IL-1β, tumor necrosis factor α
(TNF-α) and IL-6, when incubated with the HGE agent in vitro.
They hypothesized that these cytokine alterations may be respon-
sible for the clinical signs of disease and cytopenias associated with
HGE. At odds with these findings are those of a study by Klein and
co-workers (92) that utilized HL-60 cells stimulated to differenti-
ate into granulocytes and enriched human bone marrow cells as in
vitro models for study of cytokine production after HGE agent in-
oculation. They found induction of CC and CXC chemokines with a
notable absence of proinflammatory cytokines IL-1, IL-6, and TNF-
α. The chemokines produced were chemoattractants, including,
MCP-1, macrophage inflammatory proteins1α and 1β (MIP-1α
and -β), and IL-8. These cytokines are also known to be capable of
suppressing hematopoiesis (although this was not measured in
the study). Those investigators proposed that production of
chemokines may suppress hematopoiesis and, thereby, contrib-
ute to the cytopenias.

Discrepant results may be due, in part, to the different cell sys-
tems used to model HGE agent infection. In addition, although
those studies raise interesting points for further investigation, in
vitro analysis of cytokine production does not reflect in vivo
physiology and cannot be correlated with infection kinetics or
cytopenias. Evaluation of cytokine profiles and speculation as to
their effect on the pathogenesis of HGE also has been under-
taken in the mouse model. Table 3 provides a comprehesive list-
ing of the cytokines that have been measured in all model
systems, the source of cytokines assayed, and the alterations
noted. Interpreting these findings is difficult as model systems,
measurement techniques, and sampling times vary widely. In
addition, cytokines are transiently expressed and generally act
locally; therefore, measurement in serum or plasma does not nec-
essarily reflect changes in cells and tissues. With these caveats in
mind, a few trends are apparent.

The production of systemically acting, pro-inflammatory
cytokines including TNF-α, IL-1β, and IL-6, usually produced in
high concentration secondary to sepsis or endotoxin, do not ap-
pear to be produced in high amounts during HGE infection in
vivo; however, they still may play an important, local role during
infection (91). Interferon-γ appears to play an important in vivo
role in limiting early bacteremia in multiple strains of mice. Spe-
cifically, with HGE agent infection in mice, IFN-γ has been pro-
posed to play a role in bacterial clearance, augmentation of
killing, and pathologic injury (73, 93). Given the marked bacter-
emia and minimal pathologic changes seen in IFN-γ knockout
mice, some authors have proposed that any pathologic change is
related to host inflammatory response rather than the bacterium
itself (93). Expression of the chemotactic cytokines IL-8, MIP-1α,
and MCP-1 and murine homologues (including KC), is increased,
and they may be important in directed neutrophil/HGE agent
movement as well as hematopoiesis (76, 92).

Conclusions
The HGE agent is a fascinating intracellular microbe that

has evolved to subvert powerful antimicrobial defenses to sur-
vive, replicate, and successfully move from infected hosts into
its tick vector and back to new hosts. Research into the patho-
genesis of HGE has proliferated in the last several years, and
use of mouse models has contributed substantially to our
knowledge. Modeling permits comparative analysis of natural
disease in animals and people with more refined experimental

approaches. From such, a consensus of information evolves. Use
of inbred and genetically engineered strains of mice allows in-
sight into precise mechanisms of disease and host response in
the context of a whole organism. Functional responses second-
ary to alterations in a single gene can be evaluated. Identifica-
tion of host and bacterial factors that contribute to differences
in clinical expression of disease can be modeled in vivo. Finally,
ongoing advances in technology and in genetically modified mice
promise additional avenues of research in HGE agent trafficking,
host cell-pathogen interactions, mechanisms of cytopenias, and
host immune and pre-immune responses to infection. Under-
standing the steps that permit the HGE agent to be a successful
inhabitant of phagocytic cells will ultimately lead to identifica-
tion of strategies for vaccine development, biological control, and
therapeutics to benefit human beings and domestic animals.
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Table 3. Cytokine alterations during HGE infection

Cytokine Kinetics Source Method Analyte Ref.

IL-1α ND on day 6 Infected, HL60 and raHL60 cells RT-PCR mRNA 76
ND at 7 or 24 h Supernatant of human PMNs infected in vitro Sandwich ELISA Protein 76
ND at 24 or 48 h HL60 and DMSO/HL60 cells, enriched human BM cells Sandwich ELISA Protein 92
ND on days 0-17 Plasma of infected C3H/HeJ mice Ag-capture ELISA Protein 53
ND on day 6 Infected, HL60 and raHL60 cells RT-PCR mRNA 76

IL-1β ND at 7 or 24 h Supernatant of human neutrophils infected in vitro Sandwich ELISA Protein 76
Inc. from 2-32 h Human WBCs infected in vitro RT-PCR mRNA 91
Inc. at 24 h Supernatant of human WBCs infected in vitro Capture ELISA Protein 91
Inc. at 2 h Human blood neutrophils infected in vitro RT-PCR mRNA 91

IL-2 ND at 2 h Human WBCs infected in vitro RT-PCR mRNA 91
Small inc. days 5-45 Splenocytes from infected C3H mice RT-PCR mRNA 73
Dec.,compared with uninfected Supernatant of stimulated C3H mouse splenocytes Sandwich ELISA Protein 73

IL-4 Small inc. days 2-45 Splenocytes from infected B6 mice RT-PCR mRNA 73
Mod. inc. days 2-45 Splenocytes from infected B6 (IFN-/-) mice RT-PCR mRNA 73
Dec., compared with uninfected Supernatant of stimulated B6 mouse splenocytes Sandwich ELISA Protein 73
ND at 24 or 48 h HL60 and DMSO/HL60 cells, enriched human BM cells Sandwich ELISA Protein 92

IL-6 Inc. from 2-16 h Human WBCs infected in vitro RT-PCR mRNA 91
Inc. at 2 h Human blood monocytes infected in vitro RT-PCR mRNA 91
Inc. at 24 h Human WBCs infected in vitro Capture ELISA Protein 91
Small inc. at 24 and 48 h Infected HL60 cells Sandwich ELISA Protein 92
Mark. inc. at 24 and 48 h Infected DMSO/HL60 cells Sandwich ELISA Protein 92
Mod. inc. at 24 and 48 h Enriched human bone marrow cells Sandwich ELISA Protein 92
ND on day 6 Infected HL60 cells RT-PCR mRNA 76

IL-8 High at 72 h and day 6 Infected raHL60 cells RT-PCR mRNA 76
Sign. inc. at 24-120 h Infected raHL60 cells Sandwich ELISA Protein 76
Sign. inc. at 7 and 24 h Supernatant of human neutrophils infected in vitro Sandwich ELISA Protein 76
Sign. inc. (time unk.) Infected human sera Sandwich ELISA Protein 76
Weak (25%)  induced at 2 h Human WBCs infected in vitro RT-PCR mRNA 91
No inc. days 0-17 Plasma of infected C3H/HeJ mice Ag capture ELISA Protein 53
Mod. inc. 4 h to 4 days Supernatant of stimulated B6 mouse splenocytes Sandwich ELISA Protein 93

IL-10 Mod. inc. 4 h, day 4 and 21 Supernatant of stimulated B6 (IFN-/-) mouse splenocytes Sandwich ELISA Protein 93
Inc. on days 2-30 Splenocytes from infected C3H, B6 and B6 (IFN-/-) mice RT-PCR mRNA 73
Weak (60%) induced at 2 and 4 h Human WBCs infected in vitro RT-PCR mRNA 91

IL-12 Inc. on days 2-8 Splenocytes from infected C3H mice RT-PCR mRNA 73
Inc. on days 2-15 Splenocytes from infected B6 and B6 (IFN-/-) mice RT-PCR mRNA 73

IL-17 ND at 7 or 24 h Supernatant of human neutrophils infected in vitro Sandwich ELISA Protein 76
ENA 78 ND at 7 or 24 h Supernatant of human neutrophils infected in vitro Sandwich ELISA Protein 76
GCP 2 ND at 7 or 24 h Supernatant of human neutrophils infected in vitro Sandwich ELISA Protein 76
GRO-α ND at 7 or 24 h Supernatant of human neutrophils infected in vitro Sandwich ELISA Protein 76

Sign. inc. on day 7 Plasma of infected C3H/HeJ mice Ag-capture ELISA Protein 53
Mod. inc. on days 4,7,10 Supernatant of stimumulated B6 mouse splenocytes Sandwich ELISA Protein 93
Mod. inc. on days 4,7,10 Supernatant of stimulated B6 (IL 10-/-)mouse splenocytes Sandwich ELISA Protein 93

IFN-γ Inc. on days 2-30 Splenocytes from infected C3H mice RT-PCR mRNA 73
Sign. inc. on days 2,5 Pooled sera from infected C3H mice Sandwich ELISA Protein 73
Sign. inc. on day 8 Supernatant of stimulated C3H mouse splenocytes Sandwich ELISA Protein 73
Inc. on days 2-45 Splenocytes from infected B6 mice RT-PCR mRNA 73
Sign. inc. on day 8 Supernatant of stimumulated B6 mouse splenocytes Sandwich ELISA Protein 73
Weak (25%), induced at 2 and 4 h Human WBCs infected in vitro RT-PCR mRNA 91

KC Sign. inc. on day 7 Supernatant of BALB/c mice splenocytes infected ex vivo Sandwich ELISA Protein 76
Small inc. at 24 and 48 h HL60 cells Sandwich ELISA Protein 92

MCP-1 Mark. inc. at 24 and 48 h DMSO/HL60 cells Sandwich ELISA Protein 92
Mod. inc. at 24 and 48 h Enriched human BM cells Sandwich ELISA Protein 92
Small inc. at 24 and 48 h HL60 cells Sandwich ELISA Protein 92

MIP1 Mod. inc. at 24 and 48 h DMSO/HL60 cells Sandwich ELISA Protein 92
Mod. inc. at 24 and 48 h Enriched human BM cells Sandwich ELISA Protein 92

MIP-1 Inc. (data not shown) HL60 and DMSO/HL60 cells, enriched human BM cells Sandwich ELISA Protein 92
MIP-2 Sign. inc. on day 7 Supernatant of BALB/c mice splenocytes infected ex vivo Sandwich ELISA Protein 76
NAP-2 ND at 7 or 24 h Supernatant of human neutrophils infected in vitro Sandwich ELISA Protein 76
RANTES Inc. (data not shown) HL60 and DMSO/HL60 cells, enriched human BM cells Sandwich ELISA Protein 92
TGF-β Not induced Human WBCs infected in vitro RT-PCR mRNA 91

ND at 24 or 48 h HL60 and DMSO/HL60 cells, enriched human BM cells Sandwich ELISA Protein 92
ND on days 0-17 Plasma of infected C3H mice Ag-capture ELISA Protein 53
ND on day 6 Infected, HL60 and raHL60 cells RT-PCR mRNA 76

TNF-α ND at 7 or 24 h Supernatant of human neutrophils infected in vitro Sandwich ELISA Protein 76
Inc. from 2-8 h Human WBCs infected in vitro RT-PCR mRNA 91
Inc. at 24 h Human WBCs infected in vitro Capture ELISA Protein 91
Inc. at 2 h Human blood monocytes infected in vitro RT-PCR mRNA 91

ND = Not detectable; HL60 cells = human promyelocytic leukemia cell line; RT-PCR = reverse transcriptase polymerase chain reaction; Ag = antigen; Inc. =
increased; Dec. = decreased; Mod. = moderate; Mark. = marked; Sign. = significant; raHL60 = retinoic acid-treated HL60 cells; C3H = C3H/HeN mice; B6 = C57BL/
6 mice; BM= bone marrow; IL = interleukin; ENA-78 = epithelial cell-derived activating peptide 78; GCP = granulocyte colony-stimulating factor; GRO = growth-
related oncogene; IFN = interferon; MCP = monocyte chemotactic protein; MIP = macrophage inflammatory protein; NAP= neutrophil activating peptide; TGF =
transforming growth factor; and TNF= tumor necrosis factor.
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