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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 
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E. ewingii 

C. ruminantium 

Wolbachia pipientis 
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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 
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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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