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Stellingen 

1. Het gebruik van de 16S ribosomale DNA sequenties om phylogenetische verwantschap van 

bacteriën aan te tonen is van onschatbare waarde. Toepassing van deze methode voor 

laboratorium diagnostiek kan echter tot verkeerde conclusies leiden. 

2. Sommige Ehrlichia soorten zoals E. canis en A. marginale kunnen bij dieren een chronische 

infectie veroorzaken. De mogelijkheid dat dit ook het geval is voor de bacterie die humane 

granulocytaire ehrlichiose veroorzaakt moet worden overwogen. 

3. De grote mate van overeenkomst tussen de sequenties van de MSP-2 familie in A. marginale 

en de hge-44 familie in de verwekker van humane granulocytaire ehrlichiose, doet 

vermoeden dat antigene variatie ook zou kunnen voorkomen bij het laatstgenoemde micro

organisme. 

4. Als de bacterie die humane granulocytaire ehrlichiose veroorzaakt inderdaad gebruik maakt 

van antigene variatie door differentiële expressie van hge-44 homologen, moet men rekening 

houden met het feit dat immunisatie met slechts één hge-44 homoloog wellicht geen 

volledige bescherming biedt tegen een op natuurlijke wijze verkregen infectie. 

5. Onderzoek van de Ehrlichia bacterie kan meer inzicht verschaffen in de mechanismen die 

verantwoordelijk zijn voor de eliminatie van bacteriën door granulocyten. 

6. Het patenteren van gedoneerde DNA sequenties met potentieel commerciële waarde is 

enorm toegenomen en is omgekeerd evenredig met de mate van vrije uitwisseling (i.e. zonder 

voorwaarden) ervan tussen wetenschappers. 

7. Als medici meer kennis hadden genomen van de veterinaire literatuur zouden verscheidene 

infectieziekten bij de mens eerder zijn herkend en beschreven. 

8. Het is niet uitgesloten dat in Nederland teken behalve de verwekkers van de ziekten van 

Lyme en humane granulocytaire ehrlichiose ook Babesia spp. kunnen overbrengen naar de 

mens. 
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Chapter 1 

Introduction 



General Introduction 

Historical perspective 

Our current knowledge of the ehrlichioses has a long history that started at the beginning of 

the 2Öh century. Originally ehrlichiae were assigned to the genus Rickettsia, but in 1945 a separate 

genus Ehrlichia was established. Veterinary Medicine has contributed tremendously to our 

understanding of ehrlichiae. In 1910 Sir Arnold Theiler described the hemoparasite Anaplasma 

marginale, the etiologic agent of anaplasmosis, a tick-borne disease of cattle with enormous annual 

economical losses worldwide up to this day (Theiler, 1910; Goodger et al., 1979). Cowdria 

ruminantium was first described by Cowdry in 1925 as the etiologic agent of heartwater or 

cowdriosis in wild and domestic ruminants in South Africa (Cowdry, 1925a; Cowdry, 1925b). 

The disease is endemic to sub-Saharan Africa, but the continuous spread in the Caribbean of the 

vector Amblyomma variegation poses a serious threat to livestock industries on the American 

mainland (Barré et al., 1987). Interestingly, the connection of heartwater disease and tick 

infestations was made by farmers in South Africa as early as 1860 (Cowdry, 1925). Cowdriosis 

is distinct from east coast fever -- also known as theileriosis -- in cattle, a tick-borne disease along 

the southern east coast of Africa, caused by Theileria parva. 

It was in 1935 that Donatien and Lestoquard described Riskettsia canis in the Giemsa stains 

of peripheral blood recovered from sick dogs exposed to tick infestation in Algeria (Donatien and 

Lestoquard, 1935; Donatien and Lestoquard, 1936). They clearly established that this organism 

now referred to as Ehrlichia canis was distinct from Rickettsia conori, a rickettsia in the spotted 

fever group, that causes 'fièvre boutonneuse' in humans (Donatien and Lestoquard, 1936). Within 

several years after the discovery of E. canis in Algeria, other investigators reported the observation 

of this organism in dogs from various parts of Africa (Ewing, 1969). However, it took more than 

another twenty years before Bool and Sutmôller recognized the organism in the New World in 

dogs from the Netherlands Antilles (Bool and Sutmôller, 1957). Ewing described the same agent 

in the United States in 1963 (Ewing, 1963; Ewing, 1964). The first case of human ehrlichiosis in 

the United States was described in 1987 and was caused by E. canis (Maeda et al., 1987). 

Around the same time that Donatien and Lestoquard were investigating R. canis in Algeria, 

a tick-borne fever of sheep on tick-infested pastures in Scotland was described by Gordon, 

Brownlee, Wilson and MacLeod in 1932 (Gordon et al., 1932). Four days after the inoculation of 

sheep from tick-free pastures with blood, spleen or central nervous tissue from infected animals, 

the inoculated sheep developed fever, weight loss and splenomegaly. Despite failed attempts to 



identify the organism, rickettsial infection was considered. First in 1939 Gordon, Brownlee and 

Wilson reported the observation of the infectious agent in granulocytes and monocytes and 

suggested it belonged to the 'Rickettsia class' (Gordon et al., 1940). Since then several 

investigators have observed the inclusion bodies and in 1951 Foggie proposed the name Ehrlichia 

phagocytophila for the agent of tick-borne fever (Foggie, 1951). 

In the same decade that descriptions on R. canis from Africa and tick-borne fever in Europe 

were reported, from yet a third continent Tyzzer published his meticulous observations of a 

parasite infecting granulocytes of small rodents on the island of Martha's Vineyard on the east 

coast of the United States (Tyzzer, 1938). Even though he did not elaborate on the importance of 

the tick-rodent cycle, he noticed that the infectious agent which he called Cytocetes microti, had the 

capacity to cause disease and that splenectomy resulted in re-emergence of the parasitemia. 

Furthermore, he observed the frequent co-infection of C. microti and Babesia microti, a tick-

transmitted protozoa that causes a malaria-like hemolytic disease, and he was able to separate and 

perpetuate these infections by serial inoculations. Because Tyzzer did not refer to the work by 

Donatien and Lestoquard, nor to the investigators of the European tick-borne fever, it is 

conceivable that he was not aware of the scientific advances on the other side of the atlantic at the 

time. Conversely, most investigators over the years have not referred to Tyzzer's work for reasons 

that aren't entirely clear. In spite of the abundant observations by veterinarians of multiple tick-

borne infections in animals, no human cases of ehrlichiosis were reported before the 1950s. 

Undoubtedly, unrecognized human ehrlichial infections must have occurred in the first half of this 

century as well, and one can only speculate on their diagnoses and treatments. 

Sennetsu fever, sometimes also referred to as Hyuga fever or Kagami fever, is caused by 

Ehrlichia sennetsu and is almost exclusively encountered in Japan. This disease is the first of the 

human ehrlichioses that was recognized and studied in detail. The organism was isolated in 1953 

from a patient with fever, severe headaches, myalgias, anorexia, lymphadenopathy, and an 

elevated number of atypical peripheral lymphocytes and hence the name proposed for the syndrome 

at the time was rickettsial mononucleosis. The isolated ehrlichiae were inoculated in healthy 

volunteers (!) who promptly developed the same infectious mononucleosis type symptoms 

(Fukuda et al., 1954; Misao and Kobayashi, 1955). Unlike most other ehrlichiae, E. sennetsu has 

never been shown to be transmitted by ticks. Rather, the eating of raw fish which is common 

practice in Japan, has been implicated as the route of transmission, similar to the way that dogs and 

bears in the Pacific Northwest contract salmon poisoning disease. The latter disease in fact is 

transmitted by fish endoparasites containing the ehrlichial agents Neorickettsia helminthoeca or 

Neorickettsia elokominica (Millemann and Knapp, 1970; Farrell et al., 1973). The vector 

Nanophyetus salmincola was described in 1931 and the 'rickettsial agent' in 1950 (Simms et al., 



1932; Cordy and Gorham, 1950). It is intriguing from an evolutionary point of view that these 

ehrlichiae rely on flukes rather than ticks for transmission. Case in point may be the recent 

detection in fresh water stream snails of Ehrlichia risticii, the causative agent of Potomac horse 

fever (and genetically closely related to E. sennetsu) occurring predominantly in pastures along the 

Potomac river in Maryland and in California. This finding supports the notion that transmission 

occurs via a fecal-oral route and may have finally solved the mystery of the elusive transmission 

vector for this disease (Barlough et al., 1998). 

Since the discovery of E. sennetsu in humans, several other veterinary pathogens were 

reported: Ehrlichia equi in 1969 (Gribble, 1969), Ehrlichia ewingii in 1971 and Ehrlichiaplatys in 

1978 (Harvey et al, 1978). There are several reports of other, less well characterized ehrlichia that 

have been reviewed elsewhere (Rikihisa, 1991). 

In the last decade two human ehrlichioses have emerged as a public health threat in the 

United States: (a) human monocytic ehrlichiosis (HME), caused predominantly by Ehrlichia 

chaffeensis (Anderson et al., 1991; Dawson et al., 1991), which specifically infects monocytes, 

and (b) human granulocytic ehrlichiosis (HGE), in which granulocytes are infected by an agent 

closely related to E. equi (present within granulocytes in horses) and E. phagocytophilathe agent 

of the tick-borne fever of sheep in Europe (Gordon et al., 1932; Foggie, 1951). The close 

relationship between the agent causing HGE, E. equi and E. phagocytophila has been 

demonstrated by a high degree of homology of the 16S rDNA sequence in these organisms (Chen 

et al., 1994) and it may turn out that they in fact are variants of the same organism. Until this issue 

is settled, most people refer to the agent as the HGE agent and consider E. equi and E. 

phagocytophila as synonymous for practical purposes. 

Since its isolation in 1990, E. chaffeensis infection has been documented in more than 500 

cases, predominantly in Southeastern and Midwestern Unites States. Most cases have occurred 

within the range of Amblyomma americanum (the lone star tick) and Dermacentor variablis (the 

american dog tick). While these ticks are the vector responsible for transmission, it is most likely 

that white-tailed deer (Odocoileus virginianus) and possibly small rodents serve as the reservoir in 

nature (Dawson et.al., 1994; Lockhart et al., 1995). 

Even though tick-borne fever in Europe and equine ehrlichiosis in the United States have 

been present for many years, the first case of HGE was reported in 1994 in the United States 

(Bakken et al., 1994; Chen et al., 1994). Since then, several hundred cases of HGE have been 

documented, predominantly in the upper Midwestern and Northeastern States, as well as on the 

west coast of the United States. It is expected that numbers will continue to increase as the public 

and the medical profession become more aware of HGE. In Connecticut in 1998 alone more than 

200 cases have been recorded (unpublished data). Increasingly, investigators in Western Europe 



also have reported cases of granulocytic ehrlichiosis in humans and cattle (Johansson et al., 1995; 

Bakken et al., 1996; Duraler et al., 1997; Fingerle et al., 1997; Petrovec et al., 1997; Pusterla et 

al., 1997;Lotric-Furlanetal., 1998). 

Current classification 

Most classifications have arbitrary and artificial separations that may render them static, 

contrasting with a dynamic and continuous flow of new data that may necessitate frequent updates. 

The advance of DNA sequencing of evolutionary conserved genes has revolutionized many 

scientific fields such as paleontology, anthropology, genetics and microbiology. The 'out of 

Africa story', using mitochondrial DNA sequences of contemporary humans to support the idea 

that all humans have a common ancestor --nicknamed Eve, since mitochondria are solely inherited 

from the mother - originating in Africa, is a vivid illustration of the powerful tools that new 

sequence analyses can provide (Vigilant et al., 1991). Similarly, in microbiology, newer 

classifications based on conserved 16S ribosomal DNA sequences, have been used to outline 

phylogenetic relationships of microbial organisms (Weisburg et al., 1989; Weisburg et al., 1991). 

Within the group of the obligate intracellular gram-negative bacteria, a cluster of bacteria is 

genetically related among the protobacteria of the a subgroup based on the sequence analysis of the 

16S rDNA gene sequence (Anderson et al., 1991; Chen et al., 1994; Roux and Raoult, 1995). 

Because of their unique intracellular isolation from other organisms, the evolution of these bacteria 

correlates well with their clonal divergence. They have evolved in close association with ticks, 

flukes, mites, fleas, chiggers etc (Table 1 and Figure 1). However, the use of these vectors for 

transmission is not unique to the above mentioned organisms: many other parasites also use these 

and other vectors and are genetically diverse, for example Borrelia burgdorferi and B. microti can 

all be transmitted by the tick Ixodes scapulans, but are not closely related genetically. Table 1 

shows an overview of the different genogroups of ehrlichiae and Figure 1 displays their 

phylogenetic relationships based on 16S rDNA sequence comparisons. Based on recent 

observations (Magnarelli et al., 1998) it not unreasonable to postulate that more members in the 

ehrlichia genus and/or other tick-borne agents will be identified in the near future and that known 

species may infect a wider range of hosts than currently reported. 



E. phagocytophila 

E. equi 

E. platys 

Anaplasma marginale 

E. canis 

E. chaffeensis 

E. ewingii 

C. ruminantium 

Wolbachia pipientis 

E. sennetsu 

E. risticii 

N. helminthoeca 

R. rickett.ua 

Figure 1. Phylogenetic tree of ehrlichiae based on published 16S rDNA sequences. The three genogroups 
are seen as clusters and R. rickettsia is shown as the representative for the spotted fever group for 
comparison. Data are compiled from Weisburg, 1991; Rikihisa, 1991; Dame, 1992; Roux and Raoult, 
1995; Walker and Dumler, 1996. 

Epidemiology 

Ehrlichiosis has been reported from all continents except Australia. Within the E. canis 

genogroup most human cases are reported from the United States and caused by E. chaffeensis. 

While infection with E. canis has been documented in humans, the latter organism is probably 

more important in the infection of dogs. A few possible cases of E. chaffeensis infection have 

been reported from Europe. Outdoor activities in tick-infested areas where the organisms are 

maintained in natural reservoirs, increases the risk for contracting ehrlichiosis (Standaert et al., 

1995). The other human monocytotropic organism, E. sennetsu, has only been observed in Japan 

and Malaysia. 

In contrast, granulocytic ehrlichial infections from the E. phagocytophila genogroup have 

been identified in North America, Europe and Asia. Seroepidemiologic studies indicate that 
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subclinical infection with the HGE agent may occur much more frequently than true clinical disease 

(Magnarelli et al., 1995; Dumler et al., 1997). A wide variety of animals has been identified to 

have antibodies against ehrlichia of the E. phagocytophila genogroup (Nicholson et al., 1998), 

which can be explained by the fact that I. scapularis is an indiscriminate host seeker. For instance, 

in Connecticut with a high per capita infection rate for the Lyme spirochete transmitted by the same 

tick, granulocytic infections in horses, deer, dogs, mice, ticks and humans have been reported. 

Based solely on these epidemiological observations, it seems likely that the HGE agent, E. equi 

and E. phagocytophila are merely variants of the same organism. Until formal proof will settle the 

issue, various authors will refer to the organism differently, unintentionally adding to the 

confusion about the organisms in the E. phagocytophila genogroup. Since the HGE agent has 

been recognized only recently as causing human disease, few data are available about disease 

incidence. 

Clinical manifestations 

Based on clinical symptoms alone, one cannot separate granulocytic ehrlichiosis (HGE) 

from monocytic ehrlichiosis (HME). However, the geographic location where the patient 

encountered the tick bite may be very helpful in distinguishing one from the other. Because the 

clinical picture of HGE and HME are virtually the same in most cases, I will discuss the syndrome 

regardless of the tropism of the infecting agent. 

Most cases of human ehrlichiosis reported in the literature were diagnosed after a moderate 

to severe illness requiring initial hospitalization. For this reason, there is a likely selection bias 

toward more severe disease in the literature of the earlier cases. The fatality rate was originally 

thought to be around 2-3 % but that may turn out to be an overestimation due to the selection bias 

and delay in correct diagnosis and treatment because of initial unfamiliarity with the disease. 

However, it is now clear that a wide spectrum of severity of clinical symptoms can occur: patients 

can have a subclinical infection without any symptoms (Yevich et al., 1995), they can experience 

an acute febrile illness similar to a moderate influenza infection and in fact may be labeled as having 

the flu, or patients may end up being hospitalized for presumed sepsis with secondary 

complications such as hemorrhage due to thrombocytopenia. Most reports mention that 

symptomatic patients will complain of a fever, headache and muscle cramps. Indeed, a large study 

of 237 patients with ehrlichiosis between 1985 and 1990 revealed the presence of fever in 97%, 
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Table 2. Clinical symptoms in % as recorded in pateints with HME 

and HGE. (Adapted from: Dumler, 1998). 

Symptoms HME HGE 

fever 97 94-100 

headache 68 78-98 

myalgia 81 61-85 

malaise 84 98 

nausea 68 39 

vomiting 37 34 

diarrhea 25 22 

cough 26 29 

arthralgias 41 27-78 

rash 36 2-11 

confusion 20 17 

malaise in 84%, headache in 8 1 % and myalgias in 6 8 % (see Table 2 for a complete listing of 

symptoms) (Fishbein et al., 1994). Although this study involved only patients with HME, very 

similar findings have been reported for patients with HGE (Bakken et al., 1994; Aguero-Rosenfeld 

et al., 1996; Bakken et al., 1996). Interestingly, in the HME study, rash was reported in about a 

third of the patients, while in patients with HGE a rash seems to be less commonly observed (2-

10%). Individual cases can present with severe involvement of various organ systems such as 

severe cholestasis (Moskovitz et al., 1991), adult respiratory distress syndrome, CNS involvement 

( D u n n e t a l . , 1992; Fichtenbaum et al., 1993) and fulminant disease in immunocompromised 

patients (Paddock et al., 1993). Leukopenia, thrombocytopenia and elevated hepatic transaminases 

occur in roughly two thirds of all cases. Treatment with doxycycline for two weeks usually leads 

to a quick and full recovery in most cases. 
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Laboratory diagnosis 

Currently the most widely used laboratory testing for both HME and HGE infections is 

based on indirect immunofluorescent antibody assay (IFA). Both E. chaffeensis and the HGE 

agent can be grown in cell cultures (Dawson et al., 1993; Chen et al., 1995; Goodman et al., 1996) 

that serve as substrate for IFA. In most instances IFA can confirm retrospectively the clinical 

suspicion, either by a single serologic titer of > 80 or by a seroconversion when two samples are 

available. Interpretation of a positive test needs to take into consideration the clinical illness, 

because serologic responses may be present for prolonged periods of time. Cross-reactivity may 

occur in a low percentage of cases and alternative explanations such as other concurrent or past 

tick-borne infections, need to be considered (Magnarelli et al., 1998). A significant proportion (5-

20%) of patients with HGE will also meet criteria for Lyme disease (Magnarelli et al., 1995; 

Mitchell et al., 1996; Wormser et al., 1997; Magnarelli et al., 1998). In addition to IFA testing, an 

immunoblot has been used to delineate the specific banding patterns of ehrlichial proteins and a 44 

kDa antigen has been recognized as a potentially useful diagnostic reagent (Udo et al., 1997). 

In the acute phase of the disease, inspection of the peripheral blood smear may reveal 

morulae in some cases, provided the clinical history suggests a specific agent (i.e. granulocytic or 

monocytic ehrlichiosis) so that one can focus the search to either scrutinizing granulocytes or 

monocytes. Detecting morulae on a peripheral smear is not very sensitive, but a positive result is 

highly diagnostic (high specificity). At this stage of the disease, DNA detection using PCR is 

likely to be positive, while a humoral response may not have occurred yet. Therefore, both 

morulae detection on peripheral smear and PCR will be of greatest benefit very early on in the 

disease, when serologic testing would yield a negative result. 

Culturing the organisms from the patient's blood during the acute phase of the disease is 

possible, but is currently only performed in research laboratories. 

Persistence or chronic infection 

Ehrlichiosis in humans is usually described as a flu-like illness with an acute onset. Data 

on possible chronic infection are scarce. One fatal case with persistent E. chaffeensis infection has 

been reported (Dumler et al„ 1993). Some untreated patients had evidence of the HGE agent in 

their blood by PCR for one month despite the presence of a serological response (Dumler and 

Bakken, 1996). For other veterinary ehrlichial species chronic infection has been reported. Many 

dogs persistently infected with E. canis die of hemorrhage or secondary infections during the 
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chronic phase of canine ehrlichiosis (Buhles et al, 1974; Rikihisa, 1991). A. marginale causes an 

acute disease characterized by anemia, weight loss, abortions and possibly death and upon 

recovery a chronic phase ensues with repetitive cycles of fever and parasitemia (Kieser et al., 

1990). E. phagocytophila can persist in sheep for months after initial infection without apparent 

disease and the re-appearance of morulae on peripheral smear following splenectomy has been 

documented (Foggie, 1951). In a murine model for HGE, three out of four C3H mice remained 

infectious at 55 days after initial inoculation with infectious whole blood as tested by 

xenodiagnosis, suggesting that organisms persist despite disappearance of morulae in granulocytes 

(Hodzic et al., 1998). Clearly, more information on possible persistence and chronic infection in 

humans needs to be collected because this may have important implications clinically as well as for 

future investigations of clearance of the organism by the immune system. Clearance from the 

blood doesn't necessarily mean eradication by the host as is the case for several other organisms. 

This issue will be examined further in the General Discussion. 

Co-infection 

There are a number of pathogens that can be transmitted by ticks, and only some of them 

have been mentioned in the first part of the introduction as they relate to the HGE agent. However, 

it is clear that different ticks have been implicated in the transmission of different organisms. The 

intricate relationships of host reservoir and its natural habitat, compatible tick vector, and the 

transmitted pathogen result in remarkable differences in geographic distributions of human and 

animal disease caused by different organisms. It is beyond the scope of this introduction to 

address all of these differences. The tick I scapularis, also known as Ixodes dammini, has been 

shown to be a vector for B. burgdorferi, E. equi or the HGE agent, and B. microti and this tick is 

widely present in the northeastern United States. It displays an indiscriminate feeding behavior 

allowing for a potential number of different hosts to serve as reservoir for these pathogens. 

Clearly, infection with the HGE agent has been documented in horses, cattle, mice, chipmunks, 

among others. 

Several investigators have raised the possibility of a patient having more than one tick-

borne disease, either a dual infection simultaneously (Nadelman et al., 1997) or consecutive 

infections (Magnarelli et al., 1995; Wong et al., 1997). Since ticks can harbor more than one type 

of agent, transmission of more than one organism can occur with the single bite of a tick. Multiple 

tick bites will increase the likelihood of acquiring more than one tick-borne disease. Therefore it is 

expected that people with an increased risk for Lyme disease also have more chance to acquire 
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HGE or babesiosis. Whether concomitant dual infection leads to clinically more severe disease 

because of a possible ensuing immuno-suppressive state is an interesting question that has not yet 

been answered. 

Objectives and Rationale 

Ehrlichiosis is a relatively new emerging infectious disease, in humans. If physicians were 

asked about ehrlichiosis 10 years ago, most would probably not have heard about the name, let 

alone the disease manifestations. In contrast, most veterinarians would have told you that several 

species, for the most part transmitted by ticks, can cause disease in a variety of animals. The 1998 

edition of Harrisons'textbook of Internal Medicine dedicates less than two full pages on the 

ehrlichioses. Because many aspects of the disease are just beginning to be investigated, most 

studies have to start with the basics. 

Objectives. 

The initial stage of the studies was to develop a number of tools that could then be used to 

address specific questions about certain aspects of the disease. 

a. Culturing the organism (NCH-1 strain, kindly provided by Sam Telford, Harvard (Telford et 

al., 1995)) provided an unlimited supply of ehrlichial DNA (for PCR, southern blot and the 

construction of a genomic DNA library) and ehrlichial protein (for use as antigen for IFA, 

immunoblot and vaccination studies) as well as unlimited infected cells for electron microscopy 

studies. 

b. To investigate this new infectious disease, a mouse model was developed in collaboration with 

Stephen Barthold and colleagues to study the disease under laboratory conditions (Hodzic et al., 

1998). In order to monitor infection, either by tick bite or by syringe inoculation of infected blood, 

PCR, IFA, immunoblot and culture of the organism were developed. Results could then be 

correlated with patient material to validate our tools and the mouse model. 
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Thus provided with the new armamentarium, several key questions were asked: 

1. How frequent is the disease in humans in an area with a high tick attack rate? 

2. What is the early humoral response in humans and mice and what ehrlichial antigens are 

important during this response? 

3. What if any, is the role of antibodies during infection and can a whole lysate vaccine protect 

against subsequent infection? Cellular responses are thought to be crucial in infections with 

intracellular organisms. 

4. What is the mechanism that allows ehrlichial organisms to grow in professional phagocytes, 

i.e. neutrophils, the most unlikely candidates to avoid elimination by the immune system? 

Rationale. 

The first question seems simple: using a reliable laboratory test, can the number of 

suspected HGE cases be estimated in a prospective study? Some assessment of the incidence of 

HGE is necessary in order to warrant further research efforts. It is reasonable to assume that the 

chance of contracting HGE is higher in areas where Lyme disease is prevalent. The rationale for 

questions two and three is relatively straight forward. Studying the immune responses in both 

humans and mice, allows for 1) a comparison of these responses to validate the mouse model, 2) 

use as a diagnostic test as a marker for recent infection and 3) the evaluation in mice of potential 

vaccines. A reliable laboratory test as confirmation of the clinical diagnosis has not only direct 

benefit for the patient but is essential for clinical and basic research studies. The research efforts of 

Lyme disease, currently the most common human tick-borne disease that was discovered twenty 

years ago, can be considered as a valuable guidance. The last and most daunting question is of 

fundamental importance to gain some insight into the way ehrlichia may transform the phagosome 

inside the granulocyte. In addition, unraveling this process may also cast some light on the 

function of the granulocyte in general. 

A prospective 2-year study is presented in Chapter 2, dealing with the question how 

frequent human ehrlichiosis is. The characterization of the humoral response in mice and humans is 

addressed in Chapters 3 and 4. Chapter 5 describes the cloning of the 44 kDa protein, which is the 

major immunogenic antigen, and its potential for application in diagnostics and vaccine 

development. Chapter 6 describes the murine model of granulocytic ehrlichiosis and forms the 

basis for the immunization studies detailed in the following chapter. In this chapter it is described 

17 



that immunization with lysate of cultured organisms is sufficient to provide protection against 

subsequent infection. Finally, the first few steps towards unraveling the mechanism how ehrlichia 

are able to avoid destruction inside neutrophils are discussed in Chapter 8. The general discussion 

in Chapter 9 reviews the results as presented in the previous chapters in relation with other 

investigators' findings and highlights the implications for future research. 
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Indirect fluorescent-antibody (IFA) staining methods with Ehrlichia equi (MRK or BDS strains) and West
ern blot analyses containing a human granulocytic ehrlichiosis (HGE) agent (NCH-1 strain) were used to con
firm probable human cases of infection in Connecticut during 1995 and 1996. Also included were other tests 
for Ehrlichia chaffeensis, the agent of human monocytic ehrlichiosis (HME), Babesia microti, and Borrelia burg
dorferi. Thirty-three (8.8%) of 375 patients who had fever accompanied by marked leukopenia or thrombocyto
penia were serologically confirmed as having HGE. Western blot analyses of a subset of positive sera confirmed 
the results of the IFA staining methods for 15 (78.9%) of 19 seropositive specimens obtained from different per
sons. There was frequent detection of antibodies to a 44-kDa protein of the HGE agent. Serologic testing also 
revealed possible cases of Lyme borreliosis (n = 142), babesiosis (n = 41), and HME (n = 21). Forty-seven 
(26.1%) of 180 patients had antibodies to two or more tick-borne agents. Therefore, when one of these diseases 
is clinically suspected or diagnosed, clinicians should consider the possibility of other current or past tick-borne 
infections. 

Ticks are abundant in or near forested areas of southern 
New England. Human granulocytic ehrlichiosis (HGE), a re
cently described tick-associated disease, occurs there and in 
the upper midwestern United States (29). Illnesses can be mild 
or severe. In patients with severe illness, there is usually marked 
thrombocytopenia, leukopenia, and elevations in serum ami
notransferase concentrations (4, 28). Although infections can 
sometimes be fatal (4, 28, 29), prompt clinical diagnosis and 
antibiotic therapy effectively reduce morbidity and mortality. 

The etiologic agent of HGE (an unnamed organism) in the 
United States is very closely related, with at least 99.8% ho
mology (5), to Ehrlichia equi and Ehrlichia phagocytophila, vet
erinary pathogens widely distributed in the United States and 
Europe. On the basis of 16S rRNA gene analyses (5, 6, 29), 
E. equi and E. phagocytophila are nearly identical (99.8% ho
mology); these organisms and the HGE agent are considered 
to be members of the E. phagocytophila genogroup. The sus
pected tick vectors of the HGE agent are Ixodes scapularis in 
the eastern and upper midwestern United States and Ixodes 
pacificus in western states (29). Ixodes ricinus, a closely related 
tick species, transmits E. phagocytophila, the causative agent of 
tick-borne fever in cattle and sheep in Europe. Following the 
application of PCR methods, the DNA of the HGE agent has 
been detected in /. scapularis ticks in Connecticut (19), Mas
sachusetts (27), Rhode Island (31), and Wisconsin (23). More
over, clinical and serological findings indicate that HGE occurs 
in areas where these ticks and infections of human babesiosis 
and Lyme borreliosis have been reported (12, 17, 27, 28, 30). 

* Corresponding author. Mailing address: Department of Entomol
ogy, The Connecticut Agricultural Experiment Station, P.O. Box 1106. 
New Haven, CT 06504-1106. Phone: (203) 974-8466. Fax: (203) 974-
8502. E-mail: Iouis.magnarelli@po.stated.us. 

There is growing evidence of human exposure to multiple tick-
borne pathogens in areas where I. scapularis ticks abound. 

Indirect fluorescent-antibody (IFA) staining methods are 
being used extensively to detect antibodies to the HGE agent. 
However, little is known about the accuracy of these proce
dures or the prevalence of infection with or without the pres
ence of other tick-borne pathogens, such as Ehrlichia chaffeen
sis, Borrelia burgdorferi, and Babesia microti. The present study 
was conducted to (i) analyze sera from persons who were 
strongly suspected by physicians as having HGE and to deter
mine the prevalence of infection, (ii) compare the results of 
IFA staining methods with those of Western blot analysis for 
the detection of antibodies to E. equi and the HGE agent, re
spectively, and (iii) determine if sera positive for HGE anti
bodies also contain immunoglobulins to E. chaffeensis, B. burg
dorferi, and B. microti. 

MATERIALS AND METHODS 

Serum specimens. As a part of a statewide surveillance program on emerging 
infectious diseases, physicians obtained 512 scrum specimens from 375 persons 
who lived in or who had entered tick-infested areas of Connecticut and who had 
acute febrile illnesses with headache and myalgias. Accompanying clinical 
records indicated leukopenia or thrombocytopenia for all subjects. Therefore, all 
sera were from patients who were clinically suspected of having HGE. Sera were 
obtained 5 to 515 days after the onset of illness during 1995 and 1996. There were 
254 samples from 117 persons available for determination of changes in antibody 
titers (i.e., seroconversions and reversions). Specimens were sent from the Con
necticut Department of Health to the Connecticut Agricultural Experiment 
Station for analyses. 

Serologic testing for HGE. IFA staining methods and Western blot analysis 
were used to detect total or class-specific immunoglobulins to E. equi and the 
HGH agent, respectively. The former has been successfully used as a surrogate 
antigen for the laboratory diagnosis of HGE (4, 6, 30). The antigen-coated slides 
used in IFA assays were purchased from John Madigan of the University of 
California (Davis, Calif.) and contained horse neutrophils infected with E. equi 
{the MRK or BDS strain). Sera were diluted in phosphate-buffered saline (PBS) 
solutions (pH 7.2) and were tested for total antibodies with a 1:80 dilution of 
polyvalent fluorescein isothiocyanate-labeled goat anti-human immunoglobulin 
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TABLE 1. Reactivities to E. equi, E. chaffeensis, B. microti, 
and B. burgdorferi for persons who had leukopenia or 

thrombocytopenia and whose sera were collected 
in Connecticut during 1995 and 1996 

Antigen 
tested 

Polyvalent 
assay 

method 

Total no. 
of serum 
specimens 
analyzed" 

No. (%) 
of serum 
specimens 
positive 

Antibody titer 

Range 

E. equi IFA 
E. chaffeensis IFA 
B. microti IFA 
B. burgdorferi ELISA 

512 
512 
494 
512 

50 (9.8) 
30 (5.9) 
47 (9.5) 

184 (36) 

307 
180 
212 
958 

SO-5,120 
80-2,560 
80-5,120 

160^10,960 

" There were 375 patients in the study group. Multiple serum samples (n = 
254) were available from 117 of these subjects for analyses by IFA staining 
methods and ELISAs. 

(Ig) (Organon Teknika Corp., Durham, N.C.). To detect class-specific antibod
ies, commercially prepared goat anti-human IgM (u.-chain-specific) and goat 
anti-human IgG (-y-chain-specific) reagents (Kirkegaard & Perry Laboratories, 
Gaithersburg, Md.) were diluted in PBS solutions to 1:40 and 1:20, respectively. 
The reactivities of these conjugates were verified by testing a panel of control 
sera from persons who bad Lyme borreliosis and in whom immunoblotting or 
enzyme-linked immunosorbent assay (ELISA) procedures had confirmed the 
presence of IgM or IgG antibodies. Further details on IFA staining methods and 
sources of positive and negative control sera for HGE are reported elsewhere 
(17). Distinct fluorescence of inclusion bodies (morulae) in infected neutrophils 
was considered evidence of antibody presence in sera diluted to 1:80 or greater. 
There were no false-positive reactions when sera from healthy persons (i.e., 
negative controls) were tested at this dilution. Grading of fluorescence was done 
conservatively. Serial dilutions of all positive sera were retested to determine 
titration endpoints. 

The procedures used in the Western blot analysis to detect total antibodies 
have been described previously (11). Briefly, HL-60 (human promyelocyte leu
kemia) cells were used to cultivate the NCH-1 strain of the HGE agent, originally 
isolated from a human in Nantucket, Mass. (27). Lysates (5 to 10 u.g of total 
protein) of infected or uninfected (i.e., control) cells were dissolved in sample 
buffer (5% 2-mercaptoethanol, 10% glycerol, 2% sodium dodecyl sulfate, and 
0.8% bromophenol blue in 6.25 mM Tris buffer [pH 6.8]) before heating at 100°C 
for 10 min. Blocking solutions consisted of PBS with 5% nonfat dry milk. The 
commercially prepared conjugate (Sigma, St. Louis, Mo.) used was a 1:1,000 
dilution of alkaline phosphatase-labeled F(ab')2 anti-human Ig. Human sera 
were diluted to 1:100 in PBS solution with 5% bovine serum albumin and were 
tested in parallel against both lysate preparations of proteins that had been 
transferred to nitrocellulose sheets. All strips were washed three times with PBS 
solutions containing 0.2% Tween at each of the required steps following incu
bation periods. Blots were developed for 5 min in nitroblue tetrazolium and 
5-bromo-4-chloro-?-indo!yl phosphate (Stratagene. Inc., La Jolla. Calif.), and the 
reaction was quenched in distilled water. Immunoblotting procedures included 
molecular mass standards (Bio-Rad Laboratories, Hercules, Calif.) and the pos
itive and negative serum controls used in an earlier investigation (11). 

Serologic testing for babesiosis and Lyme borreliosis. An IFA staining pro
cedure (17) was used to detect total antibodies to B. microti, while polyvalent and 
class-specific ELISAs were used to quantitate the concentrations of antibodies to 
B. burgdorferi sensu stricto (strain 2591) in serum. Whole cells of this spirochete 
were coated onto polystyrene plates for a polyvalent ELISA used for the screen
ing of sera. Purified preparations of the following recombinant antigens of 
B. burgdorferi were used to confirm polyvalent assay results and to detect IgM or 
IgG antibodies: outer surface protein (Osp) OspC, OspE, OspF, and p41-G (the 
13-kDa central fragment of flagellin). When available, paired sera were analyzed 
to document seroconversions and reversions. Details on the production of anti
gens, sources of conjugates and control sera, and the sensitivities and specificities 
of these assays have been reported previously (14, 15, 17, 18). 

Specificity tests. Tests on the specificity of the IFA staining methods have been 
conducted with homologous and heterologous antigens and antisera of ehrli-
chiae, such as E. canis, E. chaffeensis, E. equi, and E. risticii (17, 19). Although 
there was no evidence of cross-reactivity between E. equi and E. chaffeensis in 
these tests and there are no reports of the DNA of the latter being detected in 
human or tick tissues in Connecticut, all sera were tested by IFA staining 
methods for E. chaffeensis antibodies as done before (17). Further analyses of 
human sera were needed to determine if the banding patterns associated with 
B. burgdorferi infections in immunoblots overlap with those characteristic of 
HGE. A peptide of E. equi and isolates of the HGE agent with a molecular mass 
of about 44 kDa appears to be a suitable indicator of HGE infection (6, 10, 11, 
24, 29) because it is frequently reactive in Western blot analysis and has a high 
degree of specificity. Accordingly, five coded serum specimens from persons who 
had erythema migrans and IgM and IgG antibodies to whole B burgdorferi cells 
(14) were screened by immunoblotting methods with lysates of the NCH-1 strain 
of the HGE agent. These patients had no history of leukopenia or thrombocy

topenia, and their sera were negative by IFA staining methods for antibodies to 
E. equi. In addition, five serum specimens from syphilitic patients and five serum 
specimens from persons diagnosed with rheumatoid arthritis, which had been 
tested in another study (14), were included in the analyses to assess specificity. 

RESULTS 

There were antibodies to E. equi in 50 (9.8%) of 512 serum 
specimens tested by IFA staining methods. The titration end-
points ranged from 1:80 to 1:5,120 (Table 1). A comparison of 
geometric means revealed at least a threefold higher value for 
sera tested by an ELISA for Lyme borreliosis compared to 
those calculated for HGE, human monocytic ehrlichiosis (HME), 
and babesiosis by IFA staining methods. 

Serologic results (Table 2) indicated more cases of Lyme 
borreliosis (n = 142) than babesiosis (n - 41), HGE (n = 33), 
or HME (n = 21). The age distribution for all 375 patients was 
2 to 96 years, whereas the ages of persons confirmed to have 
HGE ranged from 16 to 81 years. The median ages for each 
group were 53 and 48 years, respectively. 

Forty-seven (26.1%) of 180 seropositive patients had anti
bodies to two or more tick-borne agents. Exposure to B. microti 
and B. burgdorferi (n - 20 persons) was most prevalent, fol
lowed by dual infections with E. equi and B. burgdorferi (n = 
10). Nine persons produced antibodies to E. equi and E. chaf
feensis alone or in combination with either B. burgdorferi or 
B. microti. Titers to the ehrlichiae were 2- to 64-fold higher 
than those to B. microti or B. burgdorferi in six subjects. There 
was no difference in titers for two persons who had antibodies 
to E. equi and E. chaffeensis. However, sera from another pa
tient had E. chaffeensis -reactive antibodies at 8- to 16-fold 
higher concentrations (titers, 1:640 and 1:1,280) than toE. equi 
(titer, 1:80). There was evidence of single infections in 133 pa
tients, but no persons had antibodies to all four pathogens. 
Those who had been exposed to multiple agents lived in towns 
located mainly in southern Connecticut, areas where /. scapu-
laris ticks are most abundant. 

Antibodies to B. burgdorferi were present along with those to 
E. equi or B. microti, or both. Forty serum specimens from this 
group were selected to be tested by a polyvalent ELISA for 
reactivity to OspC, OspE, and OspF of B. burgdorferi. Twenty-
eight samples (70%) reacted positively to one or more of these 
highly specific recombinant antigens. Seropositivity was nearly 
twofold higher than the seropositivities recorded for 15 of 37 

TABLE 2. Prevalence of human infections on the basis of testing 
for total antibodies to multiple tick-borne pathogens 

No. of probable c; 
of infection 

• Seropositi\ 
patients'" 

E. equi 
E. chaf. 
E. chaf, E. equi 
E. chaf, E. equi, B. burg. 
E. chaf, E. equi, B. mic. 
E. chaf, B. burg., B. mic, 
E. chaf, B. burg. 
E. chaf, B. mic. 
E. equi, B. mic. 
E. equi. B. burg. 
E. equi, B. burg., B. mic. 
B. mic. 
B. mic., B. burg. 
B. burg. 

11 
7 
3 
5 
1 
2 
2 
1 
1 

10 
2 

14 
20 

101 

6.1 
3.9 
1.7 
2.8 
0.6 
1.1 
1.1 
0.6 
0.6 
5.6 
1.1 
7.8 

11.1 
56.1 

" E. chaf, E. chaffeensis; B. burg., B. burgdorferi; B mic, B. microti. 
'"There were 180 persons who had antibodies to one or more lick-borne 

pathogens. 
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FIG. 1. Representative immunoblots of individual human serum specimens, 
obtained in Connecticut during 1995 and 1996, showing variations in total anti
body responses to lysates of the NCH-1 strain of the HGE organism. Molecular 
masses are indicated in kilodaltons. Lanes 2, 4 to 7, and 9 to 11, reactivities of 
seropositive specimens. Protein antigen with a molecular mass of about 44 kDa 
was frequently reactive. The sample in lane 8 shows a single weak band at about 
100 kDa, but the sample was recorded as negative. The human serum samples in 
lanes 1, 3, and 12 show no reactivity. Lane 13, a positive control for HGE. 

serum samples (40.5% positivity) selected from a group of 138 
specimens that had antibodies only to whole B. burgdorferi 
cells. Seropositivities for antibodies to OspC (40.5 to 70% pos
itivity) greatly exceeded seropositivities for antibodies to OspF 
(2.7 to 17.5% positivity) for both test groups. Titration end-
points ranged from 1:160 to 1:40,960 and from 1:160 to 1:5,120 
for serum samples seropositive for antibodies to OspC and 
OspF, respectively. There were no positive reactions for anti
bodies to OspE in either group of sera. 

In analyses of paired sera, 38 seroconversions and 14 rever
sions were recorded. Fourfold or greater rises in titration end-
points were noted for 19 patients with Lyme borreliosis. Fewer 
seroconversions were recorded for patients with HGE (n — 12) 
and babesiosis (n - 7). Changes in antibody titers occurred in 
5 to 53 days for patients with HGE infections, 5 to 161 days for 
patients with Lyme borreliosis, and 33 to 56 days for patients 
with babesiosis. Reversions in serologic reactivity occurred in 
21 to 271 days for four HGE patients, whereas serologic reac
tivity occurred in 4 to 131 days for five patients with Lyme 
borreliosis and 18 to 148 days for four patients with babesiosis. 
The greatest rise in total antibody titers (negative to 1:20,480) oc
curred in two patients with Lyme borreliosis in 15 and 19 days, 
while the greatest decline in antibody titer (1:1,280 to negative) 
was recorded for a patient with B. burgdorferi infection in 75 
days. Records on antibiotic treatment relative to the times that 
blood samples were collected were incomplete or unavailable. 

Western blot analyses were conducted to assess the accuracy 
of IFA staining methods for the detection of HGE infections. 
Of the 19 serum specimens from 19 patients confirmed as 
having HGE by IFA staining procedures, 15 (78.9%) serum 
specimens had antibodies that reacted with the 44-kDa protein 
of the HGE agent in immunoblots (Fig. 1). Two additional 
positive control serum samples were reactive in both assays. 
There was no reactivity to uninfected HL-60 cells (negative 
controls). Furthermore, immunoblots revealed no antibodies 
to the HGE agent in 30 (96.8%) of 31 serum samples found to 
be negative by IFA staining methods. This group included sera 
from persons who had rheumatoid arthritis, syphilis, or Lyme 
borreliosis. A serum sample from a patient who had Lyme 
borreliosis was negative by IFA staining methods with the BDS 
strain of E. equi but was positive by immunoblotting (44-kDa 
band only) with the NCH-1 strain of the HGE agent. When re-
tested by IFA staining methods with the NCH-1 strain, the re
sults were negative, suggesting that the differences are due to 
experimental techniques rather than antigenic variation. A suf
ficient amount of serum was available for further testing of one 
of the four samples found to be positive by IFA staining with 
the BDS strain and negative by immunoblotting with the NCH-
1 strain (Fig. 1, lane 8). When the latter strain was included in 
tests performed by IFA staining methods, the sample was pos
itive for antibodies at a titer of 1:160, again indicating differ
ences due to methodologies. 

Serologic analyses for class-specific IgM and IgG antibodies 
to E. equi and B. burgdorferi revealed differences in seroposi-
tivity. We tested at least 24 specimens from individuals in each 
of three study groups in which persons had leukopenia (1.0 x 
109 to 4.0 X 10y/liter) or thrombocytopenia (9.0 X 109 to 148 X 
109/liter), or both disorders (Table 3). In tests for E. equi an
tibodies, 3 (1.2%) of 250 serum samples from persons who had 
low leukocyte and platelet counts had IgM antibodies. Human 
IgG antibodies were detected in sera from each study group. 
The proportions ranged from 2.5 to 10.9%. In serologic anal
yses for Lyme borreliosis, relatively higher numbers of serum 
samples contained IgM antibodies; the values ranged from 67.6 
to 82.1%. Similarly, the proportions of seropositive specimens 
with IgG antibodies were high (57.8 to 75%). 

In separate analyses, sera containing IgM or IgG antibodies 
to whole B. burgdorferi cells were retested by ELISAs contain
ing recombinant antigens of this bacterium. Sera in each study 
group had class-specific antibodies to one or more Osps or p41-G 
(Table 4). The proportions of positive serum samples ranged 
from 46.7 to 67.7% when samples were screened for IgM an
tibodies to OspC. In analyses for IgG antibodies, seroreactivity 
to this recombinant antigen was likewise recorded in each of 
the three study groups; the proportions of positive sera ranged 
from 31.3 to 63.6%. There was evidence of IgM or IgG anti-

Study 
group" 

TABLE 3. Numbers of human serum samples with IgM and IgG antibodies to E. equi and B. burgdorferi 

E. equi B. burgdorferi 

IgG IgM IgG 

Total no. of serum 
samples tested 

No. (%) 
positive 

Total no. of serum 
samples tested 

No. (%) 
positive 

Total no. of serum 
samples tested 

No. {%) 
positive 

Total no. of serum 
samples tested 

No. (%) 
positive 

A 80 0 80 2(3) 24 16 (67) 24 18(75) 
B 100 0 101 11(11) 39 32(82) 39 24 (62) 
C 250 3(1) 252 18(7) 71 48 (68) 71 41 (58) 

" Study groups: A, patients with leukopenia; B, patients with thrombocytopenia; and C, patients with leukopenia and thrombocytopenia. Note that class-specific 
antibodies to E. equi and whole B. burgdorferi cells were detected by IFA staining methods and ELISAs, respectively. Persons were suspected of having granulocytic 
ehrlichiosis and not Lyme borreliosis. 
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TABLE 4. Reactivities of sera from persons suspected of having 
granulocytic ehrlichiosis to whole cells and recombinant 

antigens of B. burgdorferi in class-specific ELISAS 

No. of scrum samples positive for the following 
antibodies to the indicated protein: 

Study 
group" IgM IgG 

*'"lî'° OspC OspE OspF p41.G W y OspC OspE OspF p41-G 

15 7 0 
31 21 3 
44 29 6 

2 8 16 5 0 4 2 
9 14 22 14 1 12 8 

11 27 36 17 0 18 9 

Total 90 57 22 49 74 36 1 34 19 
7 See footnote a of Table 3. 

bodies to OspE, OspF, and p41-G, but the rate of seropositivity 
was usually less than that noted for antibodies to OspC. 

DISCUSSION 

Serologic analyses provided evidence of HGE and HME in 
Connecticut. However, when considering that all persons had 
marked leukopenia or thrombocytopenia, the prevalence of hu
man ehrlichiosis was relatively low. The putative tick vector of 
the HGE agent, I. scapularis, is found throughout most of 
Connecticut. By using PCR procedures, 50% of the 118 female 
I. scapularis ticks from southern Connecticut analyzed carried 
the DNA of the HGE agent (19). An infection rate of 53% was 
recorded for female I. scapularis ticks in Westchester County, 
N.Y. (25), but lower rates (10 to 15%) were reported for 
Massachusetts, Rhode Island, and Wisconsin (23, 27, 31). Sim
ilar DNA analyses revealed no evidence of E. chaffeensis in 
Connecticut ticks (19). On the basis of the relatively low num
ber of serologically confirmed HGE cases, it appears that the 
tick transmission rate for this pathogen is low in Connecticut. 
We also suspect that most persons in the present study prob
ably had other disorders unrelated to tick bites and note that 
patients who have Lyme borreliosis rarely present with leuko
penia or thrombocytopenia. Nonetheless, our results on gran
ulocytic ehrlichiosis agree with those reported earlier, which 
documented this disease in humans and horses in Connecticut 
(S, 9, 13). 

Although physicians suspected HGE, there was serologic 
evidence of HME, Lyme borreliosis, and babesiosis in some 
patients. It is possible that E. chaffeensis infects persons in the 
northeastern United States, but well-documented cases with 
supportive results from culture or PCR analyses are lacking 
there. This disease occurs more frequently in the southern 
United States, where the lone star tick {Amblyomma america-
num) is abundant (28, 29). As observed before (17, 22), some 
serum samples contained antibodies to£. equi and£. chaffeen
sis. In our experience (17), there was little or no cross-reactivity 
between these organisms or with B. microti and B. burgdorferi. 
Furthermore, sera from 133 (73.9%) of 180 seropositive pa
tients in the present study contained antibodies to a single 
organism, and sera from persons who had syphilis, rheumatoid 
arthritis, or babesiosis did not cross-react in tests for HGE. We 
recognize that persons who had antibodies to E. chaffeensis 
could have been infected in other states. Future studies should 
focus on the isolation and identification of ehrlichiae from 
ticks and wild mammals to determine if E. chaffeensis occurs in 
New England and if there are other unknown pathogens that 
might share antigens with the HGE agent and E. chaffeensis. 
Illnesses in patients who had antibodies to B. burgdorferi and 

B. microti were probably undiagnosed in many instances. Also, 
subclinical forms of Lyme borreliosis and babesiosis have been 
reported (7,12, 26). It is unclear if persons who had antibodies 
to these unrelated pathogens had concurrent infections or if 
they had been exposed to different organisms over extend
ed periods of time. More precise case history information, 
including isolation data, is needed to verify multiple, active 
tick-borne infections (21). 

Culturing of blood and other tissues from field-collected an
imals has demonstrated simultaneous infections with B. burg
dorferi and B. microti in white-footed mice (Peromyscus leu-
copus) in areas of Connecticut and Rhode Island where 
/. scapularis abounds (1, 2). Human beings have been infected 
with B. microti in inland areas of Connecticut (2). In addition, 
analyses of sera from humans (17, 20) and white-footed mice 
(16) revealed coexisting antibodies to multiple agents, includ
ing the HGE organism. Simultaneous human Lyme borreliosis 
and granulocytic ehrlichiosis infections have been demonstrat
ed by culture methods in Westchester County, N.Y. (21). There
fore, if one of these diseases is suspected or diagnosed in hu
mans, serologic testing and the use of adjunct laboratory 
procedures (i.e., examination of stained leukocytes or eryth
rocytes, culture for the detection of pathogens, or testing for 
the DNA of the agents) are warranted. Concurrent infections 
with different pathogens may complicate illnesses, and conse
quently, the clinical presentation (signs and symptoms) may be 
unusual for some patients. Finally, knowledge of simultaneous 
babesiosis and Lyme borreliosis is important for treatment 
because different antibiotics are required (28, 29). 

Class-specific analyses detected IgM and IgG antibodies to 
E. equi and B. burgdorferi. However, far fewer patients with 
suspected HGE infections than patients with Lyme borreliosis 
were seropositive for IgM antibody. As a part of our study of 
HGE, physicians were required to submit clinical data that 
indicated whether the patients had leukopenia and/or throm
bocytopenia. Consequently, most of the blood samples were 
collected later in the course of the disease when IgG antibodies 
were more likely to be present. The detection of IgM antibod
ies to B. burgdorferi most likely indicates early stages of infec
tion. Documentation of seroconversions for HGE and Lyme 
borreliosis was especially important because the clinical pic
ture was often unclear for many patients. 

Results of Western blot analyses compared favorably with 
those obtained by IFA staining methods. We attribute the low 
number of discrepant results to differences in assay sensitivi
ties. We also recognize, however, that serologic results may 
occasionally vary with the strain of antigen used in the tests. 
Antigenic diversity occurs among different strains of the HGE 
agent (3, 33). Nonetheless, the visualization of key banding 
patterns for proteins with molecular masses of about 40 to 
44 kDa was very helpful in our serological confirmation of 
HGE. Previous investigators have reported on the significance 
of the 44-kDa immunodominant protein as a highly specific 
serologic indicator (6, 11, 24, 29) and on other less frequently 
identified HGE antigens of 40, 65, 80, and greater than 100 
kDa (11). As in the laboratory diagnosis of Lyme borreliosis, 
Western blot analyses can be used to confirm less specific 
prescreening tests for antibodies to the HGE agent (24). How
ever, additional work is needed to identify other specific pro
teins and to produce the appropriate monoclonal antibodies so 
that immunoblotting results for HGE infections can be further 
validated and standardized. 

As in studies of Lyme borreliosis (18), the production of 
purified, recombinant fusion proteins of the HGE agent might 
improve the sensitivities and specificities of ELISAs and West
ern blotting. Our inclusion of highly specific OspC, p41-G, and 



OspF antigens in ELISAs for Lyme borreliosis was particularly 
useful in confirming the results of a polyvalent ELISA, which 
contained whole-cell antigen of B. burgdorferi. The 44-kDa 
major outer membrane protein of the HGE agent has recently 
been cloned and expressed (10, 32). Preliminary test results for 
a limited number of sera indicate high degrees of sensitivity 
and specificity in a dot blot immunoassay and Western blot 
analysis, but further evaluations are needed, however, with a 
larger panel of serum specimens to assess assay performance. 
Standardization of highly sensitive and specific class-specific 
ELISAs for HGE would be easier than standardization of IFA 
staining methods, and with automation, class-specific ELISAs 
would be more cost-effective than Western blot analyses. 
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Abstract 

The early antibody response in patients with Human Granulocytic Ehrlichiosis (HGE), and 

in mice infected with the HGE agent, was characterized by using sera to probe lysates of HL-60 

cells infected with HGE organisms. Sera were obtained from 18 patients with HGE, mostly 

within the first 6 weeks of clinical infection, and from mice infected with the HGE agent for up to 

3 weeks. A 44-kDa antigen was reactive with IgG in all 18 patients, and IgG to 40-, 65- and 80-

kDa antigens was present in 6, 8 and 7 of the 18 individuals, respectively. In addition, IgM to 40-

, 44-, 65-, 80-kDa antigens was found in 9, 5, 4 and 4 subjects. Ig to antigens ranging between 

95- and 125-kDa were detected less frequently. HGE-infected C3H/HeJ mice had an antibody 

response that was similar to humans. We conclude that the 40- and 44-kDa proteins of the HGE 

agent elicit early strong antibody responses during infection. Characterization of the antigens 

recognized by antibodies during HGE should aid in diagnosing the infection and in understanding 

the pathogenesis of disease. 

Introduction 

Human Granulocytic Ehrlichiosis (HGE) is an emerging tick-borne infection [1-9, for 

review: 10]. The yet unnamed agent of HGE appears to predominantly infect and survive within 

neutrophils, and can result in fever, headache, myalgia, neutropenia, and in rare cases, death. The 

monocytic form of human ehrlichiosis is caused, in most cases, by Ehrlichia chaffeensis infection 

of monocytes. This disease produces some symptoms similar to HGE, but has a different 

geographic distribution [3, 10, 11]. A wide variety of vertebrates can develop granulocytic 

ehrlichiosis, including horses, sheep and humans. There is ample evidence that the causative 

agents, Ehrlichia equi, Ehrlichia phagocytophila and the agent of HGE, respectively, are very 

closely related based on 16S ribosomal sequences as compared to other Ehrlichia spp. [2]. In 

addition, it has been suggested that infection of a horse with the agent of HGE may confer 

resistance to E. equi [12]. The white-footed mouse (Peromyscus leucopus) may be one of possibly 

several animal reservoirs of the HGE agent, and the vectors have been suggested to be ticks in the 

Ixodes ricinus complex [8, 9]. Humans are infected by the bite of infected ticks, and not 

unexpectedly, the disease is prevalent in regions of the country where Lyme disease and 

babesiosis, other diseases associated with Ixodes ricinus complex ticks, are common [6]. 

The diagnosis of HGE can be difficult. The definitive method is the identification of 

cytoplasmic clusters of organisms (morulae) within neutrophils in the peripheral smear of a patient 
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with suspected disease [1]. However, the search for morulae may be hampered by small numbers 

of infected neutrophils, and is therefore time consuming and can result in false-negative 

assessments of infection. In addition, distinguishing morulae from other cytoplasmic inclusion 

bodies (infectious or not) may pose difficulties in some cases and may lead to false-positive 

results. Direct cultivation of HGE organisms in HL-60 cells has been reported [13] and the 

inoculation of patient blood into mice with the subsequent development of morulae on the 

peripheral blood smear has been demonstrated, but these methods are not yet used for diagnostic 

purposes [9]. PCR analysis based on 16S ribosomal sequence [2], and immunofluorescence using 

E. equi as the antigen [1, 6] have also been used for diagnosis. PCR may, however, be potentially 

fraught with false-positive and false-negative results. Immunofluorescence staining methods using 

E. equi as antigen, have further shown that E. equi, E. phagocytophila and the agent of HGE are 

closely related, since both equine and human sera reacted with the E. equi antigen. In fact, sera 

from HGE patients react prominently against 42-, and 44-kDa E. equi proteins and several other 

antigens on immunoblot [14]. Moreover, false-positive Lyme disease test results can occur in 

HGE, suggesting that cross reactive antibodies between these two pathogens may complicate 

diagnostic testing for both diseases [15]. In addition, some sera containing antibodies against E. 

equi using immunofluorescence may also react with E. chaffeensis antigens, which may hamper 

establishing the diagnosis. Since the delineation of the early humoral response in HGE may aid in 

diagnosing infection and understanding disease pathogenesis, we characterized the development of 

antibodies against HGE organisms during infection. 

Materials and methods 

Cultivation of the HGE agent in HL-60 cells 

The promyelocytic cell line HL-60 (American Type Culture Collection CCL 240) was 

cultured in Iscove's modified Dulbecco's medium supplemented with 20% fetal bovine serum and 

maintained at 37° C with 5% carbon dioxide, as described [13]. Patient's blood was stored at 4° C 

and 50 u.1 of blood was incubated under sterile conditions with 10 ml of HL-60 cells with a density 

of lxlO6 per ml in 70 ml culture flasks. Cell density was maintained between 5xl05 and 1.5xl06 

per ml by feeding the cells twice a week. Usually 5 ml of the culture was removed and discarded 

and an equal amount of fresh medium was added. If the cell count was below 5xl05 per ml, fresh 

HL-60 cells were added to a final concentration of lxlO6 per ml. Light microscopy slides of 

cultured HL-60 cells were air-dried and stained with Diff-Quik (Baxter Healthcare Corp., Miami, 

FL) and examined for morulae. 
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PCR. 

Patient and murine blood was used to prepare genomic DNA by routine DNA extraction 

procedures as described [16]. DNA was dissolved in distilled water. To 50 |xl reaction mixtures 

containing 5 u.1 buffer (lOx), 0.2 mM dNTPs, 1.5 mM MgCl2, 0.5 units Taq polymerase, 100 

pmol of each primer and 2 ul DNA. Primers used were Ehr 521 (5'-TGT AGG CGG TTC GGT 

AAGTTA AAG-3') and Ehr 747 (5'-GCA CTC ATC GTT TAC AGC GTG-3') that amplify the 

region of the 16S ribosomal DNA that distinguishes the agent of HGE from the other ehrlichiae 

[8]. 

Indirect immunofluorescence assay (IFA). 

The patient sera were tested for reactivity to E. chaffeensis and E. equi antigens by IFA 

staining methods as previously described [6, 7]. E. chaffeensis was cultured in DH 82 cells and 

was kindly provided by the Centers for Disease Control (Atlanta, GA). The E. equi antigen (MRK 

strain) was supplied by J. Madigan from the University of California at Davis. Most patients 

diagnosed with HGE reacted positive to E. equi (titers ranging from 1: 80 to 1: 5120) and either 

showed no reactivity or low reactivity to E. chaffeensis. Titers greater or equal to 1:80 were 

considered positive as is described [6]. 

Immunoblot analysis. 

SDS-PAGE separation of protein was performed by using 10% acrylamide gels under 

reducing conditions as previously described [17]. Lysates of HL-60 cultures (5-10 \xg total 

protein), both uninfected, or infected with the NCH-1 strain were dissolved in sample buffer (5% 

2-mercaptoethanol, 10% glycerol, 2% SDS and 0.8% bromophenol blue in 6.25 mM Tris buffer, 

pH 6.8) and heated for 10 min. at 100° C. Molecular mass standards were used for each panel 

(Bio-Rad Laboratories, Hercules, CA). Protein was transferred to nitrocellulose, and the blocking 

procedure was performed in phosphate buffered saline (PBS) with 5% nonfat dry milk. Incubation 

with a 1:100 dilution of human serum or 1:500 dilution of mouse serum, and chemiluminiscent 

detection of bound antibody by using alkaline phosphatase-conjugated F(ab')2 anti-human or anti-

mouse immunoglobulin (M or G) (Sigma, St. Louis, MO) were performed as specified by the 

manufacturer. 

Patient sera. 

Patient sera were collected by physicians collaborating in the Yale-Connecticut Department 

of Public Health emerging infections program and by Dr. S. R. Telford III (Harvard). All patients 

fulfilled the criteria of an acute illness with fever > 38°C, headache, malaise and laboratory 
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findings of leukopenia and/or thrombocytopenia with or without anemia. The patients were all 

diagnosed with HGE based on clinical symptoms and either the identification of morulae in the 

peripheral blood smear or by IFA using E. equi and E. chaffeensis. The time interval between the 

first onset of symptoms and collection of sera samples was recorded in weeks. Sera from healthy 

individuals with no prior history of HGE or Lyme disease were used as controls. Sera from 

patients with a documented infection (identification of morulae and by IFA) with E. chaffeensis, 

were used for immunoblot specificity studies (kindly provided by Dr. J. G. Olson, CDC, Atlanta, 

GA and by the Connecticut State Health Department). These sera were previously documented by 

IFA with positive titers to E. chaffeensis antigen (1:80 or greater) and negative tests for E. equi 

(positive titer is 1:80 or greater). 

Mouse sera. 

A total of twelve C3H/HeJ mice (three to four weeks old), obtained from Jackson 

Laboratories, Bar Harbor, Maine, were exposed to ehrlichia-infected (NCH-1 strain) ticks. The 

NCH-1 strain was maintained by serial passage from infected mice to naive mice by peritoneal 

inoculation of infected anticoagulated blood [9]. Uninfected larval /. scapularis (also known as I. 

dammini) ticks were fed to repletion on infected mice and placed in mesh-covered vials containing 

moist plaster of Paris at room temperature until molting into nymphs. Three weeks after molting, 

five nymphs were used to infect mice. At day 5 after tick feeding, infection was verified by 

collection of blood from the retroorbital sinus and examining blood smears for morulae. Each time 

four mice were sacrificed on days 10, 17 and 24 days after tick feeding and blood was obtained by 

cardiocentesis. Cardiac blood was placed in tubes containing EDTA and plasma was obtained for 

serology testing. Three uninfected mice were used as control that were fed upon by uninfected 

ticks and the mice were examined as in the experimental group. 

Results 

Twenty six serum samples from 18 patients with HGE and 3 sera from healthy volunteers 

(controls) were used to delineate the antigens recognized during infection. All patients diagnosed 

with HGE had the characteristic clinical symptoms, including leukopenia and/or thrombocytopenia 

and either morulae in their peripheral smear neutrophils or were IFA-positive. Representative 

immunoblots of NCH-1-infected HL-60 cells probed with sera are shown in Figure 1, and the data 

are summarized in Table 1. IgG reactivity to a 44-kDa protein were most common, and detected in 
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Figure 1. Representative immunoblots of individual patients' IgM and IgG response to lysates of HGE organisms. 
For patient 4 both IgM and IgG reactivity is shown with the first serum (1 week). Antigens are reactive at 40-, 44-, 
65-, 80-, 94-, 105-, 110-, 115-, and 125-kDa. Some patients' sera also detect smaller size proteins between 29- and 
44-kDa (patient 6, IgM and patient 4, IgG) Lane 1 : Uninfected HL-60 cells. Lane 2: HL-60 infected with the HGE 
agent. M: molecular weight marker (kilodalton). 

all 18 (100%) individuals. IgG directed towards the 40- and 65-kDa antigens were present in 6 

(33%) and 8 (44%) of the 18 patients respectively, while IgG to the 80-kDa protein was present in 

7 (39%) individuals. Eight sera showed reactivity to the 44-kDa antigen only. IgG to antigens 

having molecular weights between 94- and 125-kDa were detected less frequently (94-kDa in 7, 

105-kDa in 6, 110- and 115-kDa in 5 and 125-kDa in 6 patients). Only two acute sera (patient 12 

and 18) failed to react with the 44-kDa antigen with IgG, but both the convalescent sera were 

positive. IgM reactivity was most commonly detected to the 44-kDa protein: 10 (56%) out of 18 

patients. IgM reactivity to the 40- and 65-kDa antigen were present in 5 (28%) and 4 (22%) 

patients respectively, and the 80-kDa protein was also detected in 4 (22%) patients. Seven sera 

recognized only the 44-kDa protein by IgM. The IgM response to larger proteins was less common 

(94-kDa in 4, 105-kDa in 3, 110-kDa in 2, 115-kDa in 4, and 125-kDa in 2 patients). Eleven sera 

did not show any IgM response. When the IgG and IgM results were combined, all sera detected 

one or more ehrlichial antigens. In order to rule out the possibility of cross reactivity with Borrelia 

burgdorferi antigens, all samples were tested for antibodies to B. burgdorferi. Only one patient 

(table 1, patient 18) showed IgG antibodies to three B. burgdorferi proteins (22- {OspC}, 41-

{flagellin} and 68-kDa {HSP}). None of the other sera were able to detect any B. burgdorferi 

antigens by immunoblot (data not shown). 
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Table 1. Immunoblot results of serum samples of HGE patients 1-18. 

Antigens (kDa) detected by immunoblot IFA titer 

IgM IgG E. eaui E. chaff. 
Patient week* 
1 3 Neg 44 320 Neg 
2 3 40, 44, 65, 80, 94, 105, 110, 125 40, 44, 94, 105, 110, 115, 125 2560 1280 

5 40, 44, 65, 94, 110 , 115 40,44, 94, 105, 110, 115, 125 1280 640 
3 I 40, 44, 11: 40,44, 65, 80, 94, 105, 110, 115, 125 640 Neg 
4 1 40, 44, 11' 40, 44, 65, 80, 94, 105, 110, 115 5120 80 

3 40, 44, 65, 80, 94, 110, 115 40, 44, 65, 80, 94, 105, 110, 115, 125 2560 Neg 
5 1 Neg 44, 65 640 ND 
6 6 40, 44, 80, 94, 105 115 40,44, 65, 80, 94, 105, 110, 115, 125 640 Neg 
7 8 Neg 44 320 Neg 
8 4 40, 44, 80, l)4. 105. 115 40, 44, 65, 80, 94, 105, 110, 115, 125 640 80 
9 4 44 44, 65, 105 160 Neg 
10 5 Neg 44 160 Neg 
11 1 

5 
44 
44 

44 
44 

Neg 
80 

Neg 
Neg 

12 I 
5 

44 
44 

Neg 
44,65 

Neg 
80 

Neg 
Neg 

13 1 
5 

Neg 
44,65 

44, 94 
44 

Neg 
80" 

Neg 
160 

14 14 Neg 44, 80 2048 512 
15 1 Neg 44 1024 Neg 
16 1 

11 
Neg 
Neg 

44 
40, 44, 65, 94 

Neg 
256 

64 
128 

17 7 Neg 44, 80 256 512 
18 1 

3 
6 

Neg 
44 
44 

80 
44, 80 
44, 80, 125 

ND 
ND 
ND 

ND 
ND 
ND 

Note. IFA titer > 1:80 was considered positive for patients 1-13; > 1:64 was considered positive for patients 14-17. 
IgG reactivity to44-kDa protein was present in all samples except first sera of patients 12 and 18. Neg, negative; ND, 
not done. 
* After onset of symptoms. 

Two successive serum samples were available from seven patients. Two of these had IgG 

seroconversion to the 44-kDa antigen (patient 12 and 18), while one had IgM reactivity to the 44-

kDa protein in the acute serum (patient 12). For each serum tested a simultaneous control with 

uninfected HL-60 lysate was performed to rule out any reactivity to antigens other than the HGE 

agent. Occasionally, weak reactivity to HL-60 antigens was seen and the intensities of these bands 

were comparable in both the infected and uninfected lanes (fig. 1). Three sera from healthy 

individuals without prior history of HGE or Lyme disease were used as controls. None of the 

control sera detected ehrlichial proteins or B. burgdorferi antigens (data not shown). 

We then evaluated sera from mice infected with HGE organisms to compare the murine and 
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human humoral response. Mice were infected by allowing ehrlichia-infected ticks to feed to 

repletion, and infection was confirmed at 5 days by the appearance of morulae in neutrophils in a 

blood smear. On average, 200 granulocytes were examined and between 8 and 12% had the 

characteristic cytoplasmic inclusions as described [9]. AH mice in the experimental group were 

infected, while none of the control mice were infected. This result was confirmed by PCR (data not 

shown). Mice were sacrificed and blood was collected at 10, 17 and 24 days after challenge. All 

sera had HGE-specific antibodies and the responses were similar within each group. The IgM 

response was assessed at day 10 and 17 by immunoblot (fig. 2). The strongest response was at 

day 10, detecting the 44- and 80-kDa antigens and a larger antigen (115-kDa), whereas the 17 day 

sera identified only the 44-kDa protein. At day 10 an IgG response to the 44-kDa antigen was first 

detected, which then expanded during the course of infection to involve other proteins. At 17 
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Figure 2. A composite of immunoblots using sera from mice infected with the HGE agent. Sera was obtained at 10 
and 17 and 24 days after tick feeding. Lane 1 : Uninfected HL-60 cells. Lane 2: HL-60 cells infected with HGE. M: 
molecular weight marker (kilodalton). 

days IgG to the 44-, 80-, 105-kDa proteins were detected and at day 24 the humoral response was 

directed towards many antigens (fig. 2). All proteins identified with the human sera were also 

detected with all mouse sera, and several additional proteins (25-, 34-, 35-kDa, and some between 

40- and 44-kDa) were recognized by murine antibodies. 

Twenty sera from thirteen patients with documented infection with E. chaffeensis were 

used to further assess the specificity of the immunoblot assay. None of the 40-, 44-, 65-, 80-kDa 

antigens were detected using these sera. Weak reactivity, however, to a 110-kDa ehrlichial antigen 

was detected in one serum sample and another serum sample was reactive to a 120-kDa antigen 

(fig. 3). 
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Figure 3. Immunoblots of HL-60 cells infected with HGE organisms probed with sera from patients with E. 
chaffeensis infection. 

Discussion 

We have delineated the early humoral response to the agent of HGE using sera from 18 

patients with well-defined disease and lysates of HGE infected HL-60 cells as substrate for 

immunoblots. The 44-kDa ehrlichial protein is the most commonly detected antigen. The next 

most frequently identified antigens are 40-, 65-, and 80-kDa. These studies are the first to use the 

HGE agent, isolated from a patient, to identify the immunogenic proteins. Nyindo and colleagues 

showed strong reactivity with a 25- and 45-kDa E. equi protein on immunoblot using antiserum to 

E. equi [18]. Additional but less intense reactivity with 13-, 16-, and 23-kDa proteins was also 

noted. Our results have some similarities with the findings by Dumler and colleagues who used E^ 

equi as antigen for immunoblots and reported that the 25-, 42-, 44- and 100-kDa E. equi antigens 

are detected by sera from HGE patients [14]. Our data, however, also show that the humoral 

response to the HGE organism in patients includes reactivity to the 65- and 80-kDa proteins, as 

well as antigens between 95- and 125-kDa. Moreover, antibodies in the sera of mice infected with 

the HGE agent also reacted with several smaller antigens between 25- and 35-kDa. The 

characteristics of the 42-, and 44-kDa E. equi protein are not yet known: these proteins may not be 

present in the HGE organism or they may be homologues of the 40-, and 44-kDa HGE proteins, 

respectively. Further molecular characterization of the antigens of E. equi and the HGE organism 

will clarify this issue. Nevertheless, we propose that the detection of the 44-kDa protein by both 

IgM and IgG, or an IgG response alone to the 44-kDa plus one or more of the other characteristic 

bands (40-, 65-, 80- or between 95- and 125-kDa) should be considered diagnostic of infection, in 
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the setting of clinical disease and laboratory data consistent with HGE. The complete delineation 

of the antigens that must be identified on immunoblot for the confirmation of HGE will require 

independent data produced from several laboratories. Our studies provide a framework for 

interpreting such data. 

The other, and most common, human ehrlichial infection in the U.S. is caused by E. 

chaffeensis, which infects predominantly monocytes [3, 10, 11, 19]. Immunoblot assays have 

revealed that the major immunodominant antigens are the 22-, 28-, 29-, 44-, 55-, 66-, and 120-

kDa proteins [20], Some of these proteins could be related to antigens that we have identified in the 

HGE organism. However, we have shown that there is no major cross reactivity, since sera from 

patients that were diagnosed with E. chaffeensis infection failed to react with the 40-, 44-, 65- and 

80-kDa antigens of the HGE agent, and 110- and 120-kDa HGE antigens were each recognized by 

only one of 13 patients. Most importantly, none of the E. chaffeensis sera showed reactivity to the 

44-kDa HGE protein, suggesting that although the 44-kDa antigens in E. chaffeensis and the HGE 

agent have the same molecular size, they are distinct. The specificity of the immunoblots using 

HGE-lysates has not been tested for other ehrlichial species. However, the HGE agent and E. 

chaffeensis are the two most important agents causing ehrlichial infections in humans and our data 

suggest that for diagnostic purposes they can be successfully distinguished by immunoblot using 

HGE antigen. Since we have not tested the sera from HGE patients against immunoblots using E. 

chaffeensis antigen, we can not exclude the possibility that cross reactivity may occur in this way 

and thus lead to a in false-positive E. chaffeensis result. Nonetheless, since the current method of 

diagnosis includes IFA using E. equi and E. chaffeensis as antigens, immunoblot using HGE 

antigen may be of additional value in those cases where the patient's serum reacts against both 

antigens. In fact, several HGE sera in our study showed reactivity to E. chaffeensis antigen by 

IFA. All of those patients were diagnosed with HGE by identification of morulae in the 

granulocytes on peripheral blood smear and reacted positive by immunoblot. How can this 

reactivity to E. chaffeensis be explained? Although cross reactivity can not be ruled out, in general, 

we feel that cross reactivity in IFA testing has been only a minor problem in our hands, because 

most of the sera of patients with HGE do not react to E. chaffeensis antigen [6, 7], An alternative 

explanation is that some of the individuals in our study were exposed to E. chaffeensis as well, but 

not necessarily at the same time. Furthermore, these serologic tools are simply indirect measures of 

infections and may have technical limitations for specific diagnosis. 

Our data also indicated that the initial IgM and IgG response in mice is similar to humans, 

with reactivity directed against the 40-, 44-, 65- and 80-kDa proteins. Murine antibodies also 

reacted with other antigens, mainly in the range between 25- and 44-kDa. Clearly, most human 

sera did not show strong IgM reactivity or no IgM reactivity at all, even early in the course of 
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infection. As IgM is usually prominent in the first week of infection, and most of the human sera 

were obtained at later time points, this may account for the relative lack of IgM. Since all but one 

human sera had HGE-specific IgG, sufficient time after tick bite must have elapsed such that the 

transient IgM response had resolved in many patients. In addition, the variations in the HGE 

antigens identified by humans, and mice may also be partially explained by initiation of antibiotic 

treatment in patients, that could blunt the evolution of the immune response. Indeed, mice remain 

persistently infected for weeks (murine blood could still transmit the agent to naive mice, 

unpublished data), thereby possibly accounting for the development of additional HGE-specific 

antibodies. 

We have established that immunoblot using HL-60 cells infected with the HGE agent can 

be used to characterize the humoral response during HGE. The detection of an antibody response 

to the 40-, 44-, 65- and 80-kDa ehrlichial proteins may be most useful to aid in diagnosis, with 

response to the 40- and 44-kDa proteins playing the major role in serodiagnosis of HGE. 
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We describe a patient with human granulocytic ehrlichiosis (HGE), a diagnosis confirmed by PCR and 
immunoblot analysis. Unexpectedly, immunoglobulin G (IgG) directed towards an 80-kDa ehrlichial antigen 
(without detectable IgM) was present in the patient's serum in the first week of illness. Lyme disease 
immunoblots were reactive for IgG (but not IgM), a result indicative of prior exposure to the Lyme disease 
spirochete. Amino-terminal sequencing revealed that the 80-kDa ehrlichial antigen was an HSP-70 homolog 
similar to Borrelia burgdorferi HSP-70. We conclude that antibodies against B. burgdorferi HSP-70 may 
cross-react with the ehrlichial heat shock protein and that this possibility must be considered when serologic 
test results for HGE and Lyme disease are interpreted. 

Human ehrlichioses are emerging zoonotic infections caused 
by obligate intracellular bacteria of the genus Ehrlichia. Two 
distinct human ehrlichioses occur in the United States: human 
monocytic ehrlichiosis, primarily a result of infection with Ehr
lichia chaffeensis, and human granulocytic ehrlichiosis (HGE), 
caused by the agent of HGE (aoHGE) (15). The aoHGE is 
closely related to Ehrlichia equi and Ehrlichia phagocytophila, 
the respective agents of granulocytic ehrlichiosis in horses and 
sheep (4). Ixodes scapularis ticks have been implicated in the 
transmission of the aoHGE (12) as well as of Borrelia burgdor
feri, and it is not surprising that HGE occurs in areas where 
Lyme disease is common. 

The diagnosis of HGE is established by identification of 
cytoplasmic clusters of organisms (morulae) within neutrophils 
in patient blood (2). PCR analysis, based on a 16S ribosomal 
sequence, has also been used to help diagnose infection but is 
not widely available (4). Immunofluorescence assays (IFA) 
using E. equi as the antigen are currently used to confirm a 
clinical diagnosis (2, 10). Results of immunoblot assays using 
E. equi or the aoHGE as the substrate suggest that a 44-kDa 
antigen is most commonly recognized by antibodies in the sera 
of patients with HGE (6, 8, 11). Moreover, since the aoHGE 
GroEL, or a fragment thereof, has been shown to be immu-
noreactive (9), immunoblots are likely to be helpful in diag
nosing aoHGE infection, by identifying false-positive reactivity 
in IFA or enzyme-linked immunosorbent assays (ELISA). For 
example, some patients' sera contain antibodies that react to 
both£. equi and£. chaffeensis in IFA but can be distinguished 
by immunoblot analysis since the 44-kDa protein is specific for 
the aoHGE-£. equi group. Furthermore, false-positive ELISA 
results for Lyme disease have been reported to occur for pa
tients with HGE, suggesting that cross-reactive antibodies that 
bind B. burgdorferi and aoHGE may complicate diagnostic 
testing for both diseases (16,17). We here show that antibodies 
that bind the HSP-70 homolog in tests for B. burgdorferi and 
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aoHGE (80 kDa) account, at least in part, for this cross-
reactivity. 

Patient. A 70-year-old man with suspected HGE was admit
ted to Yale-New Haven Hospital with fever, fatigue, and my
algia during the summer. Four days prior to admission, he 
presented to an emergency room with fever (101°F) and my
algia. An engorged tick (Ixodes scapularis) was noted on his 
right shoulder. No rash was evident. An IgG (but not IgM) 
ELISA for Lyme disease was positive on the day of admission. 
The tick was removed and he was treated with amoxicillin for 
presumed Lyme disease. The symptoms persisted, and 3 days 
later he was admitted to the hospital for further evaluation. On 
the first hospital day, morulae were identified within neutro
phils on a blood smear and the patient was treated with doxy-
cycline for HGE. Within 3 days, the patient was asymptomatic, 
discharged home, and placed on antibiotic therapy for 2 weeks. 
Tests for syphilis (rapid plasma reagin and fluorescent trepo
nemal antibody) were negative. 

PCR. PCR was performed to confirm HGE and also to 
determine whether PCR reactivity is altered following treat
ment. Primers used were Ehr 521 (5'-TGT AGG CGG TTC 
GGT AAG TTA AAG-3') and Ehr 747 (5'-GCA CTC ATC 
GTT TAC AGC GTG-3'), which amplify the region of the 16S 
ribosomal DNA that distinguishes aoHGE from the other ehr-
lichiae (12). Primers for the ß-actin gene (5'-GGT CAG AAG 
GAC TCC TAT G-3') and (5'-GGT CTC AAA CAT GAT 
CTG G-3') were used as controls to ensure the presence of 
human DNA in the samples. aoHGE DNA was detected in 
whole blood on the day of the patient's admission and also on 
the third hospital day (after 3 days of doxycycline). At 6 weeks 
following hospitalization (and 4 weeks after finishing antibiotic 
therapy), aoHGE was no longer detected by PCR (Fig. 1A). 

Immunoblotting. The evolution of the humoral response to 
aoHGE was then examined by immunoblot analysis with sera 
obtained at 1, 3, and 6 weeks after the tick bite. At 1 week, the 
IgM immunoblot was negative. The IgG immunoblot showed 
reactivity with an 80-kDa aoHGE-antigen at 1 week, and this 
reactivity was still present at 3 and 6 weeks. IgM primarily 
directed towards the 44-kDa aoHGE antigen was evident at 3 
and 6 weeks (Fig. IB). IgG to the 44-kDa antigen was also 
present at 3 and 6 weeks, but the signal was stronger at 6 
weeks. At 6 weeks, antibody reactivity against another aoHGE-
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antigen (120 kDa) was also evident. Because the patient had an 
unexpected IgG response to the 80-kDa protein at 1 week, had 
a previous Lyme disease ELISA that was positive, and was at 
risk tor Lyme disease because of this location of residence and 
outdoor activities, we retested his blood in Lyme disease se-
roassays. The sera yielded a positive Lyme disease ELISA (IgG 
titer, 1:3,200; IgM titer, negative). A Lyme disease immunoblot 
identified IgG (but no IgM) antibodies to several B. burgdorferi 
proteins, including those with molecular masses of 18 22 
(OspC), 41 (flagellin), 58, 68, (HSP-70), and 93 kDa. There 
was no difference in the bands detected by Lyme disease im
munoblot with the sera collected at 1, 3, and 6 weeks (data not 
shown). 

Amino-terminal sequencing. Because the presence of IgG to 
B. burgdorferi possibly results in false-positive reactivity in ao-
HGE testing and the heat shock proteins (HSPs) are likely 
candidates for cross-reactive antibodies, we examined the 80-
kDa aoHGE antigen further. The aoHGE isolate (designated 
NCH-1) initially recovered from an HGE patient (14) was 
purified from infected HL-60 cells by renografin density gra
dient centrifugation (5, 7, 8) and sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. The 80-kDa band was isolated 
from the gel and used for amino-terminal peptide sequencing 
by high performance liquid chromatography, which revealed 
that this antigen is a member of the HSP family (Table 1). The 
aoHGE HSP-70 sequence shows substantial homology to the 
reported sequence of B. burgdorferi HSP-70 (1). 

We conclude that in this patient, antibodies to the B, burg-
dorferi HSP-70 cross-react with the aoHGE HSP-70 and that 
this cross-reaction may account for false-positive reactivity in 
the serodiagnosis of infection. At the time of presentation the 
patient had a positive IgG Lyme disease ELISA and immuno
blot, with IgG being strongly directed against B. burgdorferi 

OspC flagellin, and HSP-70. The IgM immunoblot was nega
tive. This result suggests that the patient had previously been 
exposed to B. burgdorferi, a conclusion drawn by using current 
diagnostic criteria proposed by the Lyme disease workgroup 
(3). The initial IgM response to aoHGE was directed towards 
the 44-kDa proteins, as has been documented for other pa
tients and for mice infected with aoHGE (8). Then the ao-
HGE-specific IgG response developed and was directed to the 
44-kDa antigen, as well as to a 120-kDa protein. These data 
suggest that antibodies that bind the aoHGE HSP-70 homolog 
are not necessarily specific for HGE and that they may ac
count, in part, for cross-reactivity between the antibodies of 
Lyme disease and HGE. 

Members of the HSP family are conserved throughout many 
different species, play an important role in protein synthesis, 
and help maintain their secondary structure during stress 

TABLE 1. Comparison of the amino-terminal sequence of the 80-
kDa protein of the aoHGE with the HSP-70 homologs of 

B. burgdorferi, Escherichia coli, and humans 

Amino acid at residue no." 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

aoHGE HSP-70 X X E I - I I G I D L G T T N X X 
n. burgdorferi M O K I I G I D L G T T N S C 

HSP-70 
E. coli HSP-70 M G K I I G I D L G T T N S C 
Homo sapiens M A K A A A V G I D Ï G T T Y S C 

HSP-70 

Amino acid residues are written in the single-letter code. X indicates the 
amino acid positions in which a characteristic chromatogram was nol obtained' 
—, indicates that gaps were introduced into the sequence. 



conditions. HSP homologs of several pathogens, including 
Plasmodium falciparum, Mycobacterium tuberculosis, and My-
cobacterium leprae, have been identified as immunodomi
nant antigens (13, 18). We have identified several other HGE 
patients whose sera contained both IgM and IgG directed 
towards HSP-70 and also mice whose sera reflected infection 
with aoHGE, demonstrating that this antigen is immunogenic 
(8). However, the response to the ehrlichial HSP-70 may not 
always be specific for aoHGE. In contrast, the antibodies to the 
aoHGE GroEL homolog appear to be specific for HGE (9). 
Indeed, other tick-borne infections, such as B. burgdorferi may 
induce responses to HSP. These responses may be the expla
nation for the recent observation by Wormser and his col
leagues that HGE patients may have had false-positive sero
logic Lyme disease tests (16, 17). As the individuals who are at 
risk for Lyme disease are virtually identical to those who are at 
risk for HGE, a more complete understanding of the antibod
ies cross-reactive between aoHGE and B. burgdorferi will aid in 
the serodiagnosis of both of these tick-borne diseases. 

This work was supported in part by CDC grant HR8/CCH113382-
01. J.W.I, is a Daland Fellow of the American Philosophical Society. 
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Antibodies in the sera of patients with human granulocytic ehrlichiosis (HGE) commonly recognize a 44-kDa 
antigen. We cloned the gene encoding the 44-kDa protein of the agent of HGE (aoHGE) by probing an aoHGE 
lambda ZAP II genomic DNA expression library with sera from aoHGE-infected mice. The gene, hge-44, is part 
of a multigene family, with sequence similarity to the Anaplasma marginale msp-2 genes. RNA-PCR studies 
confirmed that hge-44 is expressed by aoHGE cultured in HL-60 cells and by aoHGE during murine infection. 
Recombinant HGE-44, expressed and purified as a glutathione transferase fusion protein, was used as the 
substrate in immunoblots to help diagnose HGE. Antibodies in eight sera from eight patients with HGE and 
in two sera from two aoHGE-infected mice bound recombinant HGE-44. Antibodies in the sera of healthy 
individuals or patients with Ehrlichia chaffeensis or Borrelia burgdorferi infection did not recognize HGE-44. We 
conclude that hge-44 is a member of a multigene family and that hge-44 is expressed and elicits specific 
antibodies during infection. 

Human granulocytic ehrlichiosis (HGE) is a recently recog
nized tick-borne infectious disease in the United States and 
Europe (4, 5, 10, 24, 26). Ixodes scapularis is a vector of the 
agent of HGE (aoHGE) (21), an organism that is closely re
lated to Ehrlichia equi and Ehrlichia phagocytophila (6). Clini
cal infection produces acute symptoms including fever, leuko
penia, thrombocytopenia, and myalgias; severe secondary 
complications can occasionally result in death (1, 13). Diagno
sis may be aided by the identification of the characteristic 
aoHGE morulae in neutrophils in a peripheral blood smear (4) 
or by DNA detection methods such as PCR (6). Serologic tests 
such as immunofluorescence (IFA) (1, 17, 18) and immuno-
biotting with E. e^w/'-infected equine neutrophils or aoHGE 
cultured in HL-60 cells have also proven helpful for diagnosis 
(15, 28). 

The aoHGE 44-kDa protein is commonly recognized by 
immunoglobulin M (IgM) and IgG antibodies in the sera of 
patients with HGE (8, 15, 19, 28). Examination of aoHGE 
isolated from different patients reveals that although this an
tigen usually migrates at about 44 kDa, the molecular size may 
vary from 42 to 49 kDa, suggesting molecular structural differ
ences which may account for the observed antigenic diversity 
(3, 30). Fractionation studies indicate that the 44-kDa protein 
may be located in the aoHGE outer membrane (30). It has 
recently been shown that sera from mice immunized with ao
HGE lysates are sufficient to partially protect mice from ao
HGE infection (25). This murine aoHGE antiserum has high 
concentrations of antibodies that bind the 44-kDa protein, 
suggesting that 44-kDa-protein-specific antibodies may play a 
role in immunity against infection. This immunogenic antigen 
may therefore be important in pathogenesis and laboratory 
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diagnosis and serve as a candidate for an HGE vaccine. The 
gene encoding the aoHGE 44-kDa antigen has now been 
cloned, and the humoral response to the recombinant protein 
has been characterized. 

MATERIALS AND METHODS 
Isolation of HGE organisms. The promyelocyte cell line HL-60 (ATTC CCL 

240) was cultured in Iscove's modified Dulbecco's medium supplemented with 
20% fetal bovine serum and was maintained at 37°C with 5% carbon dioxide 
(11). HL-60 cells were infected with the NCH-1 strain of aoHGE and cultured 
(15). The cell density was maintained at between 5 x 10s and 1.5 x \0(> cells per 
ml by feeding the cells twice a week. If the cell count was below 5 x 105 cells per 
ml, fresh HL-60 cells were added to a final concentration of 1 x 10G cells per ml. 
Light microscopy slides of cultured HL-60 cells were air dried, stained with 
Diff-Quik (Baxter Healthcare Corp., Miami, Fla.), and examined for aoHGE 
infection. 

Large volumes of infected HL-60 cells were grown for purification of bacteria 
by Renografin density gradient centrifugation as described previously (7, 12) with 
some modifications. Briefly, cultures with at least 70% aoHGE-infected HL-60 
cells were centrifugea and resuspended in phosphate-buffered saline (PBS)-
0.1% glucose. HL-60 cells were lysed by shearing with a 21-gauge needle, and the 
cellular debris was pelleted by centrifugation at 1,500 X g (Sorvall RT600B; 
Sorvall, Newtown, Conn.) for 10 min. The supernatant was collected and incu
bated with RNase and DNase (Boehringer, Mannheim, Germany) (final concen
tration, 50 u,g/ml). By using Renografin with a noncontinuous gradient of 42 and 
30% (Hypaque 76; Nycomed Inc., New York, N.Y.), ultracentrifugation was 
performed at 87,000 X g for 75 min at 4°C in an SW-28 swing bucket rotor 
(Beekman, Fullerton, Calif.). The interface band was collected in a sterile pi
pette, dissolved in SPGN (7.5% sucrose, 3.7 mM KH2P04, 7 mM K;HPO, and 
5 mM L-glutamine), and pelleted at 12,000 x g (Sorvall rotor SS-34), and the 
HGE bacteria were resuspended in SPGN at a concentration of 2 ji.g/u.1 and 
stored at -70°C. 

HGE library construction, screening, and sequencing. For construction of the 
lambda ZAP ÏI aoHGE genomic DNA expression library, purified aoHGE was 
used to extract DNA as described previously (22). After random shearing of 100 
]xg of aoHGE DNA, £coRI adapters were ligated to the ends and subsequently 
size fractionated (from 1 to 9 kb), and DNA was inserted into the lambda ZAP 
II vector (Stratagene, La Jolla, Calif). The lambda ZAP II phages were plated 
on a lawn of Escherichia coli XL-1 Blue (Stratagene), and protein expression was 
induced with 10 mM isopropyl-ß-D-thiogalactoside (IPTG). 

In order to identify immunogenic aoHGE proteins, nitrocellulose filters con
taining the expressed proteins were incubated with hyperimmune murine anti
serum (1:1,000 dilution). Hyperimmune antiserum was produced by immunizing 
10 C3H/HeJ mice with a lysate of purified aoHGE in complete Freund's adjuvant 
and boosting the animals twice with the same preparation in incomplete Freund's 
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1 GAATTCCTGAAAAGTATGAGAAAAGGAAAGATAATCTTAGGAAGCGTAATGATGTCTATGGCTATAGTCATGGCTGGGAATGATGTTAGGGCTCATGATG 
M R K G K I I L - G S V M M S M A I V M A G N D V R A H D 

101 ACGTTAGCGCTTTGGAAACTGGTGGTGCGGGATATTTCTATGTTGGTTTGGATTACAGTCCAGCGTTTAGCAAGATAAGAGATTTTAGTATAAGGGAGAG 
D V S A L E T G G A G Y F Y V G L - D Y S P A F S K I R D F S 1 R E S 

2 0 1 TAACGGAGAGACTAAGGCAGTATATCCATACTTAAAGGATGGAAAGAGTGTAAAGCTAGAGTCACACAAGTTTGACTGGAACACACCTGATCCTCGGATT 

N G E T K A V Y P Y L K D G K S V K L E S H K F D W N T P D P R I 

3 0 1 GGGTTTAAGGACAACATGCTTGTAGCTATGGAAGGCAGTGTTGGTTATGGTATTGGTGGTGCCAGGGTTGAGCTTGAGATTGGTTACGAGCGCTTCAAGA 
G F K D N M L V A M E G S V G Y G I G G A R V E L E I G Y E R F K 

4 0 1 CCAAGGGTATTAGAGATAGTGGTAGTAAGGAAGATGAAGCTGATACAGTATATCTACTAGCTAAGGAGTTAGCTTATGATGTTGTTACTGGACAGACTGA 

T K G I R D S G S K E D E A D T V Y L L A K E L A Y D V V T G Q T D 

5 0 1 TAAGCTTACCGCTGCTCTTGCCAAGACCTCCGGTAAAGATATCGTTCAGTTTGCTAAGGCCGTGGAGATTTCCTCCCCTAATATCGAAAAGAAGGTTTGC 

K L T A A L A X T S G K D I V Q F A K A V E I S S P N I E K K V C 

6 0 1 AGGACGAAGAAGAATGGGGGTTCTCGTTATAGTAAGTATGCTTCGGAAACTGCTAATAGCTCGGATGCAGCGAAAGCGGATGTAGCTGTGTGTAGTGCAG 

R T K K H G G S R Y S K Y A S E T A N S S D A A K A D V A V C S A 

7 0 1 CCTCCTACGCCAGCAATAGTTCTCATGGGGGCACTGGTGAGGAGACTTTAAAGAACTTTGTCAGTGCAACGCTAAGTGGTGATGGCAGTGTGAACTGGCC 

A S Y A S N S S H G G T G E E T L X N F V S A T L S G D G S V N W P 

8 0 1 CACGTCGAAAAAGGCGGAAAGCAATGCAGGCACTCCGGAACCCGTTCAAAACGATAACGCCGCAGCTGTAGCGAAGGACCTAGTCAAGGAATTAACCCCC 
T S K K A E S N A G T P E P V Q N D N A A A V A K D t , V K E L T P 

9 0 1 GAAGAAAAAACCATAGTGGCAGGGTTACTAGCTAAAACTATTGAAGGGGGCGAGGTTGTTGAGATCAGGGCGGTTTCTTCTACTTCTGTGATGGTCAATG 

E E K T I V A G L L A K T I E G G E V V E I R A V S S T S V M V N 

1 0 0 1 CTTGTTATGATCTTCTTAGTGAAGGTTTAGGCGTTGTTCCTTATGCTTGCGTTGGTCTCGGTGGTA.iiCTTCGTGGGGGTTGTTGATGGCCATATCACTCC 

A C Y D L L S E G L G V V P Y A C V G L G G N F V G V V D G H I T P 

1 1 0 1 TAAGCTTGCTTATAGATTAAAGGCTGGGTTGAGTTATCAGCTCTCTCCTGA.AATATCTGCTTTTGCAGGTGGTTTCTACCATCGTGTTGTGGGAGATGGT 

K L A Y R L K A G L S Y Q L S P E I S A F A G G F Y H R V V G D G 

12 C l GTTrATGATGATCTTCCGGCTCAACGTCTTGTAGATGATACTAGTCCGGCGGGTCGTACrAAGGATACTGCTATTGCTAACTTCTCCATGGCTTATGTCG 

V Y D D L P A Q R L V D D T S P A G R T K D T A I A N F S M A Y V 

1 3 0 1 GTGGGGAATTTGGTGTTAGGTTTGCTTTTTAAG 

G G E F G V R F A F * 

FIG. L Nucleotide sequence of hge-44 (from clone EM3C) and the deduced protein sequence. The putative cleavage site is indicated by a triangle. Underlined are 
the two peptide sequences that were obtained from the native aoHGE 44-kDa antigen and show a perfect match with the predicted amino acid sequence. The stop 
codon is indicated by an asterisk. 

adjuvant at 2-week intervals. This serum has been shown to contain high con
centrations of antibodies that bind the 44-kDa antigen in aoHGE lysates (25). 
After being washed, the nitrocellulose filters were incubated with a 1:5,000 
dilution of alkaline phosphatase-conjugated goat anti-mouse IgG antibody (Sig
ma, St. Louis, Mo.), washed again, and then immersed in 5-bromo-4-chloro-3-
indolylphosphate-nitroblue tetrazolium (BCIP-NBT) (KPL, Gaithersburg, Md.) 
for color visualization. 

After secondary screening, reactive clones were subjected to in vivo excision by 
simultaneous infection of E. coli XL-1 Blue cells with R408 helper phage (Strat-
agene), resulting in replication and recircularization of a single-stranded DNA 
molecule of the cloned insert and the pBluescript vector. This single-stranded 
plasmid was then packaged, secreted, and made double stranded by reinfection 
with fresh E. coli XL-1 Blue cells. Plasmid DNA was purified and sequenced by 
using the T3 and 17 primers and additional internal primers at approximate 
distances of 250 bp, so that both strands of the clone were sequenced entirely. 

Partial internal protein sequencing. aoHGE bacteria, purified from infected 
HL-60 cultures, were lysed, dissolved in sample buffer (5% 2-mercaptoethanol, 
10% glycerol, 2% sodium dodecyl sulfate [SDS], and 0.8% bromophenol blue in 
6.25 mM Tris buffer, pH 6.8), and heated for 10 min at 100°C. SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE) was performed with 20 u,g of aoHGE 
protein. The 44-kDa band was excised from the gel and used for peptide se
quencing at the Yale Protein Purification and Analysis Facility. Because amino-
terminal sequencing was not successful, the protein was subjected to in-gel 
trypsin digestion, and two aliquots were selected for sequencing by matrix-
assisted laser desorption-ionization mass spectrometry, yielding two peptide se
quences from the 44-kDa protein. 

Protein expression and purification. By using 5'-AAACCCGAATTCATGT 
CTATGGCTATAGTCATGGCTGGG-3' and 5'-ATATATCTCGAGTCATT 
AAAAAGCAAACCTAACACC-3' primers, a PCR-derived subclone of EM3C 
(a phage clone that contained the hge-44 gene [see Results]) containing the 
full-length gene sequence was then constructed in frame with the glutathione 
S-transferase (GT) gene by using the pMX vector (23). This clone, designated 
hge-44-pMX, was used to transform E. coli XL-1 Blue, After lysis of the cells and 

pelleting of the cell membranes, the soluble fraction (supernatant) and the cell 
pellet were subjected to SDS-PAGE and stained with Coomassie blue. Part of 
the GT-HGE-44 fusion protein appeared to be in the soluble fraction. GT-
HGE-44 was then purified from the whole-cell lysate by using a glutathione-
Sepharose-4B column. 

PCR and RNA-PCR. Total aoHGE RNA, isolated from cultured and purified 
aoHGE, was used as a template for PCR to verify the presence and expression 
of hge-44. The primers used for PCR and RNA-PCR were 5'-AGCGTAATGA 
TGTCTATGGC-3', starting at position 43, and 5'-ACCCTAACACCAAATTC 
CC-3', starting at position 1322. The denaturing, annealing, and extension tem
peratures were 94, 58, and 72°C, respectively, for 1 min at each step for 30 cycles, 
yielding an expected product of 1,279 bp. For RNA-PCR, total RNA was isolated 
from cultured HGE bacteria and from spleens of experimentally infected mice, 
by using a Micro RNA isolation kit (Stratagene). First-strand cDNA was syn
thesized with random primers from 5 u,g of total aoHGE RNA and splenic RNA. 
Control studies were performed without reverse transcriptase to eliminate the 
possibility of DNA contamination. 

Southern blotting. DNA of aoHGE (5 u,g per lane) was digested with restric
tion enzymes BamHl, Bgtll, Kpril, and PstI, electrophoresed, blotted onto nylon 
membranes (Hybond; Amersham, Arlington Heights, III.), and probed with in
sert of EM3C. The probe was labeled by use of a nonradioactive chemilumines-
cence kit (ECL; Amersham). After hybridization, blots were washed with 2x 
SSC(lx SSCisO.15 M NaCl plus 0.015 M sodium citrate), l x SSC, and 0.5x 
SSC for 15 min each and then exposed to X-ray film (Kodak, Rochester, N.Y.) 
for 24 h. 

Immunoblotling. SDS-PAGE separation of recombinant protein was per
formed by using 10% acrylamide gels under reducing conditions (22). Two 
micrograms of GT-HGE-44 or GT (control) dissolved in sample buffer (5% 
2-mercaptoethanol, 10% glycerol, 2% SDS, and 0.8% bromophenol blue in 6.25 
mM Tris buffer, pH 6.8) and heated for 10 min at 100°C was loaded onto each 
lane of the gel. Molecular mass standards (Bio-Rad Laboratories, Hercules, 
Calif.) were used for each panel. Protein was transferred to nitrocellulose, and 
the blocking procedure was performed with PBS-5% nonfat dry milk. The 
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FIG. 2. Bestfit alignment of HGE-44 (top row) and MSP-2 (bottom row) 
protein sequences. Identical amino acids are indicated by a vertical line. Con
servative substitutions are indicated by one dot where the residue comparison 
values are ^0.1 and by two dots where the residue comparison values are >0.5. 

denotes a gap used to better align the sequences. 

antigen was incubated with a 1:100 dilution of human or murine serum, washed 
three times with PBS-0.2% Tween, and then incubated with the secondary 
conjugated antibody and washed three times in PBS-0.2% Tween. The second 
antibody, alkaline phosphatase-conjugated F(ab')2 anti-human or anti-mouse 
IgM or IgG (Sigma), was used as specified by the manufacturer. 

Human and murine sera. Previously characterized sera from persons with 
HGE were used (15). All of the patients lived in areas where HGE was endemic 
and had clinical signs and symptoms which were compatible with HGE, including 
fever, leukopenia, or thrombocytopenia and myalgias. All patients had morulae 
in peripheral neutrophils and/or had serum antibodies to aoHGE, as detected by 
IFA. The IFA test was independently performed at the State of Connecticut 
Agricultural Experiment Station Reference Laboratory (18). Moreover, subjects 
had antibodies to aoHGE that were readily detected in immunoblots with 
aoHGF. lysates as the substrate (15). In addition, sera from healthy individuals, 
patients with Ehrlichia chaffeensis infection, and persons who had Lyme borre-
liosis were kindly provided by J. G. Olson, Centers for Disease Control and 
Prevention, Atlanta, Ga., by the Connecticut State Health Department, and by 
the clinical diagnostic laboratory of the Section of Rheumatology, Yale Univer
sity School of Medicine. Sera were also available from earlier studies on aoI-IGE-
infected or naive (control) mice (25). 

hge-44 5'-

clone 1 

clone 2 

r////y/zai - J ' 

ZEZZZZZZEL. clone 4 (EM3) ^m i 

clone 5 (EM3C) ^ — — i '" i izzzzzzxBk ^ 

FIG. 3. Schematic map of clones that have similarity with hge-44. The hge-44 
DNA sequence is divided into five areas represented by black, gray, white, 
hatched, and dark gray boxes. Clones that share similar sequences within these 
regions are shown by the presence of the same boxes. Lack of sequence similarity 
is represented by a single line. The hatched sequence area of the hge-44 gene is 
shared by all clones. Arrows indicate that inserts extend beyond the hge-44 
sequence. 

FIG. 4. RNA-PCR with total RNA from cultured aoHGE (lane 1) and from 
spleens from aoHGE-infected mice (lane 2), showing a 1,279-bp fragment. A 
product is not present in the controls (without reverse transcriptase) of cultured 
aoHGE RNA and spleen RNA (lanes 3 and 4, respectively), demonstrating that 
there was no DNA contamination. Total ehrlichia! DNA was used as a template 
for the positive control (lane 5), and PCR buffer solution served as the negative 
control (lane 6). The molecular size marker (lane M) is the 1-kb ladder. 

Nucleotide sequence accession number. The nucleotide sequence has been 
submitted to GenBank (accession no. AF037599). 

RESULTS 

Cloning of the hge-44 gene. aoHGE was subjected to SDS-
PAGE, and the 44-kDa antigen was identified on a Coomassie 
blue-stained gel and excised. Amino-terminal peptide sequenc
ing did not yield any sequence; therefore, internal protein 
sequencing was attempted. The 44-kDa antigen was digested 
with trypsin, and two peptides were subjected to sequence 
analysis. The identified peptide sequences were Val-Glu-Leu-
Glu-Ile-Gly-Tyr-GIu-Arg and Val-Val-GIy-Asp-Gly-Asp-Tyr-
Asp-Asp-Leu-Pro, and both had similarity with the protein 
sequences of the major surface protein encoded by msp-2 of 
Anaplasma marginale (9), a related organism that causes bo
vine anaplasmosis (20). 

A lambda ZAP II aoHGE genomic DNA expression library 
was then constructed to identify phage clones that expressed 
immunoreactive antigens, specifically focusing on the 44-kDa 
protein. Primary and secondary screening of 5,000 colonies by 
using hyperimmune murine sera identified three phage 
plaques that expressed proteins that bound aoHGE antibodies. 
One clone, designated EM3, contained a partial open reading 
frame (ORF) with similarity to the A. marginale msp-2 gene 
family. 

One of the two protein sequences obtained from the aoHGE 
44-kDa protein was contained in the predicted amino acid 
sequence of the coding sequence of EM3. The 5' sequence of 
the EM3 ORF was not present in the insert, and we postulated 
that the second 44-kDa peptide sequence was contained within 
this region. The library was then probed with a 217-bp se
quence generated by PCR (from nucleotide 390 to 607) (Fig. 
1), yielding 20 positive plaques from 5,000 plaques. Eight 
clones were then randomly picked for further analysis. One 
clone, designated EM3C, contained potentially a full-length 
ORF and the predicted amino acid sequence containing both 
of the peptides that were identified from the 44-kDa aoHGE 
protein (Fig. 1). This aoHGE gene was designated hge-44, and 
the deduced amino acid sequence had substantial similarity 
(62% similarity and 53% identity) with the A. marginale msp-2 
product, especially at the 3' half of the sequence (Fig. 2). A 
short stretch at the amino terminus has much lower similarity 
and is not shown in Fig. 2. Hydrophobicity analysis suggests 
that there is at least one possible membrane-spanning domain 
between amino acids 335 and 358. The amino terminus con
tains a putative start codon and a hydrophobic core of 16 
amino acids, as predicted by the Kyte-Doo!ittle plot obtained 
by using the Macvector program (Oxford Molecular Group 
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Inc., Campbell, Calif.), followed by the putative cleavage site at 
six amino acids from the end of the hydrophobic core. 

Some of the other clones contained only partial ORFs, 
which were found to have substantial similarity with sequence 
at the 3' end of hge-44 but differed significantly in other areas, 
as shown in Fig. 3. A Southern blot hybridization was then 
performed, by using the restriction enzymes BamUl, Bglll, 
Kpnl, and PstI, which do not have restriction sites within the 
full-length EM3C ORF. An hge-44 probe, generated by PCR 
with EM3C as a template, would therefore be expected to 
reveal one hybridizing band if hge-44 is a single-copy gene. 
However, Southern blot hybridization revealed multiple bands, 
suggesting that there are several sequences that hybridize with 
EM3C (not shown). 

PCR and RNA-PCR. To confirm that hge-44 was present in 
the genome of aoHGE, the hge-44 gene was directly amplified 
from purified aoHGE DNA (Fig. 4, lane 5). Furthermore, to 
verify that hge-44 was expressed by aoHGE, total RNA from 
cultured aoHGE and from spleens of aoHGE-infected mice 
was prepared for RNA-PCR. The products of RNA-PCR were 
of the expected size of 1,279 nucleotides (Fig. 4, lanes 1 and 2), 
and the sequencing of the PCR products confirmed that hge-44 
was transcribed both by aoHGE cultured in HL-60 cells and in 
vivo in aoHGE-infected mice. 

Expression of the hge-44 gene and immunoblotting. PCR 
was used to amplify hge-44 and subclone the gene into the 
pMX expression vector, such that it was in frame with the 
GT-coding sequence. Expression in E. coli produced a soluble 
GT-HGE-44 fusion protein of the expected size of 70 kDa on 
a Coomassie blue-stained gel (Fig. 5A, lane 4), while GT (con
trol) was also expressed and yielded a band at 26 kDa (Fig. 5A, 
lane 3). E. coli lysates that expressed GT-HGE-44 or GTwere 
then probed with serum from a patient with HGE in an IgG 
immunoblot (Fig. 5B). The patient serum reacted with GT-
HGE-44 (Fig. 5B, lanes 2 and 4) but not with GT (Fig. 5B, 
lanes 1 and 3). The band at 70 kDa in E. coll containing the 
GT-HGE-44 expression plasmid demonstrates that low-level 
GT-HGE-44 synthesis occurs in the absence of IPTG (Fig. 5B, 
lane 2). Sera from normal healthy individuals did not recognize 
either protein (not shown). The GT-HGE-44 was then purified 
by using a glutathione column and used as a substrate in 
further immunoblotting studies. 

A total of 26 human sera were then tested for IgM and IgG 
by immunoblotting with purified recombinant GT-HGE-44 as 
the substrate. Representative immunoblots are shown in Fig. 6. 
The sera included those from eight patients with HGE (15), 

five patients with E. chaffeensis infection, six patients with 
Lyme borreliosis, and seven normal healthy individuals. Sera 
from patients with E. chaffeensis or Borrelia burgdorferi infec
tion had high-titer antibodies in E. chaffeensis IFA or B. burg
dorferi enzyme-linked immunosorbent assay, respectively. All 
sera from HGE patients were obtained between 4 days and 6 
weeks after the onset of symptoms, except for patient 2, whose 
serum was obtained 10 weeks after diagnosis. Six of the eight 
sera from patients with HGE had detectable IgM to recombi
nant HGE-44, and sera from all eight patients with HGE had 
discernible IgG. Faint bands below 70 kDa represent degrada
tion products of the recombinant GT-HGE-44. The two HGE 
sera that had only IgG were obtained at 3 and 10 weeks, 
respectively. None of the sera from patients with E. chaffeensis 
or B. burgdorferi infection showed reactivity to recombinant 
HGE-44. In addition, normal healthy individuals did not have 
antibodies that bound GT-HGE-44. None of the sera that 
were tested bound recombinant GT (control) in immunoblot
ting (not shown). 

Sera from two mice that were experimentally infected with 
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FIG. 6. IgM and IgG immunoblots of purified GT-HGE-44 probed with sera 
from patients with HGE (A), patients with E. chaffeensis infection (B), normal 
healthy volunteers (C), patients with Lyme disease (D), and aoHGE-infected 
mice (E) (IgG only). 



aoHGE were also examined for antibodies (Fig. 6). Mice were 
infected by allowing aoHGE-infected ticks to engorge to re
pletion (25). Infection was documented by the identification of 
morulae in the murine neutrophils and cultivation of aoHGE 
in HL-60 cells from murine blood (25). Sera were obtained 
from the mice after 1 month of infection. Both animals had 
HGE-44 antibodies. As expected, serum from an uninfected 
mouse did not have antibodies that bound to GT-HGE-44 (not 
shown). 

DISCUSSION 

In this study, we describe the cloning and characterization of 
hge-44, which codes for the immunogenic 44-kDa protein of 
zoWGE. hge-44 has similarity with the/1, marginale msp-2 gene 
family. All sera of patients with HGE that were tested had 
antibodies recognizing the recombinant HGE-44 on immuno-
blots. This suggests that a serologic assay with recombinant 
HGE-44 as a substrate may facilitate laboratory diagnosis of 
HGE. 

A. marginale is an arthropod-borne hemoparasite that in
duces severe anemia, abortion, and death in cattle (20). The 
close phylogenetic relationship between A. marginale and the 
E. phagocytophila group, including aoHGE, has been eluci
dated by using the 16S ribosomal DNA sequences (2, 6, 27). It 
is therefore not surprising that hge-44 has some similarity with 
the msp-2 gene family and that hge-44 may also be part of a 
group of closely related aoHGE genes. In A. marginale, the 
surface proteins encoded by the msp-2 genes are antigenic 
variants and elicit protective responses, suggesting a possible 
mechanism to evade the host immune response (9). It is con
ceivable that different isolates of aoHGE may express ho-
mologs of hge-44 and that aoHGE and A. marginale could 
employ similar strategies for survival within the host. Further 
studies need to investigate the role of HGE-44 with respect to 
potential protective immune responses. Already it has been 
demonstrated that sera from mice immunized with aoHGE-
lysates (which contain high concentrations of antibodies that 
readily recognize HGE-44) afford protection against tick-
borne aoHGE infection (25). 

We have shown that a recombinant HGE-44 immunoblot 
can be used for the laboratory diagnosis of HGE. Eight HGE 
patient sera had either IgM or IgG antibodies that bound 
recombinant HGE-44, suggesting that an HGE-44-based assay 
is possible. However, larger numbers of HGE patients need to 
be tested in order to estimate the sensitivity of this assay. As 
expected, sera from healthy volunteers did not bind HGE-44. 
Moreover, none of the sera from patients with Lyme disease or 
E. chaffeensis infection showed reactivity to recombinant HGE-
44, suggesting that HGE-44 antibodies are specific for HGE. 
Serologic IFA assays currently being used in the diagnosis of 
HGE contain E. equi- or aoHGE-infected cells as the substrate 
and consequently may occasionally yield false-positive results. 
The false-positive results in assays for aoHGE, E. chaffeensis, 
or B. burgdorferi infection are presumably due to cross-reactive 
antibodies that bind heat shock proteins and other antigens 
that are present in many bacteria (14, 16, 28, 29). An HGE-
44-based assay could help to reduce these difficulties. Further
more, the use of a recombinant HGE-44 as the substrate, 
rather than whole aoHGE organisms, eliminates the need to 
cultivate aoHGE and the possible effects that in vitro culture 
can cause with respect to pathogen stability, infectivity, and 
antigenic expression. Finally, recombinant HGE-44 can now be 
tested as a substrate for an automated enzyme-linked immu
nosorbent assay, which should reduce the cost and improve the 

interlaboratory and intralaboratory reliabilities of sérodiagnos
tic assays for HGE. 

HGE is a newly recognized tick-borne infection, and the role 
of the host immune response to this pathogen in disease re
mains to be elucidated. The gene, hge-44, encoding the major 
antigen of aoHGE is part of a gene family with similarity to A. 
marginale msp-2. The cloning of this gene represents a first step 
towards understanding the genetic structure of this pathogen. 
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Abstract 

C3H mice that were inoculated with ehhrlichiae isolated from a patient with human 

granulocytic ehrlichiosis (HGE) developed anemia and leukopenia, but by day 24, they returned 

to normal values. Granulocytic morulae were present in peripheral blood and spleen smears on 

days 5 and 10, and there was a reduction in morulae on day 17. Ehrlichiae were present in HL-

60 cell cultures of blood and spleen from all mice at all intervals. Pathogenicity, but not 

infectivity, waned with mouse passage but could be resurrected by SCID mouse passage. 

Various methods were tested for their relative sensitivity in detecting infection: blood smears, 

HL-60 cell cultures, polymerase chain reaction (PCR) amplification of a 16S recombinant DNA 

target, and a mouse infectivity assay. All assays detected the HGE agent in blood during early 

infection, but PCR and the mouse infectivity assay were most sensitive during late infection. 

Xenodiagnosis demonstrated that mice remain persistently infected through 55 days. 

Introduction 

Ehrlichiae are obligate, intracellular, gram-negative proteobacteria that localize within 

hematopoietic cell phagosomes of a variety of mammals, including humans. Ehrlichiae are 

currently classified as rickettsiae, with segregation into three 16S rDNA genetic clusters, 

including groups represented by the prototype Ehrlichia species E. canis, E. phagocytophila, and 

E. sennetsu. Members of the 2 most closely related groups, E. canis and E. phagocytophila, 

occur in the United States and are transmitted by tick vectors [1-3]. Until recently, human 

ehrlichiosis in the United States has only been documented to be associated with monocytotropic 

Ehrlichia chaffeensis, a member of the E. canis group [4, 5], More than 400 serologically 

confirmed E. chaffeensis human cases have been confirmed by the Centers for Disease Control 

and Prevention, and cases have occurred in at least 30 states [6], Members of the E. canis group 

(E. canis, E. chaffeensis, and E. ewingii ) are transmitted by Amblyomma, Dermacentor, and 

Rhipicephalus ticks [7-9]. 

In 1994, a new type of human ehrlichiosis was described in a patient from Minnesota 

who had a severe acute febrile illness. In contrast to infection of monocytes typical of E. 

chaffeensis, this patient had morulae (membrane-enclosed clusters of organ-isms in the 

cytoplasm) in peripheral blood neutrophils, and serology with E. chaffeensis antigen was 

negative [10]. Subsequent to this case, numerous cases of granulocytic ehrlichiosis have been 

documented. Patients develop an acute febrile illness without localized symptoms, but have 
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leukopenia, anemia, thrombocytopenia, and elevated hepatic aminotransferase levels. Fatalities 

have been reported, usually associated with secondary opportunistic bacterial and fungal 

infections [10, 11]. 

The human granulocytic ehrlichiosis (HGE) agent may be the same agent as or closely 

related to Ehrlichia equi and possibly E. phagocytophila, in that there is 99.8% and 99.9% 16S 

rDNA homology with these organisms, respectively [12-14], In Europe and the United States, 

the E. phagocytophila group of ehrlichiae is transmitted by ticks of the Ixodes persulcatus 

complex [3]. These ticks are also the principal vectors of Borrelia burgdorferi, the agent of 

Lyme disease, and coinfections of humans with both B. burgdorferi and the HGE agent are 

suspected. Peromyscus leucopus is apparently a main reservoir host for both agents in the 

northeastern United States [15-18]. 

Animal models are needed to investigate pathogenesis and immunity to these agents. The 

purpose of the current study was to build upon the known susceptibility of laboratory mice to 

infection with the HGE agent [17] by defining and optimizing a mouse model for experimental 

investigation. 

Materials and Methods 

Mice. C3H/HeJ, C3H/HeN, and C3H/Smn.CIcrHsd/scid (SCID) specific pathogen-free 

mice (3 -5 weeks old) were obtained from Jackson Laboratories (Bar Harbor, ME), National 

Cancer Institute Animal Production Program, Frederick Cancer Re-search Center (Frederick, 

MD), and Harlan Sprague-Dawley (Indianapolis), respectively. Pregnant outbred Crl:CD-l 

(ICR) (CD-I) mice were obtained from Charles River Breeding Laboratories (Wilmington, MA). 

HGE agent. Peripheral blood from an HGE patient from Nantucket, Massachusetts, [18] 

was inoculated intraperitoneally (ip) into mice, yielding the NCH-1 isolate of the HGE agent. 

The isolate was maintained in the laboratory of one of the authors (S.R.T.) by serial passage 

from infected mice to naive mice by ip inoculation of anticoagulated peripheral blood, as 

described [17]. These mice were then utilized as hosts for larval ticks that were used as infected 

nymphs for tickborne inoculation. For other experiments, HL-60-cultured HGE organisms were 

inoculated into SCID mice and then maintained by serial SCID mouse passage. For syringe-

inoculation studies, 0.1 mL of EDTA-anticoagulated infected SCID mouse blood was used for 

infectious inocula. 

Ticks. Uninfected larval Ixodes scapularis (also known as Ixodes dammini) ticks were 

fed to repletion on infected mice, placed in mesh-covered vials containing moist plaster of paris, 
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and held at room temperature until molting into nymphs, as described [17]. Five mature nymphs 

(2-3 weeks after molting) were used to infect each naive experimental mouse by allowing ticks 

to feed to repletion. At least 1 engorged tick was recovered from each mouse. Uninfected ticks 

were maintained on uninfected mice and rabbits and were free of inherited spirochetal and other 

known infections. For xenodiagnosis, 200 uninfected Ixodes larvae were placed on each mouse 

and allowed to feed to repletion. Replete larvae were collected from each mouse, placed in 

gauze-covered vials, and then held at room temperature and 95% relative humidity until they 

molted into nymphs. Molted nymphs were then individually tested by polymerase chain reaction 

(PCR) for presence of the HGE agent. 

Hematology. Blood and spleen impression smears were air-dried, fixed in methanol, 

stained with Giemsa, and then examined for morulae. The percentage of granulocytes in 

peripheral blood smears containing morulae were recorded among 200 granulocytes examined in 

each smear. EDTA-anticoagulated blood was sent to a commercial laboratory (Vet Research, 

Farmingdale, NY) for determination of the differential blood count. 

Pathology. Mice were killed with carbon dioxide gas and then exsanguinated by 

cardiocentesis. Cardiac blood was placed in EDTA and then aliquoted for blood smear analysis, 

hematologic testing, culture, and PCR or mouse infectivity assays. Plasma was frozen for 

serologic testing. Spleens were collected aseptically for culture, homogenized gently in a glass 

tissue grinder containing 5 mL of tissue-culture fluid, and then cultured in HL-60 cells. 

Impression smears were made of cut surfaces of the spleen to assess presence of morulae in 

hematopoietic tissue. 

For histopathology, a full set of tissues was examined from each mouse, including brain, 

lungs, mediastinal lymph nodes, heart, spleen, salivary glands, cervical lymph nodes, eyes, skin, 

gastrointestinal tract (including stomach, duodenum, jejunum, ileum, cecum, proximal colon, and 

distal colon), mesenteric lymph node, pancreas, kidneys, urinary bladder, reproductive tract 

(including uterus and ovaries), adrenals, bone marrow, front and rear limbs (including joints, 

muscle, and bone), spinal column (including cervical, thoracic, and lumbar regions), and cross-

sections through the head (including, tongue and nasal turbinates). Tissues were fixed in 

formalin, paraffin-embedded, sectioned, and stained with hematoxylin and eosin, using standard 

techniques. 

Cultivation of the HGE agent from mouse tissues. The promyelocyte cell line HL-60 

(ATCC 240-CCL) was cultured in Iscove's modified Dulbecco medium supplemented with 20% 

fetal bovine serum and maintained at 37°C with 5% carbon dioxide, as described [19]. One drop 

of mouse blood or one drop of spleen homogenate (gently homogenized in a glass tissue grinder 

containing 5 mL of tissue culture fluid) was incubated with 10 mL of HL-60 cell cultures (106 
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cells/mL) in 70-mL culture flasks. Cell density was maintained at ~106 cells/mL by feeding the 

cells twice a week. To determine infection of HL-60 cultures, cells were air-dried and stained 

with DiffQuick (Baxter, Miami). 

PCR. An HGE agent-specific, 16S rDNA fragment was amplified by PCR from 

peripheral blood, using primers that distinguish the HGE agent from other ehrlichiae: primers 

497-521 (5 ' -TGTAGGCGGTTCGGTAAGTTAAAG-3 ' ) and 747-727 (5 ' -

GCACTCATCGTTTACAGCGTG-3') [17]. Amplification was done in a thermal cycler with 5 

min of denaturation at 95°C, followed by 35 cycles consisting of 1 min at 94°C, 1 min at 54°C, 

and 2 min at 72°C. On the last cycle, extension was continued for 10 min. Amplifications were 

done on 50 u.L of blood, lysed in red cell lysis buffer for 20 min, and then pelleted at 15,000 

RCF. The pellets were washed two times with PBS and digested with 40 pg of proteinase K at 

56°C for 1 h. Proteinase K was inactivated for 15 min at 95°C and then centrifuged to discard 

the pellet. The supernatant, which contained HGE organisms, served as the amplification 

template. Each 50-uL PCR reaction mixture contained 5 uL of template, 5 uL of buffer, 0.2 mM 

dNTP, 1.5 mM MgCl, 2 U Taq polymerase, 100 pmol of each primer, and water. Negative 

controls consisted of blood from normal mice, and HGE agent DNA served as a positive control. 

For PCR on ticks, single ticks were placed in individual vials, flash-frozen in liquid 

nitrogen, and pulverized with a plastic grinder. Tris-EDTA buffer (50 uL) was added to the vial, 

the homogenate was boiled for 10 min, and 20 u.L of target was added to the PCR reaction 

mixture. Amplification was done with 5 min of denaturation at 94°C, followed by 40 cycles 

consisting of 45 seconds at 94°C, 45 seconds at 60°C, and 45 seconds at 72°C. On the last cycle, 

extension was continued for 5 minutes at 72°C. 

IFA. Infected and uninfected (control) HL-60 cells suspended in culture medium were 

washed two times in PBS, air-dried, and fixed in cold acetone (-20°C for 10 min) on 12-well 

Teflon-coated multiwell slides (CELLINE, Hewfield, NJ). Twenty microliter volumes of serial 

2-fold dilutions of plasma from individual infected and control mice (starting at 1:40 dilution) 

were placed in the wells of antigen-coated slides, incubated in humidified chambers at 37°C for 

30 min, washed three times in PBS, and then flooded with fluorescein-conjugated goat anti-

mouse polyvalent immunoglobulin (Sigma, St. Louis) at a 1:100 dilution. Slides were 

incubated, washed, air-dried, covered with PBS-glycerol and coverslips, and examined by use of 

a fluorescence microscope. Antibody titer was expressed as the reciprocal of the highest plasma 

dilution with specific fluorescence. Negative control antigen (uninfected HL-60 cells) and 

negative control plasma were included for each assay. 

Blood and spleen impression smears were also examined by IFA. Smears were fixed in 

acetone-alcohol, air-dried, and blocked with normal mouse serum (1:20 dilution in PBS 
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containing 2% bovine serum albumin [BSA]). Slides were then washed in PBS containing 

0.002% Tween 20 and incubated (37°C for 30 min) with antiserum to the HGE agent (obtained 

from mice 30 days after inoculation with infected HL-60 cells). Slides were washed and 

incubated with secondary label, as described above. 

ELLSA. A modification of a previously described indirect ELISA [20] was used to detect 

and quantify specific IgM and IgG reactivity to the HGE agent. Microtiter plates (96-well; 

Corning Glass Works, Corning, NY) were coated with infected or unin-fected HL-60 cells at 1 x 

104 cells/well. Coated plates were fixed in 10% neutral buffered formalin, washed with PBS-

Tween 20, and blocked for 1 h with 200 uL of blocking buffer (3% gelatin in PBS, 0.5% BSA, 

0.05% Tween 20). One hundred microliters of serial 2-fold dilutions of plasma samples in PBS-

1% BSA (starting at 1:80) were added to each well containing infected or uninfected cells, 

incubated for 1 h at 37°C, washed three times, and then incubated with 100 uL of horseradish 

peroxidase-conjugated goat anti-mouse polyvalent immunoglobulin (Sigma) diluted 1:12,000 in 

PBS-1% BSA as above. The substrate TMB (0.4% 3,3',5,5'-tetramethylbenzidine) in an organic 

base and 0.02% hydrogen peroxide in a citric acid buffer (Kirkegaard & Perry, Gaithersburg, 

MD) were added to each well and incubated for 10 min in darkness at 25°C, and the reaction was 

stopped by the addition of an equal volume of 1 N HCl. The optical density of each well was 

measured at 450 nm with an ELISA reader (UV Max; Dynatech, Alexandria, VA). The signal to 

noise (S/N) ratio and the signal minus noise (S-N) value were determined for each dilution of 

every plasma sample by dividing and subtracting, respectively, the optical density of the well 

with infected cells by the well with uninfected cells. Cutoff points for each dilution were 

determined by testing normal mouse sera (n = 10) and determining the means (+3 SDs). 

Results 

Tickborne infection. In this experiment, we examined the course of tickborne infection of 

C3H/HeJ mice. We chose C3H/ HeJ mice because this strain is immunocompetent but has 

defective activation of macrophages and is unresponsive to bacterial lipopolysaccharide [21]. As 

a result, C3H/HeJ mice are relatively more susceptible to many viral and bacterial pathogens, 

including Rickettsia species [22]. Within 3 days of arrival in the laboratory, C3H/HeJ mice were 

each exposed to 5 ehrlichia-infected nymphal ticks. Infection was verified by identification of 

morulae in peripheral blood smears for all mice at 5-10 days after tick feeding. Control 

(uninfected) mice were age-matched with infected mice. Infected mice manifested no overt 
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Table 1. ELISA and IFA antibody titers to human granulocytic ehrlichiosis HL-60 
antigen in mice at various intervals after tickborne infection. 

ELISA titer* IFA titer* 

Interval Geometric mean Range Geomet ric mean Range 

Control mice 
Infected mice 

10 days 
17 days 
24 days 

<80 

905 
5382 
3026 

640- 1280 
3200-6400 
1280-6400 

<40 

67 
190 
113 

40-160 
80-320 
40-320 

: Expressed as last positive 2-fold reciprocal dilution of serum (4 mice/interval). 

signs of illness. Groups of infected mice and controls (4 each) were necropsied 5, 10, 17, and 24 

days after tick feeding. 

At necropsy, splenomegaly was apparent in all infected mice examined on day 10, but spleens 

were normal size in infected mice at later intervals. Peripheral blood and spleen (pooled 

homogenates from all 4 infected mice at each interval) from mice on days 17 and 24 were 

cultured in HL-60 cells. Ehrlichiae grew from peripheral blood of all 4 mice and from pooled 

spleen homogenates of mice on days 17 and 24. Mice seroconverted to the HGE agent antigen 

by both IFA and ELISA, but titers were higher with ELISA (table 1). Both assays revealed an 

apparent peak in the antibody level at 17 days with a decline at 24 days, even though all mice 

had confirmed infections through 24 days. 

7-

6 

0 5 10 15 20 25 

Days after Tick-Borne Infection 

Figure 1. Mean (±SD) erythrocyte count im peripheral blood of mice at various intervals after tickborne infectie 
with human granulocytic ehrlichiosis agent (4 mice/interval), emm = mm3 
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Figure 2. Mean (2 SD) leukocyte, granulocyte, and lymphocyte counts in peripheral blood of mice at various 
intervals after tickborne infection with human granulocytic ehrlichiosis agent (4 mice/inter-val). cmm = mm'; 
WBCs = white blood cells. 

Hematologic testing of infected mice revealed anemia, reaching a nadir on day 10, 

followed by recovery (figure 1). Reduced erythrocyte counts (11.7 g/dL [± 0.3 SD]; normal 

range, 13 -15) were accompanied by decreases in hematocrit and total hemoglobin on day 10. 

Leukopenia was also apparent, with a reduction in total leukocytes, granulocytes, and 

lymphocytes reaching a nadir on day 17 (figure 2). Thrombocytes appeared in adequate numbers 

in blood smears of all mice but were not counted due to inadequate volumes of blood for 

analysis. Peripheral blood smears contained cytoplasmic morulae in neutrophilic (figure 3) and 

eosinophilic granulocytes but not in other cell types. Morulae were present in 6.2 ± 2.7% SD of 

granulocytes of mice on day 5, in 8.3 ± 0.8% SD on day 10, and in < 1% on day 17; none were 

found on day 24. Infection of granulocytes but not other cells was confirmed by IFA in both 

blood and spleen (a hematopoietic organ in the mouse) impression smears of mice on days 10, 

17, and 24 (data not shown). Spleen impression smears contained more IFA-positive cells than 

did peripheral blood smears. Morulae were visible only in mature granulocytes (defined by 

typical segmented nuclei) among hematopoietic cells in spleen impression smears (figure 4). 

Among the complete set of tissues examined from each mouse, microscopic lesions were 

restricted to hematopoietic and lymphoid tissue. At all intervals, there was marked hematopoiesis 

in spleens and bone marrow of all infected mice. In addition, there was generalized lymphoid 

hyperplasia with prominent follicle formation (reactive hyperplasia) in cervical, mediastinal, and 
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Figure 3. Peripheral blood smear depicting granulocyte containing mtracytoplasmic morula 10 days after tickborne 
infection with human granulocytic ehrlichiosis agent (arrow). Note polychromasia of eryth-rocytes, consistent with 

Figure 4. Impression smear of hematopoietic spleen tissue of mouse 10 days after tickborne infection with human 

farrowryt lC I C h l ° S 1 S a g e m ' I n t r a c y t 0 P l a s m i c m°™>^ were found only in ma-ture stages of granulocytes 

mesenteric lymph nodes, spleen, and Peyer's patches in infected mice at all intervals. There 

were perivascular lymphoid nodules in the lungs of most infected mice, indicating antigenic 

stimulation. Hematopoietic activity and lymphoid hyperplasia were most marked at day 10, 

accounting for the splenomegaly, and subsided on days 17 and 24. 

Infectivity of mouse-passaged HGE agent. We have found that culture of the HGE agent 

in HL-60 cells results in rapid attenuation of infectivity and pathogenicity of the HGE agent to 
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Figure 5. Effect of passage on infectivity and pathogenicity of human granulocytic ehrlichiosis agent. Groups of 3 
C3H mice were inoculated intraperitoneally with blood from infected SCID mice. Infection was verified 10 days 
later, and blood was passed to next group of C3H mice. At 6th passage, all mice were infected, but % of 
granulocytes with morulae declined. Sixth-passage C3H mouse blood was then passed into groups of 3 SCID mice 
(7th-12th passage), with restoration of pathogenicity. 

mice (data not shown). We therefore sought to optimize a means of maintaining infectivity and 

pathogenicity of the HGE agent. We investigated the stability of infectivity and pathogenicity of 

the HGE agent for C3H/HeN mice at different mouse-to-mouse passages (figure 5). Three mice 

were inoculated ip with 0.1 mL of undiluted blood from an infected SCID mouse (15% 

granulocytes with morulae). Mice were necropsied on day 10, and blood was obtained, 

examined for morulae, pooled, and passaged into 3 additional C3H mice. Passage was repeated 

6 times, with mice receiving 0.1 mL of infected blood from mice used in the previous passage. 

Upon first and second passage, all mice manifested high levels of granulocytes with morulae, but 

despite the fact that all mice were positive, the percent of granulocytes with morulae decreased 

with the third through sixth passages. 

We then passed sixth-passage C3H blood (1.3% morulae) into 3 SCID mice as above. In 

the seventh (first SCID passage) through ninth (third SCID passage) passages, recipient SCID 

mice possessed few discernable morulae, whereas the SCID mice infected with higher-passaged 

inocula developed progressively higher percentages of granulocytes with morulae. This 

experiment suggested that infectivity of the HGE agent can be maintained by mouse passage. 

Pathogenicity, however, wanes in immunocompetent mice but can be maintained successfully 

and restored by passage through SCID mice. It also demonstrated that C3H/HeN mice, which do 

not have the macrophage and lipopolysaccharide response defects of C3H/HeJ mice, are also 

suitable for HGE studies. Our subsequent studies therefore utilized C3H/HeN mice and their 
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Table 2. Relative susceptibility of C3H mice to mouse-passaged HGE agent administered 
by different routes. 

dilution 

Granulocytes with morulae at various days after inoculation 

Inoculum route, dilution 7 days 14 days 17 days 21 days 

Intraperitoneal 
Undiluted 1:10+ 1.0 13.5 ±0.7 2.0± 1.2 0 
1:10 3.0 + 0.6 8.0 ±2 .0 1.5+ 1.1 0 
1:100 0.5 ±0 .3 4.0 ±1.0 0.5 ± 0.6 0 
1:1000 0 0 1.0 ± 1.4 0 

Subcutaneous 
Undiluted 0.6 + 0.4 0 1.0 ± 1.7 0 
1:10 0 0 0 0 
1:100 0 0 0 0 
1:1000 0 0 0 0 

NOTE. Dataare%± SD. Groups of' 4 C3H mice were inoculated with 0.1 mL of blood, 
or dilutions thereof, from ehrlichiae-infected SC1D mice. 

congenic CiH-scid counter-parts. 

Relative susceptibility to different routes of syringe inoculation. Because the HGE agent 

grows intracellularly in clusters of organisms, it cannot be accurately quantitated. We therefore 

examined the relative susceptibility of C3H/HeN mice to limiting dilutions of inocula (infected 

SCID mouse blood) after ip and subcutaneous (sc) inoculation (table 2). A blood pool from 2 

SCID mice (10% granulocytes with morulae) was serially diluted in PBS, and 0.1 mL of each 

serial dilution was inoculated ip or sc into groups of 4 C3H mice. Blood was obtained via the 

eye of mice on days 7, 14, 17, and 21 after inoculation, and the percent granulocytes with 

morulae was determined for each mouse at each interval. On the basis of the presence of 

morulae, mice were more susceptible to ip inoculation than sc inoculation. Furthermore, the 

number of morulae was highest in mice receiving the highest doses of inocula. 

Relative sensitivity of different detection methods and assessment of duration of infection. 

The above experiments were based upon examination of blood smears for morulae and culture of 

blood in HL-60 cells. We next sought to compare the relative sensitivity of four different 

methods for detecting the HGE agent in infected mice: examination of blood smears for morulae, 

culture of blood in HL-60 cells, 16S rDNA PCR amplification from blood, and infectivity in 

C3H mice. We used these methods to examine the course of infection over 60 days (table 3). 

C3H mice were inoculated ip with 0.1 mL of infected SCID blood (17% morulae) or normal 

mouse blood (controls). Groups of 4 infected mice were necropsied on days 5, 10, 30, and 60 
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Table 3. Relative sensitivity of different detcetion methods for the human 
granulocytic ehrlichiosis agent in C3H mice at various intervals after inoculation 
with ehrlichiae-infected blood. 

No. of 
Interval, mice with Mouse HL-60 
status of mice morulae infectivity culture PCR 

5 days 
Infected 4/4 4/4 3/4 4/4 
Control 0/1 0/1 0/1 0/1 

10 days 
Infected 4/4 4/4 3/4 4/4 
Control 0/1 0/1 0/1 0/1 

30 days 
Infected 0/4 4/4 1/2 4/4 
Control 0/1 0/1 0/1 0/1 

60 days 
Infected 0/4 1/4 0/4 0/4 
Control 0/1 0/1 0/1 0/1 

NOTE. Data are no. positive/no. tested. Mice were inoculated with 0.1 
mL of blood from infected SCID mice. PCR = polymerase chain reaction. 

after inoculation. One uninfected control mouse was also processed at each of these intervals. 

Mouse infectivity was assessed by inoculation of 4 C3H mice with 0.1 mL of blood from each 

infected mouse followed by examination of blood smears for morulae on day 10. 

Among the infected C3H mice at 5 and 10 days, there was good correlation between the 

presence of morulae and the results of the mouse infectivity assay and PCR, with somewhat less 

sensitivity for the HL-60 culture. On day 30, morulae were no longer visible in peripheral blood 

smears, but blood continued to be infectious as determined by the mouse infectivity assay and 

culture in HL-60 cells, and blood was consistently positive as determined by PCR. By 60 days, 

infection could be demonstrated in only 1 mouse by mouse infectivity assay; all other parameters 

were negative. 

Optimization of an infectivity assay for infectious HGE agent. Because a mouse 

infectivity assay appeared to be the most sensitive means of detecting an infectious HGE agent in 

the above experiment, with the added advantage of detecting infectious organisms, we sought to 

optimize the assay. In this case, we tested the relative sensitivity of infant mice at different ages 

(1 day, 1 week, 2 weeks) to infection (table 4). We used CD-I mice for this experiment because 
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Table 4. Comparison of indices for infectivity assay in outbred CD-I mice 
of different ages. 

Age, status % morulae Hematocrit (%) Spleen weight (g) 

1 day 
Infected 11.9 ±0.8 36.2 10 .9 0.11 +0.01* 
Control 0 40.0 0.03 + 0.01 

1 week 
Infected 0.3 ± 0.4 41.2 + 0.7 0.12 + 0.2* 
Control 0 42.6 + 0.2 0.04 ± 0 

3 weeks 
Infected 0.2 + 0.2 53.8 ± 1.2 0.39 + 0.05* 
Control 0 52.0+ 1.2 0.10 + 0.01 

NOTE. Groups of 5 infected and 5 control mice were evaluated 10 days 
after intraperitoneal inoculation with 0.1 mL of blood from ehrlichiae-
infected SCID mice or normal nice, respectively. 
* P < 0.001, compared with controls. 

they are less expensive, more tolerant to manipulation of pups, and have larger litters than C3H 

mice. On the basis of our previous results, we chose two easily assessed parameters (hematocrit 

and spleen weight) to compare with two more definitive parameters (morulae and PCR results). 

Infection was assessed 10 days after ip inoculation with 0.1 mL of infected SCID mouse blood 

(20% granulocytes with morulae) in groups of 5 mice at 1 day, 1 week, and 3 weeks of age and 

compared with results in groups of 5 control mice (matched for age) that were inoculated with 

normal mouse blood. 

Hematocrit was not a useful marker of infection. Spleen weight, however, was 

consistently and markedly increased in infected mice (compared with controls) inoculated at 1 

day, 1 week, or 3 weeks of age (Student's unpaired t test, P < 0.001). Differences in spleen size 

could be readily and accurately discerned at gross necropsy and proved to be a rapid marker of 

potential infection. All mice inoculated with infected SCID blood had morulae in their 

granulocytes, but the percentage of granulocytes with morulae was significantly higher in mice 

inoculated at 1 day of age than in those inoculated at 1 or 3 weeks of age (P < 0.001). 

Because of these findings, we next examined groups of 4 infant CD-I mice inoculated ip at 1, 3, 

5, or 7 days of age with infected SCID mouse blood or normal mouse blood (controls; table 5). 

Mice infected at 1 and 3 days of age had abundant morulae, whereas mice infected at 5 days of 

age had an intermediate number, and mice infected at 7 days of age, as before, had relatively few 
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Table 5. Relative sensitivity of infant CD-I mice at 1,3, 5, and 
7 days after inoculation with ehrlichiae infected blood. 

Age, status % morulae Spleen weight (g) 

1 day 
Infected 23.5 ± 1.8 0.10 + 0.08* 
Control 0 0.04 ±0.10 

3 days 
Infected 18.6 + 2.5 0.11 ±0.05* 

Control 0 0.04 ± 0.05 

5 days 
Infected 6.8 ± 1.8 0.16 + 0.10* 
Control 0 0.03 ±0.05 

7 days 
Infected 0.6 ±0.6 0.16 ±0.05* 

Control 0 0.07 ± 0.08 

NOTE. Groups of 5 infected and 5 control mice were evaluated 
10 days after intraperitoneal inoculation with 0.1 mL of blood 
from ehrlichiac-infected SCID mice or normal mice, respectively. 
All mice inoculated with infectious material had verified 
infections (morulae). 
* P< 0.001 compared with controls. 

morulae. Nevertheless, spleen weights were consistently increased in infected mice compared 

with control mice at all ages (P < 0.001). 

Sensitivity of the infant mouse infectivity assay. We next sought to determine if infant 

mice could be used as an accurate assay for infectivity with the HGE agent at the minimal 

infectious dose (table 6). Since the HGE agent cannot be effectively quantitated due to its 

intracellular growth characteristics, we examined the sensitivity of CD-I infant mouse infectivity 

for detecting infection with serial terminal dilutions of SCID mouse blood. Groups of 4 infant 

mice, 1 day of age, were inoculated ip with 0.1 mL of infected SCID mouse blood (10% 

morulae) or equal volumes of 1:10 or 1:100 dilutions of the infected blood. All of the mice 

inoculated with infected blood developed discernable morulae when inoculated with undiluted or 

1:10 diluted blood. At the 1:100 dilution, 2 of 4 mice had morulae. When compared with spleen 

weights, there was 100% correlation. If a mouse had morulae, its spleen was significantly larger 

than that of the uninfected control mouse (inoculated with normal mouse blood). Spleen weights 

were not affected by inoculum dose, whereas the percentage of morulae declined as the dose 

diminished. 
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Table 6. Sensitivity of 1-day-old CD-I mice as an assay for infection 
following inoculation with serial dilutions of ehrlichiae-infected blood. 

Inoculum % morulae Spleen weight (g) 

Undiluted infected SCID blood 16.8+ 1.7 0.10 + 0.07* 
1: 10 diluted infected SCID blood 9.4 + 0.1 0.11 ±0.03* 
1: 100 diluted infected SCID blood 22 0.09 

5 0.10 
0 0.02 
0 0.04 

Undiluted normal mouse blood 0 0.03 + 0 1 

NOTE. All mice inoculated with undiluted and 1:10-diluted infected SCID mouse blood had morulae (means + SD 
represented), whereas 2/4 mice inoculated with 1:100-diluted infected SCID mouse blood had morulae. Two mice 
inoculated with 1:100-diluted material without morulae had spleen weights equivalent to controls; 2 mice inoculated 
with 1:100-diluted materials with morulae had significantly enlarged spleens compared with control spleens (P < 
.01). * P < .001 compared with controls 

Assessment of infection by xenodiagnosis. The above studies suggested that C3H mice 

but not SCID mice recover from infection with the HGE agent. We next sought to confirm this 

using xenodiagnosis (figure 6), a sensitive means of detecting infection with another tickborne 

agent, B. burgdorferi [23]. We infected 4 C3H and 4 SCID mice by ip inoculation with SCID 

mouse blood (17% granulocytes with morulae) and then placed 200 tick larvae upon each mouse, 

including 1 uninfected mouse, on days 2, 9, 17, 23, 30, 45, and 52 (days 5, 12, 20, 26, 33, 48, and 

55 relative to completion of feeding) for C3H mice and on days 2, 17, 32, and 47 (days 3, 20, 35, 

and 50 relative to completion of feeding) for SCID mice. Repleted larvae were collected from 

each mouse and allowed to molt, and then 20 nymphs from each mouse at each interval were 

analyzed individually by PCR. The mean percent (±SD) of infection among the fed and molted 

ticks was calculated for each interval. 

All of the C3H mice transmitted infection to ticks on days 5, 12, 20, 26, and 33, but on 

day 48, none of the ticks that fed upon any of the mice became infected, and on day 55, only 1 of 

4 of the mice transmitted infection, based upon testing of 20 ticks/mouse. We therefore tested 

additional ticks from the 3 mice that did not transmit infection to ticks on day 55 (determined on 

the basis of a sampling of 20 ticks). Two of 50 additional ticks tested from 1 of these mice and 1 

of 39 additional ticks tested from another of these mice tested positive, but none of 16 additional 

ticks available for testing was positive from the third mouse. Thus, on the basis of 

xenodiagnosis, 3 of 4 C3H mice remained infectious for ticks at 55 days of infection. In 
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Figure 6. Xenodiagnosis (infection of ticks feeding on mice) at various intervals after infection of C3H and SCID 
mice with human granulocytic ehrlichiosis agent. Groups of 4 mice were infected and then fed upon by 200 larval 
ticks at sequential intervals after inoculation. Twenty ticks from each mouse at each interval were tested by 
polymerase chain reaction for acquisition of infection. Data are mean % infection (+SD) of 20 ticks from each 
mouse for each interval. 

contrast, SCID mice consistently transmitted the HGE agent to feeding ticks at a higher rate than 

the C3H mice at all intervals; however, they manifested a decline in transmission efficiency at 30 

days and beyond. Of note, the xenodiagnosis curve did not follow the number of morulae in the 

peripheral blood of the SCID mice (l 1.5% ± 0.9 SD at 5 days 19.0% ± 1.1 SD at 20 days, 20.3% 

± 4.9 SD at 35 days, 14.0% ± 2.1 SD at 50 days). 

Discussion 

This study establishes the laboratory mouse as a model for investigating host immunity 

and pathogenesis of granulocytic ehrlichiosis, as it is for monocytic ehrlichiosis, caused by E. 

chaffeensis [24]. Mice can be consistently infected by either tickborne infection or syringe 

inoculation, and the course of infection can be monitored by a number of techniques, including 

blood smears, culture, PCR, mouse infectivity assay, and serology. Our ability to find ehrlichiae 

in cultures of small aliquots (1 drop) of whole peripheral blood, including samples that were 

obtained when circulating morulae were rare, confirms the sensitivity of cultures for human 

patients with extremely low-level rickettsemia [19]. However, blood culture was less sensitive 
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than PCR and the mouse infectivity assay at detecting experimental infection. The infant mouse 

infectivity assay was an efficient means of amplifying otherwise undetectable levels of infection, 

and it has the advantage over PCR of being an assay for infectious organisms. Clearly, reliance 

on morulae in peripheral blood smears is not a suitable means for detecting infection, especially 

in the later stages of infection. 

Our initial study of tickborne infection suggested that mice were persistently infected, at 

least through 24 days. Previous studies have confirmed infection in laboratory mice for > 6 

weeks [17]. We therefore extended this interval, finding that most immunocompetent C3H mice 

appear to recover from infection at ~8 weeks, on the basis of our various indices for infection. 

However, xenodiagnosis suggested that at least some C3H mice remain persistently infected for 

up to 55 days. Thus, we have yet to resolve the issue of whether or not immunocompetent mice 

recover fully from infection. Further analysis of other tissues is needed to confirm this assertion. 

Persistent infection has been documented in a human HGE patient [25], but it is unknown if 

persistence is common, since parameters for documenting persistent infection are based on 

detection of morulae in peripheral blood smears, which are ephemeral. 

In support of earlier findings [17], SCID mice remain persistently infected. 

Unexpectedly, our xenodiagnosis data suggested that transmissibility of the HGE agent from 

infected SCID mice to ticks seemed to peak after a few weeks and then decline, with no apparent 

correlation to abundance of morulae in peripheral blood granulocytes. We did not test the 

possibility that SCID mice, albeit immunodeficient, developed resistance to repeated infestation 

and feeding by ticks that may have influenced the kinetics of xenodiagnosis. Previous studies 

with the same HGE isolate (NCH-1) used in the present study demonstrated infection of 

C3H/HeJ, CB-ll-scid, outbred Swiss (CD-I), and DBA/2 mice, and Peromyscus leucopus and 

LVG hamsters. All animals became infected, as determined by the demonstration of morulae in 

peripheral blood smears. DBA and SCID mice had detectable morulae in peripheral blood for > 

6 weeks, compared with transient (through 10 days) rickettsemia in other strains and stocks of 

mice (or other species of rodents) [17]. 

C3H mice developed transient hematologic aberrations similar to those described in 

human HGE. Of note, we found morulae only in granulocytes of peripheral blood and spleen 

impression smears (extramedullary hematopoietic tissue in the mouse), yet mice developed 

significant anemia as well [26], Anemia is also present in human HGE, posing interesting 

questions about pathogenesis. A common feature of the human condition is thrombocytopenia 

[10, 18, 19, 26], but thrombocytes appeared to be within normal limits in mice in the current 

study. We did not enumerate platelets in this study because of inadequate sample sizes. 

However, no overt reduction of platelets was noted in blood smears of our mice. This requires 
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further scrutiny, but thrombocytopenia may not be a feature of granulocytic ehrlichiosis in the 

mouse, and thus may not parallel the human condition. 

One of the difficulties in comparing clinical signs and lesions in human HGE patients 

with those seen in experimental animals is the role of secondary, opportunistic organisms (virus, 

fungi, and bacteria) in human disease and the complexity of other organ dysfunction in the 

uncontrolled and variable human patient population [10, 24]. It is thus difficult to directly 

ascribe cause and effect on the basis of human clinical material. Microbiologically and 

genetically defined laboratory mice offer the opportunity to experimentally manipulate the model 

with various genetic alterations, immunologic perturbations, and controlled coinfections. With 

baseline information established about granulocytic ehrlichiosis in the C3H mouse, further 

studies are now possible for examining pathogenesis, host immunity, and coinfection with other 

tickborne pathogens. 
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Abstract 

The agent of human granulocytic ehrlichiosis (HGE) is a 
newly recognized tick-borne pathogen that resides within 
polymorphonuclear leukocytes. C3H/HeN mice can become 
infected with the agent of HGE {designated aoHGE) by sy
ringe inoculation or tick-borne infection and develop tran
sient neutropenia. They thereby partially mimic human dis
ease and provide a model in which to study immunity to 
this microorganism. Mice vaccinated with lysates of puri
fied aoHGE, or administered aoHGE antisera, were par
tially protected from both syringe- and tick-transmitted 
challenge with aoHGE. These data suggest that antibodies 
are sufficient to provide substantial, but not complete, im
munity against aoHGE. {J. Clin. Invest. 1997. 100:3014-
3018.) Keywords: vaccine • Ehrlichia • antibody • ticks • in
tracellular pathogen 

Introduction 

Human granulocytic ehrlichiosis (HGE)1 is an emerging tick-
borne infectious disease, and the pathogen infects and survives 
within granulocytes (1-6). Patients may develop fever, myal
gia, and neutropenia, among other symptoms. Severe infection 
can be fatal, usually due to secondary infections (3. 5. 7. 8). 
Horses, sheep, goats, and humans acquire granulocytic ehr
lichiosis, and the respective agents. Ehrlichia equi. Ehrlichia 
phagocytophila, and the agent of HGE (designated aoHGE) 
are genetically similar (9-11). Peromyscus leucopus, the white-
footed mouse, is an animal reservoir for aoHGE, and Ixodes 
scapularis (also known as Ixodes damminl) is an arthropod 
vector of aoHGE (6, 12, 13). Not surprisingly, HGE is preva
lent in the upper midwest and northeast United States, areas 
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where other /. scapu/ar/s-borne microorganisms, including 
Borrelia burgdorferi and Babesia microti, are common (2, 5, 
14). Laboratory mice have been infected with aoHGE (13). 
We now show that C3H/HeN mice are susceptible to aoHGE 
infection and also develop neutropenia, thereby partially re
sembling human infection. Moreover, when examined at 14 d 
after aoHGE challenge, mice vaccinated with aoHGE lysates 
are substantially protected from ehrlichiosis, and aoHGE-spe-
cific antibodies are sufficient to provide partial immunity from 
tick-borne aoHGE infection. These data provide a basis for 
beginning to understand protective immunity to this unique 
emerging pathogen. 

Methods 

Mice. 3-wk-old female C3H/HeNCr mice were obtained from the 
Frederick Cancer Research Center (Frederick. MD). C3H/HeJ mice, 
which are LPS unresponsive, have been shown to be susceptible to 
aoHGE infection (13). We chose C3H/HeNCr {C3H} mice because 
they are LPS responsive and therefore more capable of responding to 
bacterial cell wall products (15). Mice were housed in filter-frame 
cages and killed with COd. C3H mice were initially inoculated intra-
peritoneally with blood (50 |xl) from CD-I mice that had been in
fected with the NCH-1 isolate (see purification of aoHGE and tick-
borne aoHGE vaccination studies) 3 wk earlier. In subsequent studies. 
C3H mice were engorged upon by aoHGE-infected ticks. 

Purification of aoHGE. aoHGE lysate was made from the NCH-1 
isolate, which was recovered from the peripheral blood of a patient 
from Nantucket, MA (16). The NCH-1 isolate (passage 2) used for 
purification of aoHGE was the same organism used in subsequent 
needle- or tick-challenge studies. The NCH-1 isolate was cultured us
ing the HL-60 (240-CCL; American Type Culture Collection, Rock-
ville. MD) cell line in Iscove's modified Dulbecco's medium supple
mented with 20% FCS, using previously described methodologies 
(17). Cultures were maintained at 37°C in 5% C02- Fresh cells and 
medium were added biweekly to maintain a density of ~ lO1' cells/ml. 
To ensure that the HL-60 cells were infected with aoHGE. cell cul
tures were placed onto microscope slides, stained with DiffQuick 
(Baxter Healthcare Corp., Miami, FL), and examined by light micros
copy. 

To purify aoHGE lysates. 1.000 ml of aoHGE-infected HL-60 cells 
were centrifugea at 1,500 rpm for 10 min, the pellet was resuspended 
with PBS-glucose (0.02%), and centrifuged again using the same con
ditions. The resuspended cells were disrupted by shearing using 21-
gauge needles and pelleted. The supernatant was then digested with 
DNase/RNase {50 |xg/ml) and subjected to density gradient ultracen-
trifugation using 42 and 30% discontinuous gradient renografin (Ny-
comed Princeton, NJ) (18). Centrifugation was performed at 22,000 
rpm for 75 min. Ehrlichia bacteria were collected in a band at the 30 
and 42% renografin interface. 

Tick-borne aoHGE vaccination studies. I. scapularis larvae were 
allowed to feed to repletion on CD-I mice that had been infected 
with the aoHGE NCH-1 isolate for 3 wk. C3H mice could also have 
been used for this purpose. However, both CD-I and C3H mice can 
be infected with aoHGE. and CD-I mice are less expensive and have 
been used for aoHGE tick infestation for > 1 yr by our group. The 
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goal of this portion of the protocol was to obtain aoHGE-infected 
ticks rather than examine ehrlichiosis in the mice. The engorged lar
vae were collected, and kept until they had molted to nymphs. A sam
ple was then examined for aoHGE infection by visual inspection of 
the salivary glands using the Feulgen reaction (13). The ticks had an 
85% aoHGE infection rate. 

For the vaccination studies, three or four aoHGE-infected /. scap-
ularis nymphs were then placed, and allowed to engorge to repletion, 
on individual C3H mice that were immunized with either aoHGE ly-
sates in CFA or CFA alone (control). aoHGE lysate was dialyzed 
against PBS. and heat-treated at 56°C for 1 h. before immunization. 
Groups of three to five mice were immunized subcutaneously in the 
back with 15 u,g of purified, heat-killed aoHGE lysates in CFA and 
boosted twice with the same preparation in incomplete Freunds ad
juvant at bimonthly intervals. 

14 d after the ticks had fallen from the immunized animals, the 
mice were killed with CO^ and blood was obtained by cardiac exsan-
guination. To visualize morulae. blood smears were air-dried, and 
stained with DiffQuick. In each smear. 200 high power fields were ex
amined for morulae. The presence of one or more definitive morulae 
was considered positive, and the percentage of aoHGE-infected neu
trophils was calculated. At necropsy, 100 p.1 of anticoagulated blood 
from each mouse was inoculated into culture flasks containing 5 ml of 
5 X 10s to 1 X 106 HL-60 cells/ml. aoHGE infection of the HL-60 cells 
was determined at weeks 2, 3, 4, and 6. Mice were examined for aoHGE 
by PCR as described (see PCR and quantitative PCR). 

PCR. An aoHGE-specific 16S rDNA fragment was amplified by 
PCR from peripheral blood. 50 (xl of blood was lysed in red cell lysis 
buffer (155 mM NH4C1; 10 mM KHC03; 1 mM EDTA) and then 
treated with 10 ixg/jx' proteinase K at 56°C for 1 h. 5 |xl of the super
natant containing aoHGE was used as template. Oligonucleotide 
primers were 497-521 (5'-TGT AGG CGG TTC GGT AAG TTA 
AAG-3') and 747-727 (5'-GCA CTC ATC GTTTAC AGC GTG-3'), 
which amplify a region that distinguishes aoHGE from other ehr
lichia (6). PCR was done for 35 cycles with the following denaturation, 
annealing, and extension conditions: 1 min at 94°C, 1 min at 54°C, and 
2 min at 72°C. PCR fragments were separated in a 1% agarose gel 
and stained with ethidium bromide or then transferred to nitrocellu
lose for Southern blotting using an aoHGE 16 rDNA probe. In all of 
the PCR studies, blood from three to five individual naive (unin
fected) mice was also used as a control template. 

Quantitative PCR. To determine the detection limits of the PCR 
assay, serial 10-fold dilutions of purified aoHGE DNA was subjected 
to amplification. 5 x lO"10 g (1:1,000 dilution of 500 ng) of purified 
aoHGE DNA was used as the initial template and an amplified prod
uct could be detected when up to 5 x 10",G g of aoHGE DNA was 
used as the template. Pulse-field gel electrophoresis demonstrated that 
aoHGE has a chromosome that migrates at ~ 700 kb (not shown). We 
can estimate that 1 mol of aoHGE had a molecular mass of ^ 4.6 x 
108 g (7.0 x 105 bp X 660 g/bp). 1 aoHGE therefore has an approxi
mate molecular mass of 7.6 x 10~,G g ([4.6 X 108 g/mol]/6.02 X \023 

organisms/mol). Thus, the limits of detection of the PCR assay is esti
mated at nearly one organism. In addition, the sensitivity of the PCR 
was unchanged when purified aoHGE DNA was added to 50 1̂ of 
murine blood and then subjected to red cell lysis buffer and protein
ase K treatment (see PCR) before being used as the template, the 
same conditions as blood from experimental animals. 

Passive antibody transfer studies. aoHGE antisera were obtained 
from C3H mice subcutaneously immunized with 15 ^g of aoHGE ly
sate in CFA and boosted twice bimonthly with the same antigen in in
complete Freund's adjuvant. 2 wk after the final boost, blood was ob
tained by cardiac exsanguination. For the passive immunization 
studies. aoHGE antisera were diluted 1:5 in PBS and intradermally 
injected (200 \x\) into naive mice. 1 d after immunization, the mice 
were inoculated intraperitoneally with blood (50 1̂) from mice that 
had been infected with the NCH-1 isolate 2 wk earlier, or were en
gorged upon by three or four aoHGE-infected ticks. Mice were then 
administered the same amount of antisera (1:5 dilution in PBS, 200 p.1) 

on days 4. 8, and 12. and then killed on day 14, and examined for in
fection. In these studies, a 100-p.l aliquot of anticoagulated blood was 
evaluated for neutropenia using a Coulter counter (Antech Diagnos
tics. Farmingdale, NY). For the assessment of splenomegaly, the 
whole spleen was removed from each animal at necropsy and imme
diately weighed. 

Immunoblot. 500 ng of purified aoHGE lysate was separated us
ing 15% SDS-PAGE and transferred onto nitrocellulose membranes. 
Membrane strips were incubated with sera (1:1,000, 1:10.000, and 
1:50,000 dilutions) from aoHGE-immunized mice or control mice 
(immunized with CFA) at room temperature for 1 h, washed three 
times with PBS, and then incubated with alkaline phosphatase-conju-
gated anti-mouse IgG (Sigma Chemical Co., St. Louis, MO). The 
color was developed using BCIP/NBT (Kirkegaard and Perry, Gaithers-
burg, MD) as the substrate. 

Results and Discussion 

We first show that all five C3H mice intraperitoneally inocu
lated with aoHGE developed transient neutropenia, with cyto
plasmic inclusions known as morulae in 8-10% of the poly
morphonuclear leukocytes at 2 wk. The aoHGE isolate (NCH-1) 
used in these studies was recovered previously from a woman 
with fever, neutropenia, and morulae in peripheral polymor
phonuclear leukocytes (16). The average number of neutro
phils in five aoHGE-infected mice at 14 d (814 cells/mm3, 
±213 SD) was much lower than in five control animals (3,421 
cells/mm3, ±426 SD) that were inoculated with normal mouse 
blood. aoHGE-infected mice also developed splenomegaly 
(0.32 g, ±0.05 SD) compared with controls (0.14 g. ±0.02 SD). 
Neutropenia resolved by 60 d and morulae were no longer 
readily detectable in peripheral smears at this time point. This 
experimental murine model partially resembles human infec
tion and can therefore be used to study pathogenesis and im
munity. 

Studies were performed to determine whether mice could 
be protected against aoHGE. Indeed, infection of a horse with 
aoHGE has been shown to confer resistance to challenge with 
E. equi (19). Groups of mice were actively immunized with pu
rified aoHGE lysates. 2 wk after the final boost, mice developed 
antibodies to aoHGE, detectable at a dilution of up to 1:10,000 
on immunoblot. Antisera reacted predominantly against 40-, 
44-, 65-, and 80-kD aoHGE antigens, among others (Fig. 1). 
Control mice, immunized with adjuvant in an identical fashion, 
did not develop aoHGE antibodies. 

aoHGE-vaccinated mice were challenged with aoHGE, 
killed at 2 wk, and examined for infection (Table I). To simu-

kl)a 

Figure 7. Mice immunized 
withaoHGE lysates developed 
aoHGE antibodies. aoHGE ly
sates were probed in immuno
blot with sera (1:1,000) from 
controls (lane 7). and mice im
munized with aoHGE lysates 
(lanes 2-4). 
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Table I. Mice Immunized with aoHGE Lysates Were Protected 
from Tick-borne Infection with aoHGE at 14 d after Challenge 

Immunogen Mouse Culture Morulae PCR 

Experiment 1 
CFA, control 

aoHGE lysates 

Experiment 2 
CFA. control 

aoHGE lysates 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Peripheral smears were examined (200 granulocytes per smear) for aoHGE 
morulae within neutrophils. The presence of one or more definitive 
morulae was considered positive for aoHGE infection. For cultivation 
of aoHGE. 100 u.1 of murine blood was inoculated into a culture of HL-60 
cells. The cells were maintained for 6 wk and examined for aoHGE in
fection. PCR was performed using 16S rDNA primers and 5 u.1 of blood 
as the template. 

late the natural mode of transmission, mice were engorged 
upon by nymphal ticks that had been infected with the NCH-1 
isolate (Table I). Mice were assessed for infection at 14 d after 
tick feeding by examination of peripheral blood smears for 
morulae. culture, and by 16S rDNA PCR of blood. Five of 
nine control animals had morulae in peripheral polymorpho
nuclear leukocytes, six of nine mice were culture positive, and 
aoHGE-specific DNA was detected in blood of all control 
mice (Table I). In contrast, morulae were not detected in blood 
smears of aoHGE-vaccinated mice (x2, P < 0.01. compared 
with control mice) and aoHGE was not cultured from any of 
the nine mice (x2, P < 0.005, compared with control mice), but 
five of nine animals were PCR positive (x2, P < 0.01, com
pared with control mice). An amplified DNA product was not 
detected in samples from naive, uninfected mice, validating the 
specificity of the PCR assays. PCR reactions in which distilled 
water was used as the template were also uniformly negative. 
In addition, a DNA product was not obtained when blood 
from a mouse that had been immunized with aoHGE lysates in 
CFA (obtained 14 d after immunization) was used as the tem
plate, indicating that DNA from the vaccination procedure 
does not result in false-positive PCR reactivity. 

Studies were then performed to determine whether anti
bodies were sufficient for protection. In three separate experi
ments, groups of three to five mice were passively immunized 
with aoHGE antisera, then challenged by either ticks or by di
rect inoculation of whole blood from an aoHGE-infected 

mouse (Table II). Regardless of the mode of aoHGE chal
lenge, passive immunization of mice with aoHGE antisera was 
sufficient to afford substantial protection as determined by the 
lack of visualization of morulae in polymorphonuclear leuko
cytes on peripheral blood smears (7 of 11 control animals, 1 of 
12 immunized mice: x2. P < 0.005), lack of recovery of aoHGE 
by culture (7 of 11 control animals, 1 of 12 immunized mice: x2. 
P < 0.005), and the incomplete ability to amplify aoHGE DNA 
from blood by PCR (10 of 11 control animals, 4 of 12 immu
nized mice: x2, P < 0.01). Furthermore, neutropenia was evi
dent in aoHGE-infected control mice (462 cells/mm3, ±280 
SD) compared with uninfected animals (3,240 cells/mm3, 
±1,340 SD). Splenomegaly was also observed in aoHGE-
infected control animals (0.27 g, ±0.05 SD) but not in experi
mental mice (0.12 g, ±0.03 SD). 

Moreover, serial dilution PCR analysis indicated that the 
amount of aoHGE DNA was much lower in the PCR-positive. 
immunized mice compared with PCR-positive, control ani
mals. Serial 10-fold dilutions of an aliquot of purified aoHGE 
DNA estimated that PCR could detect as little as one organ
ism, indicating that the assay is sensitive. A product could be 
identified in PCR-positive, control mice at a serum dilution of 
I05—10s, whereas amplified DNA was discernible in the PCR-
positive. vaccinated mice at a dilution of 10°-103 (Fig. 2, as an 
example of one experiment). This suggested two possibilities. 

Table II. Mice Passively Administered aoHGE Antisera Were 
Protected from either Tick-transmitted or Syringe-mediated 
Infection with aoHGE at 14 d after Challenge 

Immunogen (aoHGE challenge) 

Experiment 1 (tick-borne) 

NMS, control 1 -
2 + 

3 + 

aoHGE antisera 4 -
5 -
6 -

Experiment 2 (tick-borne) 

NMS. control 1 + 

2 + 

3 -
4 -
5 -

aoHGE antisera 6 -
7 -
8 + 

9 -
10 -

Experiment 3 (syringe-inocula) 

NMS, control 1 + 

2 + 

3 + 

aoHGE antisera 4 -
5 C 

6 c 
7 -

Peripheral smears, culture, and PCR were assessed as in Table I. NMS, 
Normal mouse sera; C, contaminated. 



250 bp 

Figure 2. aoHGE-spe-
ciflc DNA amplified from 
mice challenged with ao-
HGE (data in Table II. 
experiment 2). Ethidium 
bromide staining (/eft) or 
Southern blot using a 16S 
rDNA probe {right). {A) 
Mice administered con
trol (lanes 7-5) or ao-
HGE antisera (lanes 
6-10). (A 1. A8, A9. and 
A10) Serial dilution PCR 
to quantitate aoHGE. 
10-fold dilutions of blood 
from an aoHGE-infected, 
control mouse (A, lane 7) 
or aoHGE-infected, ex
perimental mice (A. 
lanes 8-10). 5 p.1 of blood, 
prepared as described in 
Methods, was used as the 
initial aliquot. For exam
ple, AI (10*) represents a 
108 dilution of 5 pi of 
blood from the mouse de
picted in A. lane 7. 

In cases where aoHGE immunization did not fully prevent in
fection (based on PCR), the number of aoHGE organisms was 
markedly reduced when compared with infected, control mice, 
due to the effect of aoHGE-specific antibodies. Conversely, 
the presence of residual aoHGE DNA in the host, from ao
HGE that had been injected into the host during tick-borne 
transmission, resulted in PCR positivity. In either case, nioru-
lae visualization, culture, and PCR data indicate that aoHGE 
vaccination affords substantial protection against tick-trans
mitted challenge, and that PCR is the most sensitive method of 
detection. 

Ehrlichia are obligate intracellular pathogens related to 
Rickettsia. Coxiella. and Chlamydia (20). In general, cellular 
immune responses are necessary for effective immunity to 
these groups of microbes, and for that matter, against gram-
negative intracellular bacteria such as Listeria (21-27). These 
data show that it is possible to elicit partial immunity against 
aoHGE in an experimental murine model. Furthermore, the 
protective capacity of vaccination with aoHGE lysates ex
tended to tick-borne infection, the natural mode of disease 
transmission, and passive administration of aoHGE antisera 
were sufficient for substantial protection. Effective humoral 
immunity against aoHGE challenge suggests that aoHGE may 
reside, albeit transiently, in the extracellular environment dur
ing part of its life cycle: perhaps in the bloodstream as the 
pathogen moves among neutrophils, or as the microbe mi
grates from the tick to the mammalian host. Antibodies could 
potentially interact directly with aoHGE to facilitate comple
ment-mediated lysis or opsonization at either of these inter
vals. Now that it is possible to induce immunity against tick-
transmitted aoHGE in a model system, the specific antigens 
that elicit protective antibodies can be identified, the duration 
of long-term immunity studied, and the mechanisms by which 

humoral responses afford substantial protection can be eluci
dated. 
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Abstract 

The composition of cytoplasmic vacuoles containing the 
agent of Human Granulocytic Ehrlichiosis (HGE) was stud
ied to investigate how this pathogen exists within infected 
host cells. Electron microscopy demonstrated that the HGE 
organism resides in a membrane-bound compartment within 
HL-60 cells: early forms of the HGE agent have a round re
ticular appearance while later structures are small and 
dense. Vacuoles containing HGE bacteria incorporated en-
docytosed colloidal gold particles, suggesting that they are 
part of the endocytic pathway. Antibodies directed to the 
mannose-6-phosphate receptor labeled vacuole membranes. 
Antibodies to the transferrin receptor and to the lysosomal 
membrane glycoprotein LAMP 1 did not. Moreover, 3-(2,4-
dinitroanilino)-3'-amino-iV-methyldipropylamine, which nor
mally accumulates in compartments with low pH, was not 
present inside these vacuoles. These results suggest that 
vacuoles containing the agent of HGE fail to mature into 
phagolysosomes. We conclude that the agent of HGE ap
pears to enter and modify part of the endocytic pathway. (J. 
Clin. Invest. 1998. 101:1932-1941.) Keywords: Ehrlichia • in
tracellular pathogen • neutrophil • endosome • antibody 

Introduction 

Human Granulocytic Ehrlichiosis (HGE)1 is a newly recog
nized infectious disease of increasing importance in the United 
States and in Europe (1-8). The agent of HGE is an obligate 
intracellular pathogen that predominantly invades polymor
phonuclear leukocytes and survives within membrane-bound 
phagosomes known as morulae. Based on similar 16S rDNA 
sequence comparisons, this pathogen is closely related to gran
ulocytic Ehrlichia that infect horses (Ehrlichia equi) and sheep 
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(Ehrlichia phagocytophila) (1, 5). Transmission to man and 
other hosts occurs via Ixodes scapularis ticks (9) and, not 
surprisingly, HGE is found in areas where Lyme disease and 
babesiosis are common. Recently, the HGE agent has been 
cultured in the promyelocytic leukemia cell line, HL-60, facili
tating investigation of this microbe (10). 

Intracellular pathogens survive in host cells by using differ
ent strategies to evade destruction by lysosomal enzymes, in
cluding degradation of the vacuolar membrane and escape 
into the cytoplasm, blocking the fusion of the vacuole with ly-
sosomes, and interference with vacuolar acidification (11-14). 
Studies of phagolysosome biogenesis suggest that plasma 
membrane receptors acquired during phagocytosis, such as 
transferrin receptor (TfR), are recycled back to the cell sur
face, while proteins characteristically associated with en
docytic organelles, such as mannose-6-phosphate receptors 
(MPR) and lysosomal membrane proteins (LAMP), are incor
porated in the phagolysosome membrane at subsequent stages 
(15). These active modifications of the phagosome membrane, 
stated here in an oversimplified form, help document the evo
lution of phagosomes into lysosomes, the end result of the en
docytic pathway. 

Pathogens influence vacuolar maturation in different ways 
(16). Mycobacterium tuberculosis phagosomes weakly label 
with antibodies to LAMP 1 but do not contain the vesicular 
proton ATPase, suggesting developmental arrest and no lumi
nal acidification (14, 17). Toxoplasma gondii parasitophorous 
vacuoles are devoid of protein signals for fusion with endocytic 
organelles, and their absence results in the lack of membrane 
trafficking (18). Chlamydia trachomatis inclusions remain sep
arate from the endocytic pathway, but acquire markers of the 
exocytic route (19, 20). In contrast, other organisms such as 
Listeria monocytogenes, Trypanosoma cruzi. and Rickettsiae 
disrupt the phagolysosomal membrane and escape into the cy
toplasm (11, 12. 21). Most Ehrlichia spp. and Anaplasma mar
ginale (which are phylogenetically closely related organisms), 
do not leave the vacuolar compartment (22. 23). Ehrlichia ris-
ticii. which infects macrophages, inhibits the phagosome-lyso-
some fusion in vitro, and Ehrlichia chaffeensis selectively ac
cumulate TfR, suggesting that they are localized in early 
endosomes (24, 25). 

The agent of HGE is unique in that it appears to selectively 
persist in neutrophils in vivo—the first such pathogen to spe
cifically choose this hostile environment in which to live. We 
hypothesized that the inhibition of the phagolysosomal devel
opment may be a likely mechanism by which HGE bacteria 
evade degradation within granulocytes. To investigate this, we 
examined HL-60 cells infected with HGE bacteria, using im-
munocytochemistry and electron microscopy. 

Methods 

Cultivation of the agent of HGE in HL-60 cells and purification. The 
promyelocytic cell line HL-60 (American Type Culture Collection 
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240-CCL, Rockville, MD) was cultured in Iscove's modified Dul-
becco's medium supplemented with 20% FBS and maintained at 
37°C with 5% carbon dioxide. Blood was obtained from mice infected 
with the HGE bacterial isolate NCH-1 (26) and incubated under ster
ile conditions with 10 ml of HL-60 cells with a density of 106 cells/ml 
in 70 ml culture flasks, as described (10). Cell density was maintained 
between 0.5 x 10G and 1.5 X 10G cells/ml by changing culture medium 
twice a week. Usually, 5 ml of the culture was removed and an equal 
amount of fresh medium was added. If the cell count was below 0.5 x 
106 fresh HL-60 cells were added to a final concentration of 10R cells/ 
ml. Slides of HGE organism-infected HL-60 cells for light microscopy 
were air-dried, stained with Diff-Quick (Baxter Healthcare Corp., 
Miami, FL) and examined for morulae. For immunofluorescence and 
electron microscopy, infected HL-60 cells were pelleted at 2.000 rpm 
for 10 min and resuspended using a 21-gauge needle to disrupt the 
HL-60 cells, releasing free HGE organisms into the supernatant. The 
supernatant was subsequently spun at 3.000 rpm for 10 min to pellet 
intact HL-60 and nuclear debris. The HGE agent-containing superna
tant was then used to infect fresh HL-60 cells. At different time points 
cultures were harvested by gently pelleting the infected cells for fur
ther use in immunofluorescence and electron microscopy studies. 

HGE organisms were purified using renografin density gradient 
centrifugation as described (27, 28) with some modifications. Briefly, 
cultures with 60% or more infected HL-60 cells were centrifuged and 
resuspended in PBS-glucose. HL-60 cells were then lysed by shearing 
using a 21-gauge needle and after pelleting cellular debris at 2.000 
rpm for 10 min, the supernatant was collected and incubated with 
RNase and DNase (final concentration 50 u,g/ml) for 45 min. Using 
renografin with a noncontinuous gradient of 42-30% (Hypaque 76; 
Nycomed Inc., New York, NY) ultracentrifugation was performed at 
22,000 rpm for 75 min at 4°C in a swing bucket rotor (Beekman Instru
ments, Inc., Fullerton, CA). The interface band was collected in a ster
ile pipette and dissolved in SPGN (7.5% sucrose, 3.7 mM KH2PO.,, 7 mM 
KzHPGv and 5 mM L-glutamine), pelleted at 13,000 and resuspended 
in SPGN at a concentration of 2 p.g/p.1 and stored at -70°C. 

Antibodies. Antibodies to the HGE agent were produced by im
munizing rabbits with a lysate of purified HGE organisms in com
plete Freund's adjuvant and boosted three times with the same prep
aration in incomplete Freund's adjuvant at 2-wk intervals as 
described previously (29). Before immunization, lysate was dialyzed 
against PBS and heat treated at 56°C. For each immunization 30 p,g of 
purified heat-killed lysate was injected subcutaneously. Also, anti
bodies to the HGE agent were produced in C3H mice by inoculating 
50 p.1 of infected blood, containing live NCH-1, from an infected and 
parasitemic C3H mouse. Mice were killed 21 d after inoculation and 
plasma was recovered and stored at -20°C for immunolabeling stud
ies. The rabbit anti-Ehrlichia antibodies were tested for cross-reactiv
ity with HL-60 cells, but this was not detected at the dilutions tested 
(1:25-1:10,000). Intracellular organelles of infected host cells were 
probed on thawed cryosections with rabbit anti-chicken cation-
dependent MPR (gift from Bernard Hoflack, EMBL, Heidelberg, 
Germany), antibodies to LAMP 1 (Hybridoma Bank, Iowa City, 
Iowa) and mouse anti-human TfR (mAb OKT9; Ortho Diagnostic, 
Paris, France). Intracellular 3-(2,4-dinitroanilino)-3'-amino-W-meth-
yldipropylamine (DAMP) was visualized using specific polyclonal an
tibodies to dinitrophenol (anti-DNP; gift from I. Mellman, Yale Uni
versity School of Medicine, New Haven, CT). Protein A-gold was 
produced by and purchased from J.W. Slot (Utrecht University, The 
Netherlands). Unconjugated and conjugated secondary antibodies 
were purchased from ICN Pharmaceuticals (Costa Mesa, CA). 

Detection of organelles with low pH in living cells. The visualiza
tion of low pH organelles within HGE-infected and uninfected HL-
60 cells was performed using the ability of these compartments to ac
cumulate acridine orange. Living cells were incubated in medium 
containing 0.005% acridine orange (Molecular Probes, Inc., Eugene, 
OR) for 10 min at 37°C. Accumulated acridine orange in living cells 
was visualized by epi-fluorescent illumination using an Axioplan light 
microscope (Zeiss, Oberkochen, Germany). 

Double immunofluorescence labeling. For double labeling stud
ies, semi-thin cryosections of 0.5 p.m were washed twice in PBS, then 
washed in PBS-0.1% glycine and then PBS-10% FBS for 5 min each, 
and then incubated with the murine anti-human TfR or rabbit anti-
human MPR (at dilutions of 1:25 or 1:50, respectively) for 30 min. 
Sections were then washed with PBS three times for 5 min each, and 
incubated with TRITC-conjugated anti-mouse antibodies or FITC-
conjugated anti-rabbit antibodies at dilutions of 1:25 and 1:100, re
spectively. After three PBS washes, the sections were incubated with 
rabbit anti-Ehrlichia or mouse anti-Ehrlichia antibodies (at dilutions 
of 1:50 or 1:25, respectively) and then washed. Slides were then incu
bated with FITC-conjugated anti-rabbit or TRITC-conjugated anti-
mouse antibodies, washed and mounted on glass slides with semi-per
manent mounting medium consisting of 13% polyvinyl alcohol 
(Mowiol; Calbiochem Corp., La Jolla, CA) and 30% glycerol in 0.15 M 
Tris-HCL (pH 8.5) and examined by epi-fluorescent illumination 
with an Axiophot light microscope (Zeiss). 

Endocytosis of colloidal gold by infected cells. Colloidal gold par
ticles with a 5 nm mean particle size, prepared as described previously 
(30, 31) were coupled to BSA by adding 2.4 mg/ml of gold sol at pH 
6.0. The gold probe (BSA-gold), concentrated by centrifugation, dia
lyzed and then suspended in Dulbecco's MEM containing 5% FCS, 
was added to infected HL-60 cells at a concentration where the final 
OD of the gold sol was four at 525 nm and was incubated at 13 or 
37°C. After increasing times, the gold suspension was removed and 
the cells were fixed for electron microscopy. 

Electron microscopy. For routine morphological examination, 
cell suspensions were fixed in 2.5% glutaraldehyde in 100 mM sodium 
cacodylate (pH 7.4), pelleted, post-fixed in osmium tetroxide, en bloc 
stained in 1% uranyl acetate in 50 mM sodium maleate (pH 5.2). and 
dehydrated in ethanol and embedded in epoxy resin. Ultrathin sec
tions, stained with uranyl acetate and lead citrate, were examined and 
photographed in an EM410 transmission electron microscope (Phil
ips Electronic Instruments, Mahwah, NJ) operating at 80 kV. 

For immunocytochemistry, some cell suspensions were fixed for 
1 h in 0.5% glutaraldehyde buffered in 100 mM sodium phosphate 
(pH 7.4). Other cells were fixed for 1 h in 4% formaldehyde, in 100 
mM phosphate buffer, and then left overnight in 8% formaldehyde in 
the same buffer. The fixed, loose cells were embedded in 10% gelatin, 
infused in 2.3 M sucrose, frozen on aluminum specimen pins by im
mersion in liquid nitrogen and sectioned on an Ultracut E ultramicro-
tome with FCS cryo-unit (Leica, Inc., Deerfield, IL) at temperatures 
of -110 to -130°C using glass or diamond knives (Diatome US, Ft. 
Washington, PA). Sections were handled and immunolabeled using 
established methods (32). Briefly, the sections were retrieved using 
sucrose or methyl cellulose droplets (33), mounted onto coated speci
men grids, labeled with primary antibodies, unconjugated bridging 
antibodies (when appropriate), protein A-gold, and finally con
trasted by incubating and drying in the presence of a 9:1 mixture of 
2% aqueous methyl cellulose and 3 % aqueous uranyl acetate (final 
concentration of 0.3% uranyl acetate). To prevent possible nonspe
cific binding (a phenomenon observed with the rabbit anti-rat bridg
ing antibodies), all antibodies specific for mammalian proteins and 
DNP were preincubated in a homogenate of purified HGE bacteria 
before being applied to sections. 

Incubation of cells with DAMP was performed according to the 
method described previously (34). The HL-60 cells were incubated in 
Dulbecco's MEM containing 10% FCS and 30 ^m DAMP at 37X. 
After 30 min the cells were washed three times with warm Dulbecco's 
MEM to remove free DAMP and then fixed in 0.5% glutaraldehyde 
in 100 mM sodium phosphate buffer (pH 7.4). Accumulated DAMP 
was detected by applying anti-dinitro phenol (DNP) antibodies and 
protein A-gold to cryosections through these cells. 

Morphometry. Quantitation of results followed unbiased, se
quential sampling protocols (35). For estimates of antibody colocal-
izations (anti-MPR with HGE label), random micrographs of fluores
cent-labeled cells were obtained on black and white film using an 
Axiophot microscope (Carl Zeiss, Inc., Thornwood, NY) and com-



pared. Regions of cells that were positive for anti-HGE were exam
ined for MPR labeling and scored either as positive or negative. A to
tal of 130 morulae were examined and scored. 

Estimates of the volume density of HGE in the total enclosing 
vacuole volume were performed using established methods (36). The 
estimates were obtained from point counts of L100 cross-lattice grids 
overlaid onto electron micrographs of random, sequentially sampled 
morulae. At each time point, a total of 100 phagosomes were scored. 

The percentage of HGE-containing vacuoles that also contained 
endocytosed BSA-gold particles was estimated by random sequential 
sampling thin sections of resin-embedded cells by electron micros
copy. A mean of 100 morulae were sampled for each experimental 
condition. 

Results 

We first examined the temporal development of HGE bacte
ria-containing vacuoles in HL-60 cells at 0, 1, 3, and 6 h and 1, 
2, 3, 5, and 7 d after infection. Discrete morulae were first iden
tified at 2 d but not at earlier time points (not shown). By light 
microscopy, these morulae increased in number until by 5 d, 
when 60% of the cells were infected, at which time infected 
cells became fragile and fragmented. At 7 d a majority of the 
infected cells had lysed (not shown). 

Examination by electron microscopy showed that the cells 
contained HGE organisms with two different morphologies. 
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Figure 7. Sections through epoxy 
resin-embedded HL-60 cells in
fected with HGE bacteria showing 
organisms in vacuoles with two dis
tinct morphologies. (A) During the 
early stages of infection the Ehrli
chia have a loose, spheroid appear
ance (smalt arrow). Binary fission is 
evident within one vacuole (large 
arrow). (B) Other Ehrlichia are 
more angular and their cytoplasm 
electron opaque. Within these angu
lar structures there are what appear 
to be intracellular membranes (ar
rows). (C) Infected cells often con
tain intracellular HGE bacteria with 
both morphological types, some
times within the same vacuole (left 
arrowhead). In this example, the 
large vacuoles containing dense or
ganisms (arrows) are in close prox
imity to other vacuoles containing 
the HGE agent with a spheroid ap
pearance (arrowheads). (D) Nei
ther of these intracellular inclusions 
are observed in uninfected HL-60 
cells. Scale bars. 1 u,m. 



Table I. Volume Densities (Vv) of H G E-bacteria 
in Phagosomes 

Days after 
infection 

Vv {total HCE 
in phagosome) 

Vv 
(light stage) 

Vv Ratio 
{dense stage) (Vv light/Vv dense) 

2 0.74 (: iO.03) 0.53 (±0.05) 0.21 1 ±0.05) 2.5 
4 0.54 (: iO.03) 0.35 (±0.04) 0.19 1 ±0.03) 1.8 
6 0.50 (: t0.02) 0.36 (±0.03) 0.14 1 ±0.03) 2.6 

Micrographs of phagosomes containing HGE-organisms, obtained by 
sequential random sampling, were examined using cross-lattice over
lays. The Vv of HGE bacteria within phagosomes, and Vv of the two 
different developmental stages of the agent of HGE with phagosomes, 
were estimated using point counting methods (with standard error). 

Structures with spheroid shapes and relatively diffuse cyto
plasm were found in infected cells, enclosed within membrane-
bound organelles (Fig. 1 A). Some HGE bacteria also had ir
regular and angular profiles with cytoplasm that was more 
electron opaque (Fig. 1 ß). Within these denser structures pro
files with a morphology similar to membranes were observed 
(Fig. 1 S). Many of the infected cells contained organisms 
showing both morphologies (Fig. 1 C) that were sometimes 
seen within the same vacuole (Fig. 1 C). Neither of these intra
cellular structures were found in uninfected HL-60 cells (Fig. 1 
D) and indirect immunofluorescence assay (IFA) using HGE 
bacteria-antisera (not shown) confirmed that these were moru-
lae containing the agent of HGE. 

Volume density measurements of HGE organisms within 
the enclosing vacuoles were performed at different time points 
during infection (Table I). These estimates were designed to 
evaluate the total volume of phagosome occupied by the HGE 
organisms as well as the proportion of each developmental 
stage within phagosomes. At early stages of infection (day 2), 

the HGE agent occupied most of the vacuole volume (74%). 
At later stages of infection (days 4 and 6), the volume density 
of the HGE organisms within the vacuole had been reduced to 
54 and 50%, respectively. Volume density measurements of 
the two different forms of the HGE agent (spheroid versus 
dense) revealed that the spheroid forms occupied approxi
mately twice the volume of the phagosome volume than did 
the dense forms. At day 4 of infection, the volume density of 
spheroid forms (35%) as compared with the irregular, dense 
forms (19%) was reduced (ratio of 1.8), suggesting that the de
velopmental process progresses from spheroid to dense forms. 
By day 6 of infection the ratio of spheroid to dense forms had 
again increased to 2.6. With asynchronous cultures of patho
gens able to re-infect cells within the population this increase 
in early forms is not surprising. 

Intracellular changes in morphology of the HL-60 cells ap
peared as a result of infection with HGE bacteria. The cyto
plasm became more electron lucent (Fig. 2 A). The endoplasmic 
reticulum, especially where it becomes the nuclear envelope, 
was distended (Fig. 2 B). In cells that had lost normal cytoplas
mic appearance and where intracellular membrane organiza
tion had been disrupted, Ehrlichia-containing vacuoles were 
seen in close proximity to the host plasma membrane (Fig. 3 A). 
In some instances the membranes of these vacuoles were bro
ken, exposing their contents to the outside of the cells (Fig. 
3 ß). More often in pellets of cells infected for more than 5 d, the 
Ehrlichia were seen enclosed by membranes and surrounded 
by cell debris (Fig. 3 C). In some infected cells, the Ehrlichia 
were also seen clustering around unidentified structures found 
within the same vacuole (Fig. 4 A) or associated with the vacu
ole membrane, within the cell cytoplasm (Fig. 4 B). 

Because HGE bacteria were released into the extracellular 
milieu after lysis of the cells, we then examined how the organ
isms interacted with the surface of other HL-60 cells. An extra
cellular association of the HGE bacteria with HL-60 cells 
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Figure 2. Sections through resin-
embedded celts showing changes of 
infected host cells. (A) The cyto
plasm of infected cells become more 
translucent in places (arrow), (B) 
The nuclear envelope is distended 
(arrow). Scale bars, 1 (xm. 



the endocytic pathway. Ehrlichia-infected HL-60 cells were in
cubated in the presence of BSA-gold for 60 min at 37°C. Sub
sequent examination of these cells by transmission electron 
microscopy showed colloidal gold particles within membrane-
bound organelles inside the cells. Small amounts of gold parti
cles were also seen in some Ehrlichia-containing vacuoles {Fig. 
6 A). Gold particles were detected in some morulae, indicating 
that at least some of the Ehrlichia-containing morulae are part 
of the endocytic pathway. To investigate the dynamics of BSA-
gold entry into the Ehrlichia-containing vacuoles, infected and 
uninfected HL-60 cells were incubated with BSA-gold at 13 
and 37°C. Samples were taken at 0, 30, 60. and 120 min for 
analysis. At 0 min. there was no BSA-gold found in the Ehr
lichia-containing vacuoles, while at 30, 60, and 120 min BSA-
gold had entered 20, 43, and 28% of the morulae, respectively 
(Fig. 7). In the cells incubated at 13°C only 13% of the morulae 
contained any BSA-gold after 60 min. The number of morulae 
present in the cells after 120-min incubation at 13?C were so 
few that an accurate estimation of the BSA-positive vacuoles 
was not possible. Infected and uninfected HL-60 cells con
tained BSA-gold in similar amounts (data not shown). 

Next, we examined the vacuoles for markers specific to the 
endocytic pathway to further delineate the characteristics of 
the morulae. Cryosections through cells were labeled with an
tibodies to MPR and LAMP 1 and examined by electron mi-

Figure 3. Sections through resin-embedded cells showing cnanges 
during the later stages of infection. (A) During the later stages of in
fection HGE bacteria-containing vacuoles are seen in close proxim
ity to the host plasma membrane. This micrograph also shows that the 
normal cytoplasmic and membrane organization of the host cell has 
been disrupted. (S) Occasionally vacuoles are broken open (arrow), 
suggesting release of the vacuole contents into the extracellular me
dium. (C) More often. Ehrlichia enclosed within membranes are seen 
surrounded by cell debris. Scale bars, 1 u,m. 

was observed (Fig. 5). Ehrlichia with both morphologic charac
teristics were found in close proximity to host cell plasma 
membrane (Fig. 5 C) and in some instances, this association 
appeared as a tight pathogen-host cell interaction (Fig. 5, A 
and 6). 

To investigate whether the morulae were accessible from 

Figure 4. Resin-embedded cells showing structures associated with 
the intracellular HGE bacteria. (A) Large cytoplasmic structures with 
circular profiles (arrow), can be observed within HGE agent-contain
ing vacuoles, (ß) Similar structures {arrow) are in close proximity to 
but not enclosed by Ehrlichia-containing vacuoles. Scale bars, 1 |xm. 
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Figure 5. Sections through resin-embedded cells showing the associa
tion of extracellular HGE bacteria with host cell membranes. (A) 
Spheroid particles attached to the host plasma membrane. (S) Higher 
magnification reveals a close apposition of the HGE agent and host 
cell membranes (arrowheads). Structures resembling membranes are 
present in this loose, spheroid shaped organism (arrow). (C) Loose 
attachment of Ehrlichia with the angular appearance can also be 
seen. Scale bars, 1 jxm. 

croscopy. The MPR antibodies, in addition to labeling HL-60 
cell organelles, showed reactivity with the membranes of some 
of the HGE bacteria-containing vacuoles (Fig. 6 B). The 
LAMP 1 antibodies labeled many intracellular membranes, 
most of which were in close proximity to the Ehrlichia-contain-
ing vacuoles (Fig. 6 C). However, LAMP 1 labeling of the Ehr-
lichia-containing vacuole membrane was not detected on any 
of the sections examined ultrastructurally. 

To further investigate the properties of the morulae, we ex

amined infected cells for the presence of organelles with low 
lumenal pH, as is the case for mature phagolysosomes, by their 
ability to accumulate DAMP. The DAMP, visualized using 
anti-DNP antibodies, accumulated in structures that were in 
close proximity to the Ehrlichia-containing vacuoles (Fig. 6 D). 
DAMP was not identified however, within the morulae. Some 
gold labeling was seen within the HGE organisms themselves, 
suggesting that the bacterial cytoplasm—but not the vacuole— 
had a low pH. This result implies that acidification of the Ehr
lichia-containing vacuole does not occur. 

Although DAMP contains many lysine residues to allow 
for immobilization using aldehyde cross-linking, it was possi
ble that accumulated DAMP was being washed away from the 
large volume of the morulae. To discount this possibility, living 
cells, both infected and uninfected were incubated in the pres
ence of acridine orange. This compound, like DAMP, passes 
freely across membranes until encountering low pH compart
ments, where it accumulates. This accumulation can be easily 
seen by fluorescence microscopy as discrete areas of bright or
ange fluorescence. In uninfected cells, the acridine orange ac
cumulated in peri-nuclear regions and appeared to be in vacu
olar structures of variable diameter (data not shown). Cells 
infected with HGE showed an accumulation of acridine or
ange in structures similar to those observed in the uninfected 
cells. Additionally, the acridine orange accumulated within the 
HGE organisms but not within the enclosing vacuole (Fig. 8). 

The data using the anti-MPR antibodies indicated that 
some HGE-containing vacuoles labeled with the anti-MPR an
tibodies but others did not. Due to the small, thin samples ob
tained for electron microscopy, this result could be interpreted 
to mean that either the labeling with anti-MPR was localized 
to part of all vacuoles, or that only a proportion of the vacuoles 
contained the MPR. To sample a larger portion of the total 
population of infected HL-60 cells, we examined the labeling 
pattern of the MPR antibody by light microscopy. Semi-thin 
sections through infected cells were double labeled with anti
bodies to Ehrlichia organisms and to MPR. Examination of 
these sections by light microscopy revealed a partial colocal-
ization of these markers. Some structures that labeled with the 
anti-Ehrlichia antibodies also labeled with the anti-MPR, but 
others did not (Fig. 9). A quantitative estimation of the level of 
colocalization of anti-Ehrlichia antibodies with the anti-MPR 
antibodies showed that there was colocalization with MPR 
positive structures in 68% of the Ehrlichia-containing vacu
oles. This observation is in agreement with our immunocy-
tochemical data, which rule out the possibility that extracellu
lar Ehrlichia were being identified as MPR negative by light 
microscopy. To further characterize the vacuole membrane 
containing the Ehrlichia, we probed sections through infected 
cells with antibodies to the human TfR (OKT9). Although we 
were unable to produce a satisfactory signal for electron mi
croscopy, we were able to detect this antibody by light micros
copy. We did not detect colocalization of the anti-Ehrlichia 
and anti-TfR antibodies (Fig. 10). This suggests that the HGE 
pathogen does not reside in early endosomes or transferrin re
cycling compartments. 

Discussion 

In this study we examine the intracellular stages of the HGE 
agent by transmission electron microscopy and immunocy-
tochemistry. We examine the morphology of the HGE agent 
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Figure 6. Electron micrographs of 
Ehrlichia-infected HL-60 cells. {A) 
Section through an Ehrlichia-
infected HL-60 cell incubated with 
BSA-gold for 1 h at 37°C. Some en-
docytosed colloidal gold particles 
(arrows) are present within the 
HGE-containing vacuole. (B) 
Thawed, thin cryosection through 
Ehrlichia-infected HL-60 cells and 
labeled with antibodies to MPR. A 
small amount of labeling is detected 
on the membrane enclosing the 
agent of HGE (arrows). (C) Cryo
section labeled with antibodies to 
LAMP 1 showing the antigen on 
membranes in close apposition to 
the vacuole containing the HGE 
bacteria (arrows). There is no 
LAMP 1 labeling on the vacuole 
membrane. (D) Cryosection 
through a cell incubated in the pres
ence of DAMP before fixation. This 
section shows small structures, 
close to the vacuole with HGE bac
teria, that have accumulated DAMP 
(targe arrows). The DAMP was vi
sualized using anti-DNP antibodies 
and protein A-gold (small arrows). 
Although protein A-gold particles 
are occasionally seen within the 
HGE bacteria (not shown), DAMP 
is not evident in the lumen of the 
HGE organisms-containing vacuole. 
Scale bar, 1 u,m. 

within HL-60 ceils and show some unique characteristics of 
this organism. Intracellular pathogens either remain within 
membrane-bound organelles or escape into the cytoplasm af
ter entering the host cell. We show that the agent for HGE se
lectively persists within granulocytes and remains confined to a 
membrane-bound vacuole. There was no evidence to suggest 
that the HGE organisms were able to disrupt the enclosing 
phagosome membrane to gain access to the host cell cyto
plasm. Additionally, we show that the HGE agent resides in 
organelles that are part of the endocytic pathway. We arrived 
at this conclusion because endocytosed BSA-gold was found in 

Ehrlichia-containing vacuoles and the enclosing membrane of 
these vacuoles labeled with antibodies to the MPR, a known 
marker for endocytic organelles. Interestingly, not all of the 
Ehrlichia-containing vacuoles labeled with this antibody. Fur
thermore, the vacuole membrane did not label with antibodies 
to LAMP 1 or TfR, which are markers for late and early en
docytic compartments, respectively. The vacuole was not able 
to accumulate DAMP, nor acridine orange, suggesting that the 
vacuole lumen did not have a lowered pH. 

Morphologically, it can be seen that as the HGE agent mul
tiplies within the host cell, the phagosome membrane expands 
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Figure 7. Percentage of HGE-containing vacuoles that also con
tained endocytosed BSA-gold. Thin sections of resin-embedded, in
fected HL-60 cells incubated in the presence of BSA-gold at 37°C 
(gray bars) and at 13°C (black bars), were sequentially sampled by 
transmission electron microscopy. HGE-containing vacuoles were ex
amined for the presence or absence of BSA-gold particles and the re
sults are expressed as a percentage of the total number of vacuoles 
(100) sampled. 

to a c c o m m o d a t e replicating organisms. T h e H G E bacteria 

t ake on two different forms inside t he phagosome. T h e most 

obvious s t ruc ture is spheroid with a loose cytoplasm. T h e 

o the r form has more irregular, angular profiles and electron 

o p a q u e cytoplasm. T h e presence of these two distinct mor

phologies suggest similarities be tween the agent of H G E and 

o the r organisms, including the Chlamydiae . Chlamydiae exist 

as a small, metabol ical ly inert, infectious particle (elementary 

body) and a larger, less electron opaque replicating stage (re

ticulate body) . After replicating, the pa thogen differentiates 

into e lementa ry bodies to invade subsequent host cells. U p o n 

cell entry Chlamydiae initially may enter the endocytic path

way (37), but do not remain in this compar tmen t as demon

strated by lack of staining for endosomal and lysosomal mark

ers (38, 39), a n d s u b s e q u e n t l y in tersect with the exocytic 

pa thway (19,40). 

En t ry of H G E organisms into neutrophi ls may be depen-

Figure 8. Micrograph of a 
HGE-infected HL-60 cell in
cubated in the presence of 
acridine orange and photo
graphed under epi-fluores-
cent illumination. Acridine 
orange, which accumulates 
within the lumen of intracel
lular low pH compartments, 
will produce a fluorescent 
signal at sites of accumula
tion. In this micrograph, the 
signal is localized to many in
tracellular organelles and to 
individual particles of the 

HGE agent (arrow). The lumen of the HGE vacuole is not fluores
cent, indicating no accumulation of acridine orange. Bar, 10 u,m. 

Figure 9. Indirect immunofluorescent labeled micrographs of a semi-
thin section through Ehrlichia infected HL-60 cells. The section was 
labeled with anti-Ehrlichia and specific antibodies to MPR. (A) The 
anti-Ehrlichia antibodies label the HGE organisms. (S) Most of 
the labeled Ehrlichia, identified by comparing with the same field as 
the above micrograph, are also labeled with the anti-MPR (single ar
row heads). However, one morula in the field is not labeled with anti-
MPR (double arrow heads). Scale bar, 50 u,m. 

dent on phagocytosis via a receptor -media ted mechanism of 

entry. Our observat ions of the tight association of some H G E 

bacteria to the host cell m e m b r a n e suggest a receptor- l igand 

interact ion as the initial stage of invasion. T h e lack of int imate 

contact of some of the H G E bacteria to the HL-60 cells, may 

be a normal occurrence when bacter ia a re suspended in a me

dium, since not all bacter ia a re expected to pene t ra te the host 

cell. Alternatively, it may also suggest tha t t h e r e a re multiple 

up take pathways. Anaplasma marginale, an intracellular path

ogen that is also closely related to the agent of H G E , invades 

and multiplies inside erythrocytes (41, 42). O u t e r surface pro

teins of Anap la sma have been implicated in adhes ion and en

try (43). As ano ther comparison, a t t achment of Chlamydiae is 

media ted by glycosaminoglycan-adhesin-l igand, bridging gly-



Figure 10. Indirect immunofluorescence labeled micrographs of 
semithin cryoseclions through Ehrlichia-infected HL-60 cells. The 
section was double labeled with antibodies to the HGE agent and 
TfR. (A) The specific anti-Ehrlichia antibodies identify the HGE or
ganisms in the section. (S) Anti-TfR does not colocalize with the 
anti-Ehrlichia signal (from A). Some nuclei have been labeled (n). 
and arrowheads have been added to indicate the HGE bacteria, to 
aid orientation. Scale bar. 50 p.m. 

cosaminoglycan receptors on the host cell and the chlamydial 
surface (44). When Chlamydiae are taken up by host cells in 
this manner, rather than being phagocytosed, the organisms 
avoid uptake into the lysosomal pathway, and more readily 
persist. While these analogies with closely related organisms 
do not provide direct insight into the pathways used by HGE 
bacteria, our initial microscopic studies suggest that the entry 
of HGE bacteria into granulocytes may, at least in part, rely on 
a surface binding event. 

Phagosomes have been shown to undergo maturation 
events that are associated with recycling of plasma membrane 
proteins and fusion with endosomal vesicles. This dynamic 

change of the phagosome leads to the addition of endosomal 
markers, the procurement of lysosomal glycoproteins, and fi
nally to fusion with lysosomes (15, 45, 46). We used markers of 
the endocytic pathway to characterize the intracellular vacuole 
containing the HGE agent, within HL-60 cells. The presence 
of BSA-gold particles inside vacuoles that contain the HGE 
bacteria is the most conclusive evidence to suggest that these 
morulae are part of the endocytic pathway. That the percent
age of phagosome profiles containing endocytosed BSA-gold 
was maximal after 60 min incubation at 37°C and was reduced 
after 120 min incubation suggests that the HGE are in a late 
endosomal, prelysosomal compartment. This hypothesis is 
supported by the reduction in the percentage of BSA-gold 
positive phagosomes in cells that were incubated at 13°C, a 
temperature that is known to inhibit early-late endosome fu
sion. The temperature block, by inhibiting delivery of the con
tents of early endosomes to late endosomes, would be ex
pected to reduce BSA-gold delivery to Ehrlichia-containing 
phagosomes. The presence of MPR, a known marker of late 
endosomes, on the majority of the vacuole membranes further 
supports the endosomal nature of the vacuole. The absence of 
the transferrin receptor suggests that, unlike E. chaffeensis 
(25), the HGE agent is not accumulating in early endocytic 
compartments. The absence of LAMP 1 labeling suggests that 
the vacuole does not have the characteristics of compartments 
occurring later in the endocytic pathway, such as lysosomes. 
The morulae do not enter a lysosomal compartment, thereby 
avoiding a potential mechanism for intracellular killing. 

Although we conclude that the HGE agent resides in a 
membrane-bound compartment with endosomal characteris
tics we cannot rule out the possibility that the organisms are 
also modifying the membranes of the enclosing organelle in 
some way. This possibility is suggested by the inability of the 
HGE-containing vacuole to accumulate DAMP. Normally, all 
parts of the endocytic pathway have lowered luminal pH, with 
the organelles becoming more acidic further down the path
way. Organelles that contain MPR are usually considered to 
be part of the late endocytic pathway and should thus have a 
sufficiently lowered pH to accumulate DAMP. Either the 
HGE agent is modifying the vacuole membrane such that pro
ton pumps are being excluded or inactivated, as occurs with M. 
tuberculosis (14), or the HGE agent is residing in a specialized, 
and as yet unidentified, part of the endocytic pathway. The 
MPR is involved with delivery of lysosomal enzymes to late 
endosomes and lysosomes and recycles from the Golgi appara
tus to endosomal compartments and back again. We cannot 
exclude the possibility that the HGE agent is occupying part of 
the MPR recycling compartment. In addition, because the cul
tures are asynchronous, with cells that are newly invaded with 
HGE bacteria as well as cells that were infected earlier, newly 
invading HGE in vacuoles may not have matured sufficiently 
yet to accumulate MPR. This may account for the fact that 
only two thirds of the vacuoles are MPR-positive. Character
ization of these differences within the HGE-containing com
partment will undoubtedly be extended through further inves
tigation. 

This study provides a detailed examination of the HGE-
bacteria containing vacuole and demonstrates that the agent of 
HGE resides in the endocytic pathway. Information regarding 
the mechanisms that this unique pathogen uses to survive 
within host cells may lead to new strategies to treat this emerg
ing infection. 
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In separate sections below, the key issues as mentioned in the Introduction will be 

addressed in the following order: the incidence of HGE, the humoral response against ehrlichial 

proteins and in particular to the 44 kDa protein, immunization against HGE and the intracellular 

survival of HGE. The discussion concludes with a paragraph that reflects on the relevance of the 

work. 

The incidence of human exposure to ehrlichiae 

In the last five years several case series of patients with HGE in the Unites States have been 

reported on the clinical and laboratory characteristics of HGE and this has alerted physicians to 

consider the diagnosis in the appropriate setting (Aguero-Rosenfeld et al., 1996; Bakken et al., 

1996). In order to estimate the incidence of HGE in tick endemic areas, a statewide surveillance 

program was started in Connecticut to assess the number of patients with HGE. During 1995 and 

1996, physicians were asked to submit blood samples from patients with an acute illness and 

clinically suspected of having HGE. Based on the clinical findings in the case series, entry criteria 

were included consisting of fever of > 38 °C, headache or myalgias or malaise, and leukopenia 

and/or thrombocytopenia. A history of a tick bite was not required. The results are presented in 

Chapter 2. A somewhat similar study was published recently from New York State assessing the 

number of cases mostly from Westchester County, adjacent to Connecticut, during 1994 and 1995 

(Wong et al., 1997). Differences in study design (physicians in New York were requested to 

report confirmed cases of ehrlichiosis with clinical histories), make direct comparisons somewhat 

limited. Nevertheless, some similarities are noted. The New York study found 53 patients out of 

176 (30 %) positive for HGE, while in Connecticut 33 of 375 (8.8 %) patients reacted positive. 

Testing for HME resulted in 12 patients (6.8 %) reactive to E. chaffeensis but not to E. equi in 

New York, and 12 (3.2 %) in Connecticut. The number of patients reactive to both E. chaffeensis 

and£. equi were 21 (12 %) and 9 (2.5 %) respectively. The numbers seem to indicate that 

percentage wise the New York study had 2-3 fold higher positivety rate. The fact that less than 

10% of the patients in the Connecticut study had antibodies to E. equi is surprisingly low, 

especially because of the strict entry criteria. It is possible that some patients could have been 

missed because in only about one third of the time was a convalescent sample available. It is not 

entirely clear what infections, if not ehrlichiosis, are responsible for the acute syndrome with the 

concurrent laboratory abnormalities. ELISA testing for antibodies against B. burgdorferi was 

performed on all 512 samples of the 375 patients and 184 specimens (36 %) had a positive 

reaction. A subgroup evaluated for class specific antibodies indicated IgM reactivity about two 
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thirds of the time. This finding suggests recent prior infection with B. burgdorferi. 

Unfortunately, clinical histories other than the selection criteria were not available. The fact that the 

patients suspected of HGE may have had exposure to other tick-borne infections is further 

supported by antibodies to B. microti in 47 (9.5 %) of 494 samples. A currently ongoing study 

combining different diagnostic methods including PCR, IFA and immunoblot may provide extra 

insight into these issues. 

In the last few years, the total number of HGE cases per year generally exceeded the total 

number as recorded in the previous year. Preliminary results indicate that the total number of HGE 

cases in Connecticut for the year 1998 is well above 200 (unpublished data). One has to exert 

caution in interpreting these increasing numbers. Patient and physician awareness of this new tick-

borne disease may result in more recorded cases that would not have been diagnosed before. 

Furthermore, similar to Lyme disease, there may be multiple factors that can influence the number 

of infected ticks in a given year. For example, a bumper crop of acorns in a given year may result 

in more abundant food for mice. With more mice available for ticks to feed on, more ticks could 

potentially result in more cases of Lyme disease (Jones et al., 1998). It is conceivable that a 

similar scenario may be applicable for HGE. It seems likely that it may take several more years 

before a clearer picture emerges of the overall impact of HGE. 

The humoral response by immunoblot 

The immunoblot technique for the detection of specific antibodies is well accepted and is 

being used extensively in laboratory diagnosis for many different infections, including HIV and 

Lyme disease. The utility of developing a reliable immunoblot for the laboratory diagnosis of 

HGE, therefore is not disputed and several authors have shown similar results (IJdo et al., 1997; 

Wong et al., 1997; Storey et al., 1998). The strength of the immunoblot most often lies in the 

ability to identify specific bands representing bacterial proteins that are detected by antibodies in the 

patients's serum. For that reason the immunoblot is used as a confirmatory test after a positive 

result with a sensitive IFA or ELISA. In particular, the antigen(s) of about 44 kDa is invariably 

detected if there is antibody reactivity to any ehrlichial protein. This observation makes the 44 kDa 

antigen and excellent candidate to be used for diagnosis. It is for this reason that further 

investigations have focused on this protein as discussed below. 

Currently, the most commonly used serologic test for HGE that is a relatively simple and 

readily available IFA assay. Comparison of IFA results with immunoblot results for the same 

serum samples allows for some assessment of sensitivity and specificity of the IFA. In several 
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separate studies we have compared the performance of IFA and immunoblot. Of a total of 106 

serum samples from ill dogs, but not suspected of having ehrlichiosis, 10 samples tested positive 

by IFA and these were all confirmed by immunoblot (Magnarelli et al., 1997). Of the 96 negative 

IFA samples a subgroup of 25 randomly selected samples was also tested by immunoblot and 23 

samples were indeed negative, but 2 samples reacted positive. The apparent discrepancy in 

reactivity of these two samples was explained by the use of a different ehrlichial strain as antigen 

for the IFA (MRK strain), because repeat IFA using the same ehrlichial strain as the immunoblot 

(NCH-1) produced a positive result for both samples. In another study of 20 mouse sera that were 

positive by IFA, 19 samples were confirmed by immunoblot (Magnarelli et al., 1998). Finally, 

two studies of human serum samples have compared IFA and immunoblot and concordant results 

were observed in about 80 % (Wong et al., 1997; Magnarelli et al., 1998). Thus, it can be 

concluded that IFA is an acceptable first serologic test. 

With the recent advent of recombinant bacterial proteins such as the immunodominant 44 

kDa HGE antigen, an ELISA based on the use of this antigen will undoubtedly supplant the IFA in 

the near future. Validation of that ELISA can be executed by a comparison with whole lysate 

immunoblot. This is important because the recombinant HGE-44 may not be equivalent to the 

mixture of expressed homologs present in whole organism preparations. 

Cloning of the 44 kDa protein and the role of antigenic variation 

Within a three month period during the summer of 1998, three groups of investigators 

independently reported the cloning of the 44 kDa ehrlichial protein, HGE-44, which is the most 

prominent ehrlichial antigen and virtually always detected on immunoblot when probed with 

patients' serum (Udo et al., 1998; Murphy et al., 1998; Zhi et al., 1998). Because of these almost 

simultaneous publications, these investigators were not in the position to compare each others' data 

at the time. As will be discussed below, the data combined together provide a more compelling 

picture. 

From earlier reports it was clear that the HGE-44 represented a group of similar proteins 

with a variable molecular mass usually around 44 kDa but with possible size variations between 42 

and 49 kDa (Asanovich et al., 1997; Udo et al., 1997; Zhi et al., 1997). Genbank searches 

revealed that the DNA and protein sequences display a high degree of similarity with those of the 

MSP-2 gene family of A. marginale (Palmer et al., 1994). This finding is not so surprising given 

that the HGE agent is phylogenetically very closely related to A. marginale. As discussed in the 

Introduction, A. marginale is an intrahemocytic organism, transmitted by ticks and it causes 
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disease in ruminants. Given this close relationship, a careful analysis of the Anaplasma literature 

may provide some further insight and clues for further studies of the HGE agent. 

Using the published sequences from these three reports for sequence comparison, an 

intriguing pattern emerges: if one were to divide up the amino acid sequence (or the corresponding 

DNA sequence, which would give the same result) in three pieces of roughly equal size, it could be 

easily seen that the amino-terminus one third and the carboxy-terminus one third show an 

extremely high degree of sequence similarity for all proteins, while there is a complete lack of 

sequence homology for the middle part (Figure 1 ). This of course could be just the result of a 

coincidence, but comparison of an additional three clones that were sequenced also showing the 

same pattern with a variable region in the middle (unpublished results), requires an alternative 

explanation. A more detailed analysis of the sequences directly flanking the variable region, 

reveals that for most clones both the beginning and the end of the variable region is confined to a 

small stretch of sequence. In other words: the hge-44 family consists of a number of homologs 

that are different only in a small region in the middle as if that sequence were a cassette being 

replaced with another resulting in a new homolog, while leaving the remainder of the sequence 

intact. At this point one can only speculate about the reason for such a phenomenon. However, 

several convincing examples in the literature exist that may facilitate an 'educated guess' for this 

observation. In the next paragraph the concept of antigenic variation will be briefly discussed 

before addressing possible implications of such a cassette phenomenon. 

Antigenic variation has been defined as changes in the structure or expression of antigenic 

proteins that occur during infection at a frequency greater than the usual mutation rate (Borst and 

Greaves, 1987; Seifert and So, 1988). This strategy allows parasites to survive if host defenses 

can not keep up with the pace of these changes. Examples of successful parasite variability have 

been described for a variety of organisms including Plasmodium falciparum (Baruch et al., 1995; 

Smith et al., 1995; Su et al., 1995), African trypanosomes (Borst and Rudenko, 1994), and 

Neisseria gonorrhoeae (Haas and Meyer, 1986). In B. burgdorferi another variation of this 

strategy has been studied: the genome contains a vis locus which consists of silent cassette 

sequences upstream of the expressed vlsE site and different cassettes are recombined into the 

central part of the expressed vlsE, resulting in antigenic variation (Zhang et al., 1997). The 

recombination of the cassettes has been shown to be facilitated by short direct repeats flanking the 

cassette sequence. With regard to antigenic variation as illustrated by the examples above, is there 

any evidence in the literature to suggest that such a mechanism could play a role in ehrlichiae? 

Unfortunately, relatively little is known about ehrlichiae but there are some data that may suggest 

indeed such a role. A. marginale, phylogenetically closest related to the E. phagocytophila 
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genogroup, expresses different MSP-2 homologs during the acute infection as well as during the 

persistent cyclic parasitemia (Eid et al., 1996; French et al., 1998). Furthermore, comparison of 

MSP-2 variants revealed a central region of polymorphism (French et al., 1998), which is roughly 

equivalent to the variable middle portion of the hge-44 homologs. The underlying genetic 

mechanisms by which A. marginale is able to differentially express the MSP-2 homologs has not 

yet been elucidated. 

In E. chaffeensis an outer membrane protein {omp) gene family has been described 

recently, analogous to the hge-44 gene family. For both these organisms one has to at least 

consider the possibility of a scenario similar to the A. marginale MSP-2 genes. Although the omp 

and hge-44 genes do not show a striking sequence similarity, the omp genes reveal sequence 

homology to MAP-1, which is the outer protein in C. ruminantium. Map-1 in turn also shares 

homology with MSP-4 which is a membrane protein in A. marginale that is encoded by a single 

copy gene with a high degree of sequence similarity with the MSP-2 genes. Taken together, the 

sequence similarities of the membrane protein genes in these different but closely related organisms 

should not be regarded as 'just genetically related', but rather seen as an opportunity to investigate 

the role of antigenic variation. Suppose there was a common ancestor of the currently existing 

ehrlichial organisms, with a generic prototype of an ancestral outer membrane gene family. 

Successful organisms would be those that were able to adapt to the specific needs of the 

environments in the mammalian host (i.e. immune pressure) as well as in the tick by changing the 

outer membrane proteins. One could hypothesize that these membrane protein families are 

therefore not only genetically related but also functionally related. From this it would be expected 

that all ehrlichial organisms mentioned above could utilize some degree of antigenic variation. 

Further studies need to test this hypothesis and may cast some light on the primary functions of 

these proteins. One could speculate that the outer membrane proteins could be involved in the 

binding to receptors on specific host cells and that this vital function is safeguarded by antigenic 

variation during immune pressure. In the case of the HGE agent, the variable mid-portions of the 

hge-44 genes are reminiscent of the vis cassette system in B. burgdorferi, albeit no direct repeat 

sequences flanking the 'cassette' were found. Thus it needs to be seen if a similar cassette 

mechanism is indeed operating in the HGE agent. 

Does antigenic variation play a role in HGE? If one is to make a case for such a process in 

the HGE agent, chronic infection seems to be the ultimate prerequisite for the existence of antigenic 

variation. Clearly A. marginale causes a chronic infection in ruminants, but there is no convincing 

data to either support, or rule out, that the HGE agent causes a chronic infection in humans (A. 

marginale infection has never been observed in humans). Rather, circumstantial evidence suggests 

that many human HGE infections may be subclinical and self-limiting and therefore possibly not 
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chronic. On the other hand, there have been few reports of patients with a documented persistent 

infection (Dumler and Bakken, 1996). Experimental inoculation of the HGE agent in laboratory 

mice produces acute infection with morulae on the peripheral smear as expected, and subsequently 

the infection seems to be cleared from the blood as the blood becomes PCR negative within several 

weeks (Hodzic et al., 1998). This does not mean complete eradication of the organism though, 

since PCR of spleen tissue is still positive at 30 days post inoculation (unpublished data). 

Therefore, it seems that at least in mice chronic infection may be present and potentially could be 

facilitated by antigenic variation. 

Assuming that there is indeed chronic persistence of the HGE agent, how could antigenic 

variation promote chronic infection? First, constant changing of the outer membrane proteins 

would be a means of staying one step ahead of the host immune response to escape opsonization 

with subsequent phagocytosis and destruction. Strains that do not change their proteins fast 

enough would be thus eliminated. Second, an alternative explanation could be offered by the 

hypothesis of original antigenic sin. This phenomenon was first described in influenza and was 

thought to be antibody related for the most part (Francis, 1953; De St Groth and Webster, 1966). 

After initial infection, re-infection with a new stain of the influenza virus, boosted the concentration 

of antibodies specific for the original strain. The antibodies cross-react with the second strain but 

had higher affinity for the original strain. This then could result in persistence of later strains. 

Very recently, original antigenic sin has been described now also in the response of cytotoxic T 

lymphocytes (CTL) leading to impaired clearing in vivo of variant viruses emerging in the same 

host (Klenerman and Zinkernagel, 1998). This is thought to be an explanation for the CTL escape 

seen in HIV and hepatitis B (Pircher et al., 1990; Phillips et al., 1991; Bertoletti et al., 1994). 

Future studies need to explore whether this mechanism is involved in the survival of other 

intracellular pathogens, including the HGE agent. 

Immunization with lysate of HGE bacteria 

Under optimal conditions, the results presented in Chapter 7 indicate that immunization 

with a lysate of HGE bacteria affords partial protection in mice. How do these results compare 

with similar studies of A. marginale? Vaccination of cattle for A. marginale is possible with an 

attenuated strain as well as with a preparation containing heat-killed organisms. Both vaccine 

preparations prevents severe disease upon challenge with wild type organisms but produces 

subsequent life long carrier status and thus complete elimination does not occur (Palmer and 

McGuire, 1984). In addition, cattle immunized with various outer membrane proteins in particular 
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MSP-1 proteins provide substantial protection from severe disease but again, not all animals were 

free of parasitemia (Palmer et al., 1988; Palmer et al., 1989; Ntando et al., 1991; Palmer et al., 

1994). In these studies disease was measured by parasitemia on peripheral smear, and a decrease 

in hemoglobin and hematocrit from pre-challenge levels, but PCR on blood was not performed. 

This makes direct comparison with the HGE vaccination study somewhat difficult, but it is fair to 

conclude that for both organisms partial protection is achieved in these studies. The issue of 

complete elimination has not been fully addressed for either organism and one could argue that low 

level persistence in spleen or lymphoid tissue is a possibility, especially in the light of antigenic 

variation and original antigenic sin as mentioned in the previous paragraph. 

Nevertheless, immunization studies using the recombinant HGE-44, could begin to address 

these issues. If antigenic variation indeed is an important mechanism for survival in the HGE 

agent, one would expect that immunization with only one homolog of the HGE-44 family would 

not be able to produce elimination of the organism, though it may abrogate parasitemia. To date no 

studies have assessed the role of cellular immune responses. The availability of the murine model 

for HGE offers an excellent opportunity to investigate a possible CTL-escape. 

Intracellular survival of the HGE agent 

Several pathogens survive inside host cells where they may be out of reach from the host 

immune system. Instead, intracellular organisms have to deal with the potential threat of 

destruction by lysosomes. The different strategies used by intracellular pathogens to escape the 

lysosomes have been extensively reviewed by Sinai and Joiner (Sinai and Joiner, 1997). Most 

microbes have a preference for a particular host cell type such as endothelial cells, erythrocytes or 

macrophages. The HGE agent is unique, in that to date it is the only human pathogen that survives 

in neutrophilic granulocytes and its precursors (Klein et al., 1997). Since the mature granulocyte 

has a relatively short life span (24-48 hours) it is clear that after the death of the granulocyte the 

HGE agent is at risk for extracellular attack by the host immune system unless it is able to either 

invade another granulocyte or to suppress or mislead somehow the host immune system. The 

mere fact that in mice there is a peak of infected neutrophils at about 10-14 days after inoculation 

with a subsequent drop to very low levels, is indicative for a seemingly effective host immune 

response (Hodzic et al., 1998). However, it is conceivable that some organisms may escape and 

persist. As discussed in the Introduction, there is some evidence that several ehrlichiae are capable 

of doing just that. Antigenic variation with or without original antigenic sin as discussed in the 

previous paragraphs is merely just one possible mechanism by which the organism could persist 
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and various other scenarios could be considered. Virtually no research has been done to clarify 

these issues in detail. 

Regardless of the issues of the 'extracellular phase' of this intracellular organism, once 

inside the cell it faces intracellular challenges, i.e. the threat of destruction by lysosomes. The 

results in Chapter 8 indicate that the HGE agent resides in an cytoplasmic vacuole and that the 

vacuole is not processed in a normal way. Somehow the maturation of the vacuole is halted in the 

late endosomal phase. E. chaffeensis is the only other ehrlichia known to modify its early 

endosomal vacuole (Barnewall et al., 1997). It needs to be investigated whether the organisms 

actively modifies the vacuole by stripping off signaling peptides to render it 'invisible' or whether 

the normal fusion of vesicles delivering these peptides are blocked. This could be addressed by 

studying organisms killed before and after entry as compared to live organisms. This issue may 

have further implications since some antigen presentation is dependent on break down products 

from contents of the endosomal pathways. 

Perspectives 

What is the impact of the HGE studies for society and what is the relevance for the Dutch 

society in particular? From the previous chapters we can summarize that HGE is caused by a 

relatively newly discovered human pathogen, that several laboratory tests are now available to 

confirm clinical diagnosis, and that the number of diagnosed cases may increase over the next 

several years. Cases of HGE have been reported in the literature in several countries in Europe, 

including Switzerland, Germany, Belgium, and Sweden, but not yet from Holland. There is 

enormous circumstantial evidence to suggest that the HGE agent is likely to be present in the 

Netherlands as well. As pointed out in the Introduction, HGE and Lyme disease have similar 

geographic distributions because the respective organisms are transmitted by the same tick. 

Clearly, Lyme disease is present in Holland and thus the tick and its habitat (e.g. deer, mice, 

acorns etc.) must be present as well. In other words, the natural environment for the maintenance 

of the HGE agent in nature is present. Taken together, it is almost certain that with all the 

necessary ingredients available, physicians will identify patients with HGE in Holland in the near 

future, if they consider HGE in the differential diagnosis. In order to inform the medical 

profession in Holland of this issue a recent article has been published in the Nederlands Tijdschrift 

voor Geneeskunde (Udo and Fikrig, 1998). During the final revision of this thesis and within 

several weeks after the appearance of that article, a physician in Holland identified correctly a 
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Dutch patient with HGE, confirming the predictions! Blood smear and PCR were positive and 

further investigations are ongoing (unpublished data). 

As mentioned in the Introduction, effective treatment with the correct antibiotic is available 

and will result in quick and complete recovery in most cases. As is the case for Connecticut, it 

may take several years to assess the frequency of HGE in the Netherlands. The ongoing active 

surveillance study in Connecticut may serve as a model to approach that issue in future research 

undertakings. Furthermore, comparison of European isolates with American strains should be 

done because it possible that they are different and that they therefore may cause different clinical 

symptoms. This possibility is illustrated by the finding that some of the strains that cause Lyme 

borreliosis in Europe are different from the American isolates. 

Besides the occurrence of HGE in Holland as a practical issue, there are a number of other 

scientific implications as well. The development of a murine model of HGE formed the basis for 

the immunization studies using whole HGE organisms. The logical next step is the investigation 

of recombinant proteins, such as HGE-44, as vaccine candidates, which is currently being pursued 

in the laboratory. If indeed HGE-44 proves to afford protection against HGE, the development of 

a combined vaccine for both Lyme and HGE could become reality in the more distant future. 

Recently a Lyme vaccine in the United States was approved by the FDA. Secondly, the most 

intriguing question as perceived by the author, concerns the issue of intracellular survival of the 

HGE agent in granulocytes. The question how the organism survives has been answered: it is able 

to block the fusion with the lysosomes. Immediately, a new question has replaced the old 

question: How does it block lysosomal fusion? And why in granulocytes? Answering these basic 

scientific questions will keep researchers occupied for quite some time, and hopefully it may 

provide some fundamental insight into intracellular mechanisms of membrane protein trafficking. 

Finally, based on the same reasoning why more patients with HGE are expected to be 

diagnosed in Holland in the future, the possibility needs to be considered that Babesia spp., 

another agent transmitted by ticks, may cause disease in humans in Holland as well. This 

hemoparasite infects mostly cattle but human infections have been described in other European 

countries and the United States (Gorenflot et al., 1998; Krause et al., 1998). 
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Summary 

There are a number of different ehrlichial strains that can cause clinical disease in a 

variety of animals, and recently some of them have now been shown to cause human disease as 

well. Most of them have been mentioned in the Introduction. The studies presented here are 

focussed for the most part on the (yet unnamed) agent that causes human granulocytic 

ehrlichiosis (HGE). In Chapter 2 a first attempt is made to assess the incidence of HGE in 

Connecticut where Ixodes ticks are abundant. In Chapters 3 and 4, antigenic proteins of the 

organism have been identified by immunoblot. The antibody response in patients and mice 

during acute infection has been characterized and can now be used for serologic diagnosis. A 44 

kDa antigen is a key protein that is most frequently recognized by patient sera. Chapter 5 

describes the cloning of this antigen, the expression as a recombinant fusion protein and provides 

evidence that it is reactive with serum from patients with HGE, but not with sera from Lyme 

disease patients, E. chaffeensis infected patients or healthy controls. Thus, this recombinant 

protein is a likely candidate for diagnostic use in an ELISA. It is now clear that the cloned gene 

encoding the 44 kDa antigen is a member of a larger gene family, similar to the MSP-2 genes in 

A. marginale, an organism that infects erythrocytes in cattle. In the general discussion possible 

implications of such a gene family are explored further. Comparisons with A. marginale in 

particular, are made because this organism displays several similarities with the HGE agent. 

Chapter 6 describes the development of a murine model of HGE. This allows for investigations 

whether this antigen is able induce protective antibodies. Immunization with cultured heat-killed 

whole organisms containing the 44 kDa antigens, affords partial protection upon challenge in 

mice as is shown in Chapter 7. The recombinant HGE-44 can now be used in immunization 

studies in mice. Finally, Chapter 8 reflects a first step in addressing the question how the HGE 

agent may be able to survive in granulocytes. The details of the mechanisms involved in the 

intracellular survival needs further study. The general discussion in Chapter 9 elaborates on the 

significance of the findings presented in the previous chapters and subsequently suggests further 

areas of future research. It is clear that HGE can be diagnosed in patients in the Netherlands, if 

considered in the differential diagnosis. 
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Samenvatting 

Humane granulocytaire ehrlichiose (HGE) is een recentelijk beschreven infectieziekte die 

men kan oplopen door een tekebeet. De verwekker is een gram-negatieve intracellulaire bacterie 

die overleeft in uitsluitend granulocyten, een subtype van witte bloedcellen. Dezelfde teek kan 

ook andere bacteriën overbrengen, bijvoorbeeld Borrelia burgdorferi, de verwekker van Lyme 

ziekte. In de veterinaire geneeskunde is al geruime tijd bekend dat ehrlichiose voorkomt bij o.a. 

honden, koeien en paarden. Voor de tweede wereldoorlog was de teek al verantwoordelijk 

gesteld voor het overbrengen van ehrlichiose (tick-borne fever) bij schapen in Engeland. De 

granulocytaire ehrlichiose is pas in 1994 voor het eerst bij de mens in de Verenigde Staten 

beschreven en ieder jaar worden daar meer gevallen geconstateerd, hoewel het totale aantal 

gevallen nog relatief gering is. Ook in Europa komt HGE voor. In een groep boswerkers in 

Zuid-Duitsland werd in 14% antilichamen gevonden tegen de HGE bacterie en in een groep 

patiënten met Lyme-ziekte was dat 11 %. Uit onderzoek in Zwitserland en Zweden blijkt dat ook 

daar dat sommige patiënten antilichamen hebben tegen HGE. En ook in België en Engeland zijn 

patiënten gerapporteerd. Het is zeker dat ook in Nederland de ziekte voorkomt, maar het is (nog) 

niet duidelijk hoe frequent. 

De symptomen van HGE beginnen vaak acuut en bestaan veelal uit koorts, hoofdpijn en 

spierkrampen. Op zich zijn deze klachten niet zo gemakkelijk te onderscheiden van een flinke 

griep, maar een recente tekebeet eraan voorafgaand (veelal in de zomermaanden, wanneer griep 

juist minder vaak voorkomt) zou kunnen wijzen op HGE. Daarbij komt nog dat de ernst van de 

klachten nogal kan variëren. Bij routine bloedonderzoek zijn vaak het aantal witte bloedcellen 

en bloedplaatjes verlaagd en de diagnose HGE kan in sommige gevallen snel gesteld worden, als 

bij microscopisch onderzoek bacteriën in de granulocyten worden waargenomen. Behandeling 

met het antibioticum doxycycline resulteert in de meeste gevallen tot een snel en volledig herstel. 

Weliswaar worden HGE en Lyme-ziekte door dezelfde teek overgebracht, maar de klinische 

beelden vertonen verder weinig overeenkomst. Bijvoorbeeld, terwijl Lyme-ziekte nogal eens 

gepaard gaat met een huidreactie oftewel erythema migrans, komt dit bij HGE zelden voor. In 

de meeste gevallen zal het dus niet zo moeilijk zijn om beide ziektebeelden uit elkaar te houden. 
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In dit proefschrift worden de resultaten beschreven van verschillende aspecten van het 

onderzoek naar de HGE bacterie. Na een inleiding wordt eerst ingegaan op de vraag hoe vaak de 

ziekte voorkomt. Vervolgens wordt de ontwikkeling beschreven van een laboratorium test, de 

zogenaamde immunoblottest, voor serologische diagnose. Deze test is gebaseerd op de detectie 

van antichamen tegen de HGE bacterie in het bloed van de patiënt. Eén van de bacteriële 

eiwitten, HGE-44 genaamd, is in meer detail onderzocht en zou mogelijk kunnen worden 

toegepast als ingrediënt voor een vaccine. Om een vaccine te kunnen testen is eerst een 

proefdiermodel voor HGE in muizen ontwikkeld en dat is vervolgens getest met geïnactiveerde 

HGE bacteriën. In de meeste gevallen blijkt dat deze vaccinatie inderdaad bescherming biedt in 

muizen. Vervolgens wordt geprobeerd een antwoord te vinden op de vraag waarom de HGE 

bacterie in granulocyten overleeft. Normaal gesproken zijn granulocyten immers betrokken bij 

de immunologische afweer tegen infecties. Ten slotte wordt besproken wat de consequenties van 

de resultaten zijn en wat dit betekent voor verder onderzoek in de toekomst. 

In hoofdstuk 1 wordt een inleiding gegeven over de meest belangrijke ehrlichia 

bacteriën, beginnend met een historisch overzicht, gevolgd door een bespreking van de huidige 

classificatie en de kennis van zaken tot nu toe. Kortgenomen, een aantal micro-organismen is in 

staat via teken bepaalde zoogdieren te infecteren en na verloop van tijd, gedurende een volgende 

tekenbeet, belanden deze bacteriën weer in een teek en begint de cyclus weer opnieuw. Het is 

dus van belang voor de bacterie dat de gastheer (teek of zoogdier) niet bezwijkt ten gevolge van 

de infectie, voordat de bacterie de kans heeft om naar de volgende gastheer over te stappen. Als 

mensen gebeten worden door een teek kunnen ze dus ook geïnfecteerd raken, maar vanuit het 

oogpunt van het micro-organisme is de mens meestal een 'doodlopende weg'. Immers, de meeste 

mensen lopen niet dag-in dag-uit in de vrije natuur om vaak genoeg gebeten te worden door 

teken. Het is niet verwonderlijk dat met name veterinair geneeskundigen een belangrijke rol 

hebben gespeeld in het onderzoek van deze ziekteverwekkers. Een aantal van deze 

ziektebeelden was in de veterinaire literatuur beschreven ruim voordat ze ook bij de mens 

herkend werden. 

Vervolgens wordt de vraagstelling en de rationale van dit proefschrift behandeld. De 

centrale vragen die in dit proefschrift aan de orde komen zijn: 1) Hoe vaak komt ziekte voor in 
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een gebied met veel teken die de HGE bacterie overbrengen, 2) Wat is de antilichaamreactie na 

infectie en welke bacteriële eiwitten zijn hierbij betrokken, 3) Kan immunisatie met 

geïnactiveerde HGE bacteriën bescherming bieden tegen infectie, en 4) Via welk mechanisme 

ontwijkt de HGE bacterie destructie binnen de granulocyten? Aan de hand van de 

onderzoeksresultaten wordt gepoogd deze vragen te beantwoorden. 

In hoofdstuk 2 worden de resultaten beschreven van het volgende onderzoek: bij alle 

potentiële HGE patiënten in Connecticut over een periode van twee jaar wordt het bloed 

onderzocht op antilichamen tegen de HGE bacterie. Een totaal van 512 monsters van 375 

patiënten wordt onderzocht. In 33 (8.8 %) patiënten wordt een positief resultaat gevonden. Dat 

binnen de groep van onderzochte personen ook andere, door teken overgebrachte infecties zijn 

vastgesteld is geen echte verrassing. De boodschap van dit onderzoek is dan ook dat meerdere 

micro-organismen verantwoordelijk kunnen zijn voor een infectie na een tekebeet. 

In hoodfstuk 3 wordt onderzocht wat de humorale respons ofwel antilichaam productie is 

na infectie met de HGE bacterie met behulp van de immunoblot methode. Vervolgens wordt 

deze procedure toegepast in een test om een mogelijke HGE infectie te kunnen verifiëren. Het 

blijkt dat in alle patiënten er een sterke antilichaamreactie is tegen een bepaald HGE eiwit met 

een moleculaire massa van 44 kDa. Dit eiwit wordt aan verder onderzoek onderworpen zoals 

besproken in hoofdstuk 5. Dat de immunoblottest soms tot overwachtte kruisreactiviteit met 

antilichamen tegen andere bacteriën kan leiden noopt tot behoedzame interpretatie, zoals is 

weergegeven in hoofdstuk 4. 

Hoofdstuk 5 behandelt het doneren van een antigeen (het 44 kDa eiwit) van de HGE 

bacterie dat vrijwel altijd een sterke immuun respons veroorzaakt. Dit gen codeert voor een 

membraan eiwit en het is nu mogelijk om dit eiwit in grote hoeveelheden te produceren voor tal 

van toepassingen. Vereenvoudiging van de laboratorium diagnostiek ligt nu binnen handbereik 

en studies naar de toepassing als een mogelijk vaccine kunnen nu worden gestart. Voorts blijkt 

nu dat dit gen tot een familie van soortgelijke ofwel homologe genen behoort. Deze ontdekking 

brengt de vraag met zich mee wat de reden van bestaan is van zo'n familie homologe genen. In 

Anaplasma marginale, een nauw verwant organisme dat rode bloedcellen in koeien infecteert en 

ook overgebracht wordt door teken, blijkt nu ook zo'n familie te bestaan. In de general 

discussion wordt een aantal mogelijkhe verklaringen voor deze feiten besproken. Een voor de 
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hand liggende verklaring zou kunnen zijn dat de HGE bacterie telkens een ander gen in de 

familie gebruikt om zo constant het bijbehorende eiwit op het bacterie oppervlak the variëren: 

dezelfde bacterie maar steeds in een ander jasje om zo het afweersysteem te omzeilen. 

Om HGE beter te kunnen bestuderen is een proefdiermodel in muizen ontwikkeld en is 

beschreven in hoofdstuk 6. Het blijkt dat ook in muizen het granulocytenaantal tijdelijk is 

verlaagd tijdens acute infectie. De HGE bacterie kan voor een aantal weken in het bloed worden 

aangetoond maar daarna zijn de bacteriën grotendeels verdwenen. De vraag nu is of de 

organismen geheel zijn verdwenen of dat ze zich misschien ergens schuilhouden. Dit moet in de 

toekomst verder uitgezocht worden. 

Vaccinatie met geïnactiveerde bacteriën bewerkstelligt immuniteit in muizen en wordt 

behandeld in hoofdstuk 7. Niet alleen beschermt vaccinatie in de meeste gevallen tegen infectie 

wanneer geïnfecteerde teken op de muizen worden geplaatst maar het blijkt zelfs dat muizen, 

passief geïmmunizeerd met antilichamen, niet geïnfecteerd raken. Een volgende stap is nu om 

het gedoneerde eiwit te testen als een mogelijke vaccine. Deze onderzoekingen zijn op dit 

moment gaande. 

Tenslotte wordt in hoofdstuk 8 ingegaan op een fundamentele kwestie in de 

microbiologie dat tal van onderzoekers op dit gebied bezig houdt: hoe ontwijkt en overleeft een 

micro-organisme het immuun systeem? In het geval van HGE zijn de bacteriën op een nog niet 

geheel opgehelderde wijze in staat om in de granulocyten te overleven. In dit opzicht is de HGE 

bacterie uniek want er is geen enkele ander organisme bekend dat uitsluitend granulocyten 

uitkiest om in te overleven. Wel zijn er andere organismen die in cellen van het immunsysteem 

overleven, zoals HIV dat bepaalde T cellen (een ander type witte bloedcellen) infecteert en de 

TBC bacterie die in macrofagen (letterlijk: grote eters, de grote opruimers van het 

afweersysteem) kan overleven. Het fenomeen dat micro-organismen zich schuilhouden in juist 

die cellen die betrokken zijn bij de afweer is dus op zich niets nieuws, maar de manier waarop ze 

dat doen is voor elke bacterie weer anders. Het onderzoek wijst uit dat de HGE bacteriën in staat 

zijn om de normale route naar de lysosomen (dit zijn gespecialiseerde organeilen in de cel die 

normaal gesproken de bacteriën moeten vernietigen) te blokkeren. 

De resultaten in de voorafgaande hoofdstukken worden in de context geplaatst met de 

bevindingen van andere onderzoekers en besproken in de general discussion in hoofdstuk 9. Er 
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wordt een aantal mogelijke verklaringen voor de gevonden resultaten gegeven met suggesties 

voor verder onderzoek om die verklaringen te toetsen. Verder worden enige opmerkingen 

gemaakt met betrekking tot de toekomstige ontwikkelingen in het HGE onderzoek en de 

relevantie voor de Nederlandse samenleving. Dat HGE ook in Nederland voorkomt is zeer 

recentelijk bewezen: Kort nadat een artikel in het Nederlands Tijdschrift voor Geneeskunde van 

de auteur van dit proefschrift was verschenen, waarin op de mogelijkheid van HGE werd 

gewezen, werd voor het eerst de diagnose van HGE bij een patiënt in Nederland gesteld! De 

laboratorium technieken zijn nu beschikbaar om de klinische diagnose met bloedonderzoek te 

bevestigen. Ten slotte, er is behalve de Lyme-bacterie en de HGE bacterie nog een derde micro

organisme, Babesia genaamd, dat rode bloedlichaampjes infecteert, en óók door teken wordt 

overgebracht. In Nederland is (nog) geen geval van infectie bij mensen gerapporteerd, maar wel 

bij dieren. Het ligt voor de hand om bewaarde bloedmonsters van patenten met Lyme-ziekte te 

onderzoeken op antilichamen tegen Babesia om te kijken hoe reëel deze mogelijkheid is. 
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