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Abstract
Labbé Sandelin, L. 2022. Neoehrlichia mikurensis in Sweden. An emerging tick-borne human
pathogen. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Medicine 1853. 92 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1548-5.

Neoehrlichia mikurensis is an emerging tick-borne human pathogen, causing neoehrlichiosis
in immunosuppressed and immunocompetent individuals. It targets the vascular endothelium,
leading to thromboembolic and vascular events, but can also pass without symptoms. As
symptoms easily are misinterpreted, immunosuppressive treatment or chemotherapy is often
incorrectly initiated. Diagnostic delay can be considerable.

The overall aim of this thesis was to gain a better understanding on N. mikurensis in Sweden,
focusing on human infections and public health aspects. The prevalence of N. mikurensis in
different populations was examined. The symptomatology of neoehrlichiosis and the risk of
transfusion-mediated transmission was studied.

N. mikurensis was observed in low prevalences in ticks collected from migratory birds, in
tick-bitten individuals, in patients with persistent symptoms attributed to presumed tick-bite
exposure, and in blood donors. Fourteen N. mikurensis-positive individuals were identified.
The majority were immunocompetent and asymptomatic. Both spontaneous clearance and
persistence was observed. Two of 102 tick-bitten individuals were N. mikurensis-positive. Both
presented with erythema migrans, but borreliosis was a more probable cause in both. The
findings do not support a change in practice regarding first-line treatment of erythema migrans,
but further studies are warranted.

Persistence of N. mikurensis in blood raises questions regarding the possibility of transmission
by transfusion and the risk of activating the infection if immune status is altered. N. mikurensis
was identified in seven out of 1 006 blood donors. Look-back and tracing identified 12 recipients
who were transfused with blood components from N. mikurensis-positive donors. Several
recipients had multiple risk factors for severe neoehrlichiosis, but transfusion-transmitted
neoehrlichiosis was not detected. Nevertheless, the possibility that N. mikurensis can be
transmitted by transfusion cannot be excluded.

Isolates from birds and blood donors were identical to previously reported Swedish human
isolates. Migrating birds can act as dispersal vectors of N. mikurensis, but their role as
transmission hosts is still unclear.

The disease burden and public health impact of neoehrlichiosis is probably small,
but information is lacking in several areas. Suspicion of neoehrlichiosis is warranted in
immunocompromised and/or splenectomised patients with persistent fever, with or without
thromboembolic and vascular events. Furthermore, neoehrlichiosis should be included in
the differential diagnosis of anaplasmosis. Besides raised awareness, a possible mandatory
notification is proposed as well as a comprehensive surveillance system for transfusion-
transmitted infections. One of the priority issues is the possible need for screening of patients
living in N. mikurensis-endemic areas before and during immunosuppressive treatment.
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There is a creature as foule and illfavoured as the rest, which hath evermore 
the head fast sticking within the skin of a beast, and so by sucking of bloud 
liveth, and swelleth withall. 

Pliny the Elder, AD 23-79 (123) 

 
 
 
 

 

Cause I'd like to see you out in the moonlight 
I'd like to kiss you way back in the sticks 
I'd like to walk you through a field of wildflowers 
And I'd like to check you for ticks 

Brad Paisley, American Country Singer, 2007 
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Introduction 

Emerging infections 
Emerging infectious diseases (EID) have been identified as principal chal-
lenges to human survival (105) and pose a continuous threat to human health 
(150). According to the WHO, EIDs “are diseases of infectious origin whose 
incidence in humans has increased within the recent past or threatens to in-
crease in the near future” (185). Emergence can be caused by several mecha-
nisms, for example the evolution of an existing organism, the spreading of a 
new agent, the recognition of a previously present but undetected infection, 
the realisation that an established disease has an infectious origin or by the re-
emergence of a known infection after a decline in incidence (150). EIDs in-
clude vector-borne diseases where the infectious agent is transmitted by ar-
thropod vectors such as ticks or mosquitos (101). The transmission cycles of 
vector-borne agents are often complex and involve one or more arthropod vec-
tor species and several wild animal hosts (101). Climate change affects EIDs 
in many ways. According to Semenza and Paz (136): 

Weather parameters are one of the key drivers of the emergence, re-emergence, 
and spread of infectious diseases, and they contribute to the survival, repro-
duction and distribution of disease pathogens and vectors, as well as to their 
transmission and geographical patterns. 

Tick-borne infections 
Tick-borne infections are the most dominant vector-borne diseases in Europe 
(131). Ixodes ricinus, the castor bean tick, is the tick species most frequently 
involved in transmission of infectious agents to humans in northern Europe 
(116). These agents include Borrelia burgdorferi sensu lato, tick-borne en-
cephalitis virus (TBEV), Anaplasma phagocytophilum, Babesia divergens, B. 
microti, B. venatorum, Borrelia miyamotoi, Rickettsia helvetica, R. monacen-
sis, and others (11, 59). I. ricinus has three active life stages: larvae, nymphs, 
and adults. All stages require one single blood meal to survive. I. ricinus ticks 
exhibit a host-seeking behaviour called questing, where they ascend the veg-
etation, extend their front legs and wait for a passing host (81). During a com-
plete generation, I. ricinus ticks feed on three individual hosts (102). 
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Tick-borne infections in Sweden 
I. ricinus is the main vector of tick-borne human pathogens in Sweden, and it 
is present in all 25 Swedish provinces (64, 66). I. ricinus is more common in 
southern and central parts of Sweden and along the north-eastern coast (65). 
In 2015, permanent populations of the taiga tick, I. persulcatus, were detected 
in northern Sweden (66). The Public Health Agency of Sweden has identified 
heat waves and tick-borne disease (TBDs) as the two greatest risks to health 
from climate change in Sweden, both in relation to severity and probability 
(40). Since the 1980s, I. ricinus has expanded its range northwards in Sweden 
and has become more abundant in Central and South Sweden (64). Two main 
driving factors have been proposed. Firstly, the number of tick maintenance 
hosts like roe deer (Capreolus capreolus) have increased. Secondly, the sur-
vival and spread of tick and deer is promoted by a warmer climate with a pro-
longed growing season and shorter and milder winters. In Sweden, the expan-
sion and increasing abundance of I. ricinus has been followed by an increase 
in TBDs like borreliosis and tick-borne encephalitis (TBE) (40). In Europe, 
non-climatic factors like the managing of habitats on a landscape scale, wild-
life and forest management, and change in land use patterns are also becoming 
increasingly important in determining the geographical distribution of I. rici-
nus (100). Furthermore, the contact between ticks and humans has increased 
during the last decades due to reforestation of agricultural land and suburban 
neighbourhoods, and more frequent outdoor recreational activities (83, 131). 

In Sweden, TBE is the only human TBD that is notifiable according to the 
Swedish Communicable Diseases Act and the Communicable Diseases Ordi-
nance and human prevalence data on other TBDs is scarce (157, 158). The 
most prevalent tick-borne pathogen in Sweden is Borrelia spp., and preva-
lences in field-collected ticks and ticks removed from humans or pets vary 
between 3% and 26% (50, 179). The prevalences in ticks of other tick-borne 
agents like A. phagocytophilum, R. helvetica and the intraerythrocytic proto-
zoan Babesia spp. have been estimated to 1.3-15%, 1.5-17%, and 4.4%, re-
spectively (73, 137). Furthermore, the human seroprevalence of A. phago-
cytophilum in Sweden has been reported to be 8-28% (31, 56, 112, 137, 183). 

In the prospective, multi-centre Tick-Borne Diseases STING-study (TBD 
STING) tick-bitten individuals and their ticks were screened for various tick-
borne pathogens (43, 179). Participants were recruited from southern, south-
central, central, and northern Sweden as well as the Åland Island, Finland, and 
later also from Tromøy in southern Norway (116). Borrelia spp. was the most 
common tick-borne pathogen with a prevalence of 26% (556/2 154) in the 
ticks that had bitten humans (179). B. miyamotoi was detected in 2% of all 
ticks containing Borrelia spp. (179). A total of 1.2% (31/2 553) of ticks were 
positive for A. phagocytophilum and 0.3% were coinfected with B. burgdor-
feri sensu lato and A. phagocytophilum (56). Furthermore, 3.1% (65/2 098) of 
ticks that had bitten humans were positive by real-time polymerase chain 
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reaction (PCR) for Babesia spp., where B. microti was the most prevalent 
finding followed by B. venatorum and B. capreoli. Co-infection with Borrelia 
spp. was observed in 46% of the Babesia-positive ticks (181). Moreover, 39 
of 472 ticks (8.3%) that had bitten humans were PCR-positive for Rickettsia 
spp. (90) and 5 of 2 167 ticks (0.2%) were positive for TBEV (91). In 2021, 
the incidence of TBE in Sweden was 5.1 cases per 100 000 inhabitants. This 
is the highest reported incidence since TBE became a notifiable disease in 
2004, and the trend over the years is pointing upwards (41) . Within the TBD-
STING-study, ticks were also screened for Bartonella spp., Francisella spp., 
and Toxoplasma gondii, but with negative results (26). Among 86 participants 
who sought medical care during the three-month follow-up period, borreliosis 
was the most common TBD, and was seen in 54%. Serological or molecular 
evidence of recent exposure to other TBDs was seen in 9% (8/86) and co-
infections were seen in 6% (5/86). Altogether, the risk of infection with a TBD 
after a tick bite as well as the occurrence of co-infections was low (116). 

In ticks removed from humans in Östergötland County, Sweden, the prev-
alence of Borrelia spp. was 19%, with B. afzelii being the most dominant spe-
cies. One percent of the ticks were infected with a Borrelia miyamotoi-like 
organism (177). To date, only two cases of B. miyamotoi disease (55) and three 
cases of babesiosis (129, 181) have been reported in Sweden. Swedish babesi-
osis cases are most probably underestimated, since a study revealed that 
16.3% of patients from southern Sweden, who were seropositive for Borrelia 
burgdorferi sensu lato, also had antibodies to Babesia spp. In comparison, the 
seroprevalence of Babesia spp. in a healthy control group was only 2.5 % 
(152). Recently, two human cases of Spiroplasma ixodetis infections associ-
ated with tick bites were reported in southeastern Sweden (34). 

Birds, ticks, and tick-borne infections 
Migrating birds can travel long distances and carry ectoparasites such as mites, 
fleas, and lice and several species of ticks (19, 146). In northern Europe, I. 
ricinus is the most common tick species detected on migrating birds (145). 
Even if adult I. ricinus ticks are rarely recovered from birds, they constitute 
an important transport vehicle for immature I. ricinus ticks and can potentially 
spread ticks and tick-borne pathogens over long distances along their migra-
tion routes. Birds can potentially create new foci of TBDs, and the distance a 
migrating bird travels is far beyond the home range of other tick hosts like 
reptiles and mammals (53, 64, 178). Moreover, wild birds are able to evade 
control measures like EU-legislation, border control and veterinary measures 
(78). The prevalence of ticks on birds varies over time, with season, geograph-
ical location, and bird species, where ground feeding bird species have a 
higher prevalence of ticks (19, 53, 178). Birds can transport tick-borne patho-
gens by the transport of infected ticks. Furthermore, a bird infected with a tick-
borne pathogen can act as an amplifying host, either by transmitting the 
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pathogen to a parasitizing tick or by hosting ticks that feed close to each other, 
allowing a pathogen to pass from one tick to another (53). The latter is called 
co-feeding. In Europe, Borrelia spirochetes are the most prevalent human 
pathogens recovered from ticks removed from birds (19). Other pathogens re-
ported include Rickettsia spp. A. phagocytophilum, Coxiella burnetti, Babesia 
spp., TBEV and Crimean-Congo haemorrhagic fever virus (13, 23, 92, 119, 
164, 169, 182). 

Neoehrlichia mikurensis 
Neoehrlichia mikurensis is an intracellular bacterium belonging to the family 
Anaplasmataceae, order Rickettsiales. It is named after its resemblance to the 
genus Ehrlichia and the location where it first was isolated, Mikura Island in 
Japan (175). It was recorded in rat spleens from this island and from I. ovatus 
ticks collected in Hokkaido, northern Japan, in 2004. The proposed name was 
Candidatus Neoehrlichia mikurensis (74). Prior to this publication, it had been 
reported on a couple of occasions, although under different names including 
the “Ehrlichia-like species Schotti variant” in I. ricinus ticks in the Nether-
lands and Russia (2, 134), “Ehrlichia-like species Rattus variant” in Rattus 
norvegicus rats in China (120), and “Candidatus Ehrlichia walkerii” in Ixodes 
ricinus ticks in Italy (18, 67). The first case of human disease caused by Can-
didatus N. mikurensis was diagnosed in a Swedish immunocompromised pa-
tient who suffered from febrile episodes, an erysipelas-like rash and thrombo-
embolic complications in 2009 (174). As of today, more than 100 human cases 
have been published or reported at scientific conferences worldwide (62). 

Phylogenetics 
Previous phylogenetic analyses based on sequencing of house-keeping genes, 
mainly the 16S rRNA and the groEL genes, have indicated that within the 
Anaplasmataceae family, N. mikurensis is most closely related to Ehrlichia 
ruminantium, which infects vascular endothelium in cattle and sheep and 
causes heartwater disease in these animals (36, 47). Recently, the whole ge-
nome of N. mikurensis was sequenced, and a higher resolution phylogenetic 
analysis revealed that N. mikurensis is more closely related to E. chaffeensis 
than to E. ruminantium (47). E. chaffeensis is a human pathogen which infects 
monocytes and causes human monocytic ehrlichiosis (83). N. mikurensis is 
also related to A. phagocytophilum and to a lesser extent to Wolbachia endo-
symbionts (36, 47). Applying a multilocus sequence assay (MLSA), three dif-
ferent genotypes of N. mikurensis have been identified in Europe (48). One 
genotype was identified in western Sweden, one in central Europe, and the last 
was considered a pan-European genotype. These genotypes seem to differ 
from four genotypes derived from rodents, ticks, and infected humans in 
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China (48, 87, 88). This may partly be explained by the finding that different 
tick species harbour different genotypes (175). When comparing three differ-
ent whole-genome sequenced N. mikurensis strains, the genetic variability was 
shown to be very low, between 0.14 and 0.22%, and corresponded to geo-
graphical origin (47). Recently, two complete N. mikurensis genomes derived 
from wildlife reservoir hosts were published (10). 

Nomenclature and Candidatus status 
Obligate intracellular bacteria are difficult to grow and purify, and sequencing 
analysis of the highly conserved 16S rRNA gene is used as a powerful tool for 
identifying and characterizing new organisms (120). The Candidatus status is 
applied to an uncultured procaryotic species where genomic information about 
the phylogenetic relatedness is available, but when the species is not formally 
recognised by the International Code of Nomenclature of Procaryotes (74). 
Phenotypic properties such as ultrastructure, as well as the organism’s natural 
environment should be included in the description of the provisional taxon 
(110). Formal recognition of the species by the International Committee on 
Systematics of Procaryotes (ICSP) and omitting of the Candidatus status is 
achieved when new observations allow this. The cultivation of Candidatus N. 
mikurensis was first accomplished in 2019 (170), but ICSP has yet to formally 
recognise N. mikurensis as a species. To make the text in this thesis more 
readable, the Candidatus prefix has been omitted except in verbatim citations 
of article titles. The term “neoehrlichiosis” has been proposed to denote the 
infection caused by N. mikurensis and it will be used in this context within 
this thesis (46). 

Epidemiology 
N. mikurensis in ticks 
During the last 20 years, a growing number of reports show that N. mikurensis 
is widespread in Europe and Asia (25, 175). N. mikurensis is one of the most 
common human tick-borne pathogens carried by I. ricinus ticks in Europe, and 
some studies indicate an increasing prevalence (25, 94, 130, 175). According 
to a review from 2018, N. mikurensis has been detected in I. ricinus ticks from 
20 European countries, and the prevalences in I. ricinus ticks collected from 
vegetation across Europe range from 0.1% (Denmark) to 24% (Hungary) 
(125). A prevalence of 6.0% has been reported in host-seeking ticks in south-
ern Sweden (3). 

The oldest report is from a retrospective study, where N. mikurensis was 
detected in 1/126 (0.8%) of museum-archived female I. ricinus ticks collected 
in Moldova in 1960 (108). N. mikurensis has been detected in several other 
Ixodes species, namely I. persulcatus, I. ovatus, I. hexagonus, I. trianguliceps 
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I. frontalis and I. pavlovskyi (80, 125). Furthermore, N. mikurensis has been 
observed in Dermacentor reticulatus, Haemaphysalis concinna, H. leachi, 
and Rhipicephalus sanguineus, but in lower prevalences than in Ixodes spp. 
(88, 138, 139, 175). N. mikurensis has also been reported in ticks from Asia 
(128, 175) and Africa (72), but not from the UK (117, 161), the Americas, or 
Australia (46, 175). 

N. mikurensis in ticks infesting birds 
The first observation of N. mikurensis in a tick infesting a bird was made in 
2006, when the “Schotti variant” was detected in an I. ricinus nymph retrieved 
from a song thrush (Turdus philomelos) in Slovakia (148). In 2012, N. miku-
rensis was found in 1 of 135 (0.7%) I. ricinus nymphs and in 1 of 4 (25%) I. 
frontalis nymphs in ticks collected from migratory birds in the Baltic Region 
of Russia (107). In Switzerland, N. mikurensis was found in 7 of 215 (3.3%) 
I. ricinus ticks removed from breeding and migratory birds. The observations 
were made exclusively in nymphs and in migratory birds (95). Furthermore, 
the prevalence of N. mikurensis was 1.7% (3/180) in ticks collected from mi-
gratory birds in Denmark, where N. mikurensis was found exclusively in 
nymphs and only during autumn. However, the tick sample size collected dur-
ing spring migration was rather small, and no conclusions were drawn about 
the bird-driven import of pathogens to Denmark. The small sample size was 
explained by higher tick infestation rates in autumn compared to spring. The 
authors suggest that this might be explained by a high forest cover in Southern 
Scandinavia, and a variation in the abundance of larvae and nymphs during 
the seasons (78). In an Italian study, 98 I. ricinus ticks feeding on birds were 
screened for N. mikurensis and none was positive. However, all investigated 
ticks in this study were larvae (12). Furthermore, N. mikurensis has been re-
ported in 1.2% (10/815) of ticks removed from migrating birds in Norway 
(121) and in 1.5% (4/262) of ticks removed from migrating and native birds 
in Moldova (106). Studies on the prevalence of N. mikurensis in ticks infesting 
migrating birds in Sweden are absent. 

N. mikurensis in rodents  
N. mikurensis has been reported in several rodent species, mainly belonging 
to the genera Apodemus, Myodes, and Microtus, in Europe and in Asia, (125). 
Prevalences vary considerably, which may reflect true differences, seasonal 
variability, or differences in sampled material and detection methods (5). 
Shrews do not seem to get infected (113, 139). In rodents, N. mikurensis has 
been isolated from blood, spleen, kidney, liver, brain, and skin, indicating a 
systemic infection (67). Spleen and kidney seem to be the most suitable organs 
for detection of N. mikurensis DNA in rodents (139). In southern Sweden, the 
prevalences in rodents vary from 0% to 54%, depending on geographical lo-
cality, time of year, rodent age, and detection method used (4, 5). 
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N. mikurensis in other animals 
N. mikurensis has been reported in mammals like wild boar, badger, bear, 
chamois, and mouflon (14) and in I. ricinus ticks collected from a variety of 
wild and domestic vertebrates including rodents, birds, wild boar, hedgehogs, 
dogs, and red and roe deer (38, 67, 89, 125). Foxes and red squirrels have been 
tested with negative results (61, 114). 

N. mikurensis in ticks that have fed on humans 
N. mikurensis has been identified in I. ricinus ticks that have fed on humans  
in prevalences ranging from 0.5-11%; including Italy (2.8% and 0.5%), Bel-
gium (2.8%), Slovakia (4.4%), Germany (8.1%), Romania (1/1 tick), and the 
Netherlands (5.4% and 11%) (6, 68, 85, 118, 130, 133, 162). In Romania, with 
a prevalence of 5.9%, N. mikurensis was the second most frequently identified 
pathogen in I. ricinus ticks removed from humans after Borrelia spp. Further-
more, a significant increase was observed during the collection years (2013‒
2015) (71). In the Netherlands, the risk of contracting symptoms of ehrlichio-
sis/neoehrlichiosis after a tick bite with an infected tick was estimated to be 
lower than 0.5% (162). In 111 I. ricinus ticks that had bitten 35 Germans, 9.0% 
of nymphs and 4.5% of adults were infected with N. mikurensis (130). German 
and Dutch studies have estimated that every ninth to 12th tick bite poses a risk 
of transmission of N. mikurensis to humans, but the risk of infection is proba-
bly lower (68, 130) . 

N. mikurensis in individuals bitten by ticks  
Several studies have reported N. mikurensis in individuals bitten by ticks. In a 
Chinese study conducted during two months in 2010, N. mikurensis DNA was 
found in blood in seven of 622 (1.1%) immunocompetent farmers who sought 
medical care due to fever after a tick bite (88). In Austria, 11 of 489 (2.3%) 
tick-bitten individuals were positive for N. mikurensis, none of them reported 
any symptoms (97). In the Netherlands, the prevalence of N. mikurensis was 
3/335 and 4/291, respectively, in blood in immunocompetent individuals who 
were either tick-bitten or presented with an erythema migrans (EM). Among 
1.1 million tick bites, the estimated human exposure to N. mikurensis was 
59 936, and the estimated number of infections was 12 300 (68). In Poland, N. 
mikurensis DNA was detected in 3 of 665 tick-bitten patients with symptoms 
suggestive of TBD when a conventional PCR targeting the groESL gene was 
applied. However, sequence analysis did not confirm the results and all three 
patients were eventually diagnosed with anaplasmosis (103). Studies on the 
prevalence of N. mikurensis in patients with persistent symptoms attributed to 
presumed tick bite exposure and in blood donors are missing. 
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Human cases of neoehrlichiosis 
More than 100 human cases have been published or reported at scientific con-
ferences worldwide (62) and cases have been reported from several European 
countries: Sweden (62, 174), Germany (168), Switzerland (36), Czech Repub-
lic (122), Poland (173), the Netherlands (68), Norway (42), Denmark (124), 
France (16), Slovenia (84), and Austria (97). In Sweden, a total of 95 patients 
have been diagnosed with neoehrlichiosis (personal communication, A 
Grankvist, June 7, 2022). In a tick-endemic region in southeastern Sweden, 
one of 600 patients who were under investigation for neuroborreliosis was 
PCR-positive in serum for N. mikurensis. The patient recovered spontane-
ously, and the diagnosis was inconclusive (51). Human cases have also been 
reported from China (88). A case report from the USA described a 20-year-
old man with no past medical history, who found an engorged tick in his groin 
concomitant with developing deep vein thrombosis and pulmonary embolism 
(69). It was determined that his symptoms may have been caused by neoehr-
lichiosis. However, it is unclear whether any PCR sampling was performed, 
and the diagnosis seems rather farfetched, since N. mikurensis has not been 
recovered from ticks or animals in North America (172, 175). 

Vectors, reservoirs, and transmission 
Ixodes ticks are thought to be the main vector genus of N. mikurensis, and it 
is presumed that the bacterium is transstadially transmitted (67, 114). Infec-
tion rates of N. mikurensis in ticks do not seem to be influenced by the life 
stage of the tick (175). Since there are very few reports of N. mikurensis in 
tick larvae (12, 20, 28), it is assumed that transovarial transmission does not 
occur (175). However, the issue is somewhat controversial and requires fur-
ther attention (114). Tick-borne pathogens that lack the capacity of 
transovarial transmission are dependent on reservoir hosts for their survival 
(4). Wild rodents have been shown to transmit N. mikurensis to ticks by xeno-
diagnosis (20), and higher prevalence rates are found in ticks collected from 
rodents than in questing ticks (113, 139). Based on these observations, rodents 
are considered as reservoir hosts of N. mikurensis. Rodent species belonging 
to the genera Apodemus, Microtus and Myodes are considered to be the main 
reservoirs (114). In contrast to ticks, transplacental transmission has been ob-
served in rodents (113). The prevalence of N. mikurensis in ticks and rodents 
shows a seasonal pattern with higher levels in August to October. Further-
more, the duration of the infection in rodents seems to be short, suggesting 
that ticks might be more important than rodents for maintaining N. mikurensis 
over the winter (5, 25, 175). 
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Co-infections 
Many TBDs share similar manifestations, overlapping geographical distribu-
tions of the disease-causing agents and shared vectors, complicating the dif-
ferential diagnosis of TBDs (17). Co-infections of pathogens in ticks can af-
fect the transmission to, as well as the outcome of infection, in humans (3). 
Several studies have reported a higher than predicted prevalence of co-infec-
tions with N. mikurensis and B. afzelii in I. ricinus ticks, suggesting that these 
pathogens share a common reservoir host, which maintains these microorgan-
isms in an enzootic cycle (3, 25, 76, 94, 130). Co-infections in ticks with N. 
mikurensis and other borrelial species as well as microorganisms like B. mi-
croti, A. phagocytophilum and R. helvetica have also been reported (79, 94, 
130, 139). Since I. ricinus frequently harbours multiple microorganisms, it is 
possible that more than one species can be transmitted after a single or con-
secutive bites, which can confuse the identification of the causative agent (11, 
116). Moreover, the seroprevalence of TBDs in the general population needs 
to be considered. A systematic review showed that most human cases of tick-
borne co-infections referred to patients with a symptomatic TBD in combina-
tion with seropositivity to another TBD (17). 

It has been shown that concurrent infection with Anaplasma spp. or Babe-
sia spp. can exacerbate the course of borreliosis, but the knowledge about how 
other TBDs affect each other is sparse (44, 68). Tick-borne co-infections were 
uncommon in patients being investigated for suspected neuroborreliosis in 
southeastern Sweden (51) and in the Netherlands, the probability of infection 
with a single tick-borne pathogen other than B. burgdorferi sensu lato has been 
estimated to be around 2.4% in tick-bitten individuals (68). In the Dutch pa-
tients with EM, the probability of a co-infection was estimated to be 2.7%, 
and there were no differences in the severity of self-reported symptoms when 
a co-infection was present or not. 

Neoehrlichiosis in humans 
Pathogenesis 
The main target of N. mikurensis infection seems to be the vascular endothe-
lium (62). To confirm that neoehrlichiosis is an infectious vasculitis, the bac-
terium would have to be visualized within vascular biopsies from patients di-
agnosed with neoehrlichiosis. This has been attempted with no success in for-
malin-fixed and paraffin-embedded tissue in one case (168). However, several 
findings support the vascular endothelium as the main target of N. mikurensis. 
In neoehrlichiosis patients, N. mikurensis has been visualized by image flow 
cytometry inside endothelial cells circulating in the blood stream, and the bac-
teria are able to grow inside human primary endothelia cell lines (170). The 
bite of an infected tick followed by inoculation of bacteria through the skin is 
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thought to be the route of transmission, but a preceding tick bite has been re-
ported in less than half of neoehrlichiosis cases in Europe (46, 141). This in-
dicates that patients not always recall an associated tick bite, which is in ac-
cordance with studies on other TBDs (83). Factors like the minimal infective 
dose, the incubation period following a tick bite and the duration of infectious-
ness are unknown (175). 

Risk factors for severe disease 
Severe neoehrlichiosis is characterized by high fever with tromboembolic or 
vascular complications (47). Splenectomy, malignant or autoimmune clonal 
B-cells diseases and anti-B cell therapy are risk factors for severe disease (62). 
Typical predisposing diagnoses include haematological diseases (chronic 
lymphocytic leukaemia and malignant lymphoma) and autoimmune/rheu-
matic diseases (rheumatoid arthritis, psoriasis, systemic lupus erythematosus) 
(42). Other host factors that may predispose individuals to more severe disease 
is advanced age, recent chemotherapy as well as corticosteroid treatment 
(175). 

Splenectomy 
Splenectomy constitutes a risk factor for severe neoehrlichiosis, and it has 
been proposed that the spleen contributes to the defence of the disease through 
the production of specific IgM and IgG antibodies (62, 141, 176). Splenecto-
mised patients with underlying hematologic or autoimmune diseases seem to 
have lost the ability to compensate for the removal of the spleen by establish-
ing memory B cells in other body sites, resulting in an absence of a specific 
B-cell response. Anatomic asplenia and splenectomy due to trauma do not ap-
pear to be risk factors for severe neoehrlichiosis (176). 

Rituximab 
Rituximab is a chimeric murine/human monoclonal antibody targeted against 
CD20 antigen on B lymphocytes. It is used in the treatment of haematological 
malignancies and autoimmune diseases (30, 75). Rituximab dramatically re-
duces the levels of circulating memory B-cells, and levels remain low or un-
detectable for 2‒6 months. Return to pre-treatment levels generally occurs 
within 12 months. Rituximab may cause immunosuppression through several 
other mechanisms and has been shown to increase the risk of infection in pa-
tients with haematological malignancies as well as in other patient groups (75, 
166). Apart from plasma cells, the CD20 molecule is expressed by all stages 
of B-cells. Since plasma cells produce antibodies, patients on rituximab may 
present with normal immunoglobulins in serum, even though B lymphocytes 
are depleted (30, 175). 

It has been suggested that rituximab is an important risk factor for devel-
oping severe neoehrlichiosis due to its ability to cancel de novo production of 
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specific antibodies against N. mikurensis (141). Case reports of severe neoehr-
lichiosis include patients with rituximab treatment due to rheumatoid arthritis 
(7), lymphoma (141), multiple sclerosis (27), chronic inflammatory demye-
linating polyneuropathy (168) and posttransplant lymphoproliferative disor-
der, PTLD (122). 

Infliximab 
In a Norwegian study, adult patients with autoimmune conditions requiring 
immunosuppressive treatment, such as infliximab and rituximab, were 
screened for tick-borne pathogens. In 14/163 (8.6%) of the patients, pathogen 
DNA was detected in blood samples. N. mikurensis was detected in 12 out of 
163 patients (7.4%) and was by far the most prevalent finding. The prevalence 
of N. mikurensis was significantly different in controls (1/85 patients with sus-
pected neurological infection; neuroborreliosis excluded) compared to immu-
nosuppressed patients (12/163). The authors propose that the ability of N. 
mikurensis to cause prolonged bloodstream infections might explain the 
higher prevalence of N. mikurensis found among immunosuppressed patients 
in their study (127). Among the infected patients, therapy with infliximab, a 
TNF-α inhibitor, was as common as treatment with rituximab. Prolonged car-
riage was seen in both patients with rituximab and infliximab. Since no severe 
cases of neoehrlichiosis have been reported in infliximab patients so far, it 
remains unclear if infliximab is a risk factor for severe illness. The authors 
conclude that “patients who are living in tick-endemic areas and are treated 
with biologicals have a high risk of contracting N. mikurensis, and that this 
could lead to thromboembolic complications if left untreated”. 

Symptoms 
A characteristic symptom of neoehrlichiosis is a high and remitting fever, of-
ten accompanied by chills and night sweat (175). Other reported symptoms 
include severe localized or migrating pain, skin manifestations (erythematous 
rash, erythema nodosum), weight loss, abdominal pain, and diarrhoea (11, 
175). The pain can be localized to the neck, the joints (mandibular/temporal, 
elbows, knees) or manifest itself as migrating muscular pain (46). More un-
specific symptoms like cough, diarrhoea, headache, and nausea are sometimes 
seen (127, 175). As is discussed below, thromboembolic, and vascular events 
have been reported frequently. Even if the first case reports mainly involved 
immunosuppressed patients, it is increasingly accepted that immunocompe-
tent individuals can display a wide range of symptoms, from asymptomatic 
disease to systemic infection with fever as well as vascular complications (88) 
(47). Splenomegaly has been observed (151). Several case reports show that 
symptoms of neoehrlichiosis can persist for months if left untreated (7, 16, 
141). Asymptomatic disease has been reported in both immunocompetent and 
immunosuppressed individuals (127, 173). Neoehrlichiosis can mimic 
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anaplasmosis and should be included in the differential diagnosis of the latter 
(16). 

Persistence of N. mikurensis in blood 
Persistence of N. mikurensis DNA in blood has been reported in both immu-
nocompetent and immunosuppressed individuals, as well as in a dog who be-
came symptomatic when immune defences were compromised by surgery (29, 
127, 173). Concerns have been raised regarding whether the ability of N. miku-
rensis to cause persistent asymptomatic bloodstream infections can lead to 
transfusion-mediated transmission of neoehrlichiosis (127, 173). 

Vascular and thromboembolic events 
Neoehrlichiosis has been associated with both thromboembolic and vascular 
events. Vascular endothelial cells have been identified as a target of infection 
and this has been proposed to lead to inflammatory activation of the infected 
cells with subsequent thromboembolic events and vasculitis (62, 170). The 
proposed mechanisms are a prolonged systemic inflammation in combination 
with direct bacterial effects on the vascular endothelium. In a series of 40 
Swedish patients diagnosed with neoehrlichiosis during the years of 2009‒ 
2019, a majority (60%) developed vascular events like repeated thrombophle-
bitis, thrombosis, pulmonary embolism, transitory ischemic attacks and arte-
ritis (62). Younger age, but not immunosuppression, was a risk factor for vas-
cular complications. Deep vein thrombosis was exclusively diagnosed in im-
munosuppressed patients, whereas only immunocompetent patients were af-
flicted by arteritis. Thromboembolic events associated with neoehrlichiosis 
can be multiple as well as severe. Case reports include deep vein thrombosis 
above the knee, recurrent deep vein thrombosis (upper arm and leg) and one 
case with deep vein thrombosis, pulmonary embolism, and transitory ischemic 
attacks (46). Thrombosis resistant to anticoagulant medication has been de-
scribed in a neoehrlichiosis patient who endured symptoms for 19 months be-
fore the correct diagnosis was made (141). 

Case reports of immunocompetent patients with vascular events include a 
patient with a fatal outcome after an intracerebral and subarachnoid haemor-
rhage and a ruptured aneurysm of the left internal carotid artery (168), and 
two cases of medium- and large-vessel vasculitis mimicking polyarteritis no-
dosa and giant cell arteritis, respectively (62). The patient with polyarteritis 
nodosa-like illness was treated with doxycycline for three weeks and cortico-
steroids for 10 months, leading to complete resolution of all experienced 
symptoms as well as partial regress of renal infarctions. The patient with giant 
cell arteritis-like illness completely recovered on doxycycline alone. Further-
more, a case of arterial aneurysm has been reported in a patient with underly-
ing autoimmune disease (46). 
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Skin manifestations in neoehrlichiosis 
Skin manifestations in neoehrlichiosis include ankle oedema, skin erythema 
on arms and legs and migratory skin lesions along subcutaneous veins (122). 
An erythema nodosum-like rash has been described in two female patients. 
Both had a history of mantle cell lymphoma, splenectomy, chemotherapy, and 
rituximab treatment. N. mikurensis-DNA was found in blood (122), and in a 
skin biopsy (124). Both patients recovered after initiation of doxycycline treat-
ment. 

The most common clinical manifestation of early borreliosis is erythema 
migrans (EM), a slowly expanding erythematous skin lesion (35). It has been 
proposed that EM could be caused by other infectious agents than B. burgdor-
feri sensu lato. For instance, in 20% of EM biopsies in Sweden, B. burgdorferi 
DNA was not detected (140). Phenoxymethylpenicillin, which is the drug of 
choice for treating EM according to Swedish guidelines, is not effective 
against several other TBDs including neoehrlichiosis (159). Studies on N. 
mikurensis and EM show variable results. In a retrospective study from south-
ernmost Sweden, 51 patients diagnosed with EM during the years of 1994‒
1997 were assessed for tick-borne co-infections (115). Whole blood samples 
were screened by real-time-PCR for N. mikurensis and none of the patients 
were positive. Furthermore, a Norwegian study found no molecular evidence 
of N. mikurensis in EM patients (35). The study included 188 EM patients in 
general practice, and molecular and serological analyses for different TBDs 
were performed on skin biopsies and in serum. DNA from N. mikurensis could 
not be detected by real-time PCR in any of the 139 investigated skin biopsies. 
Patients with fever during the initial 14 days (n=8) or with prolonged EM du-
ration (≥ 21 days; n=69) were further examined with real-time PCR performed 
on serum samples collected on the inclusion date. All serum samples exam-
ined were negative regarding N. mikurensis. 

In contrast, N. mikurensis has been detected in EM patients in several other 
studies. For instance, N. mikurensis was detected in EDTA blood samples 
from 4/29 (1.4%) of patients with EM in a general practice setting in the Neth-
erlands during the years of 2007‒2008. Two patients reported a tingling sen-
sation in the limbs, one of them also experienced headache and myalgia. The 
two remaining patients did not experience any additional symptoms apart from 
EM (68). N. mikurensis was the pathogen most frequently detected when 
screening EDTA blood from 70 symptomatic tick-bitten persons in Norway 
by real-time PCR (126). N. mikurensis DNA was found in 10% (7/70) of the 
patients, all of whom presented with an EM rash as the only symptom. None 
of the seven patients exhibited serological evidence of a co-infection with Bor-
relia. The authors concluded that N. mikurensis was the possible etiological 
agent in a surprisingly large fraction of tick-bitten, assumingly immunocom-
petent persons in southern Norway, an area were the prevalence of N. miku-
rensis in ticks is high. 
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Diagnosis 
Diagnostic methods 
N. mikurensis is not detected by routine culture methods due to its intracellular 
nature (170). Currently, the diagnosis of neoehrlichiosis is based on PCR as-
says followed by sequence analysis of the 16S rRNA (pan-bacterial; Anaplas-
mataceae specific and/or N. mikurensis specific) and groEL genes (125, 175). 
The bacterium has been amplified from EDTA-blood (plasma, serum, whole 
blood as well as blood culture bottle contents) and bone marrow, but never 
from cerebrospinal fluid (CSF) (46, 98, 125). N. mikurensis has also been re-
covered by PCR from a skin biopsy in a patient with an erythema nodosum-
like rash (124). Plasma has been found to be superior to whole blood for the 
detection of N. mikurensis DNA. Furthermore, when comparing a commercial 
multiplex PCR with a singleplex real-time PCR, the latter had a higher sensi-
tivity (126). Higher bacterial loads have been reported in immunocompro-
mised patients, which might reflect their impaired immune status (46, 175). 
At present, there is no serologic assay available directed at specific antibodies 
against N. mikurensis. Cross-reactivity to A. phagocytophilum antibodies has 
been reported but does not seem to be universal (35, 36, 171, 175). According 
to a systematic review, high-quality studies are needed before recommenda-
tions regarding the laboratory evaluation of patients with suspected neoehr-
lichiosis can be developed (54). Furthermore, case definitions of “probable” 
and “possible” neoehrlichiosis are missing (138). 

Laboratory findings 
In immunocompromised patients with neoehrlichiosis, typical laboratory find-
ings include elevated white blood cell counts, neutrophilia, anaemia and in-
creased inflammatory markers such as C-reactive protein (CRP), procalci-
tonin, and erythrocyte sedimentation rate (ESR) (125, 175). Modest thrombo-
cytopenia, lymphopenia, hyponatremia, slightly elevated levels of hepatic 
transaminases and increased levels of lactate dehydrogenases are occasionally 
seen. Raised CRP, leucocytosis, and neutrophilia as well as anaemia has also 
been reported in immunocompetent individuals but are not always present 
(88). 

Diagnostic delay 
In several reported cases of severe neoehrlichiosis, diagnostic delay has been 
considerable. In a study on 11 neoehrlichiosis patients with haematological 
malignancies or autoimmune diseases, the median number of days to diagno-
sis was 60 (range 26‒135) and delays for up to 19 months have been reported 
elsewhere (46, 141). Neoehrlichiosis patients are often subjected to extensive 
clinical and microbiological investigations. and treatment with several types 
of empiric antibiotics has been attempted before a proper diagnosis is made. 
Furthermore, symptoms like fatigue, weight loss and thromboembolic events 
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are often mistaken for non-infectious conditions as well as flares or relapses 
of the underlying disease, whereupon corticosteroid treatment or chemother-
apy is initiated (46). 

Treatment 
Drug of choice and treatment indication 
Treatment of neoehrlichiosis needs to be targeted at intracellular bacteria. 
Recommended treatment is oral doxycycline 100 mg x 2 for three weeks (46). 
Spontaneous recovery as well as spontaneous clearance of N. mikurensis DNA 
from blood without antibiotic treatment has been reported on several occa-
sions, both in immunocompetent as well as in immunocompromised patients 
(16, 51, 126, 127). Since most immunocompetent individuals will be able to 
clear the infection spontaneously, treatment may only be necessary in case of 
symptomatic disease (127). However, due to the risk of long-term carriage, 
activation of acute disease and thromboembolic events, it has been proposed 
that neoehrlichiosis in immunocompromised patients should be treated with 
antibiotics if the infection is not cleared within a few weeks, regardless of 
symptoms (127). 

Response to treatment 
The response to treatment is rapid and effective (175). In a group of eleven 
immunosuppressed neoehrlichiosis patients, initiation of doxycycline therapy 
elicited a dramatic and quick improvement within one day, and the median 
time to resolution of symptoms was five days (46). Recurrence of infection or 
more slow treatment responses have occasionally been reported. For instance, 
recurrence has been observed in a patient who was treated with 100 mg 
doxycycline daily for ten days as empiric treatment for fever of unknown 
origin (171). In a splenectomised patient, more than 14 days elapsed from the 
first day of treatment until N. mikurensis could no longer be detected in blood. 
Asthenia, but no other symptoms, persisted for several weeks after treatment. 
(42). If no relief of symptoms are experienced after antibiotic treatment, N. 
mikurensis might be an incidental finding and alternative diagnoses should be 
pursued (127). A case of Jarisch-Herxheimer-reaction has been reported under 
doxycycline therapy (32). The Jarisch-Herxheimer reaction is characterized 
by chills, a rise in temperature and intensification of skin rashes within 24 
hours after initiation of antibiotic treatment of spirochaetal infections like 
syphilis, borreliosis and relapsing fever (22). The condition is usually resolv-
ing within hours. 

Alternative treatment regimens 
An alternative when doxycycline is contraindicated is oral rifampicin 300 mg 
x 2 for two weeks (48, 175). A treatment regimen that has been used 
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successfully in one of the first identified human cases was rifampicin 450 mg 
twice daily in combination with doxycycline 100 mg twice daily for six weeks. 
The patient was an immunocompetent 61-year-old male with suspected blood-
culture negative endocarditis involving prosthetic material. The treatment fol-
lowed the recommended guidelines for treatment of intracellular rickettsial 
bacteria with endocardial involvement (36). A transient response to mero-
penem has been noted in a few cases, but treatment with meropenem is not 
recommended (46). 

Transfusion-transmitted infections 
Blood-transfusion therapy is an important and sometimes life-saving treat-
ment option in many medical conditions. Transmission of infectious diseases 
from donor to recipient is a well-known risk, and transfusion-transmitted in-
fections (TTI) involve bacteria, viruses, protozoa, and prions (21, 149). Pre-
vention of TTIs has been and remains a crucial part of blood-transfusion safety 
(21). Screening for syphilis in blood donors was initiated in the 1940s and was 
followed by hepatitis B surface antigen (HBsAg) testing in the early 1970s 
(149). Since then, screening has been established for several pathogens includ-
ing HIV and hepatitis C (21). In Sweden, blood donors are routinely screened 
for hepatitis B and C, HIV, and syphilis. In addition, first-time donors are 
screened for human T-lymphotropic virus type 1 and 2 (HTLV), and if appli-
cable, for Chagas disease (153). 

A substantial decrease in TTIs during the 1980s and 1990s was elicited by 
improvements in both donor screening and testing, and in viral inactivation of 
plasma derivatives (24). Today, the major infectious risks associated with 
blood transfusions are bacterial contamination of blood products, especially 
platelets, and septic transfusion reactions (21). During the last decades, several 
emerging infectious agents that could threaten the blood supply have been 
identified, including vector-borne agents like Babesia spp., Dengue virus, 
West Nile virus and Zika virus (135, 150) (21, 24). It is estimated that over 
60% of EIDs of concern for the blood supply are zoonotic in origin (21). 
Lately, concerns have grown that climate change and emerging infections are 
posing an increased threat to the blood supply (21, 135). 

Prerequisites for transmission by transfusion 
For a TTI to occur, several conditions must be fulfilled. The pathogen must 
be blood-borne, must survive the processing and storage of blood products, 
remain infectious by the intravenous route and be able to cause disease in at 
least a part of the recipients following transfusion (33, 149, 150). Since donors 
with infectious symptoms are excluded from donation, an asymptomatic, 
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infectious phase in the donor is also a prerequisite for transmission to occur 
(45, 149). 

Immunosuppressed recipients 
Transfusion-associated transmission of infectious agents is of special concern 
for persons who are immunosuppressed either by disease or treatment. (15, 
83). Patients with transfusion-transmitted babesiosis or rickettsiosis generally 
show a more severe illness, since they often have one or several risk factors 
for severe disease, i.e., age, lack of a spleen, cancers and use of immunosup-
pressive therapy (15, 86, 93). Furthermore, approximately a fifth of transfu-
sion-transmitted babesiosis cases are fatal (21, 167). 

Transfusion-transmitted tick-borne infections 
Even if vector-borne disease agents can be found in blood, they are not clas-
sified among other blood-borne diseases like HIV. Transmission generally 
does not occur by direct blood contact, but rather through a vector, such as a 
tick or a mosquito (101). Consequently, the fauna of vector-borne diseases 
will vary geographically depending on vector species distribution and compe-
tency (15, 83). However, several TBDs have been identified as TTIs (hence-
forth referred to as tick-borne transfusion-transmitted infections [TTTIs]). The 
intraerythrocytic protozoan Babesia spp. has been identified as one of three 
agents of greatest concern to recipient safety in the United States and Canada 
(33, 149, 150) and has been recognised as a potential threat to both the Euro-
pean (135) and the Swedish (152) blood supply. 

Upon collection at blood banks, whole blood is separated into several com-
ponents (red blood cells [RBCs], platelets, and plasma) (99). Plasma may also 
be collected by plasmapheresis. The intracellular nature of many tick-borne 
agents makes them well suited for transfusion-mediated transmission (83). 
Different intracellular tick-borne agents have different cell tropisms that affect 
their prevalence and density in human blood, and thus the probability of trans-
fusion-mediated transmission (99). RBC and platelet units usually contain 
white blood cells, and this facilitates the transmission of A. phagocytophilum 
(which predominantly infects granulocytes) and of E. chaffeensis (which pre-
dominantly infects monocytes and tissue macrophages) (15, 109). Further-
more, as all tick-borne agents may also circulate freely in the plasma, any 
blood component could theoretically contain infectious organisms (99). 

Several tick-borne agents have been shown to survive standard storage con-
ditions. For instance, A. phagocytophilum can survive in whole blood under 
refrigerated storage conditions for up to 18 days (109) and B. miyamotoi has 
been shown to survive standard storage conditions of most human blood com-
ponents, but the spirochetes are killed by freezing conditions (160). The ability 
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of N. mikurensis to survive the processing and storage of blood components is 
unknown. 

The time from the first attachment of the tick until the successful transmis-
sion of the pathogen is called the grace period (Figure 1) (99). It is followed 
by the incubation period, i. e. the time from transmission of the agent to de-
velopment of clinical symptoms. Figure 1 illustrates that an agent can poten-
tially be transmitted by blood transfusion when it occurs in the blood stream. 
During this period, the donor might be asymptomatic, presymptomatic or 
symptomatic. Donors who are asymptomatic or presymptomatic pose the 
greatest risk to the blood supply, since they will not be deferred based on 
standard exclusion criteria, even though they might have infectious organisms 
circulating in their blood (24, 99). 

 
Figure 1. The Development of Tick-borne Infection in Humans. Adapted from (145). 
The agent can be transmitted by blood transfusion during the time that it occurs in the 
blood stream. Reprinted with permission from John Wiley and Sons. 

Besides the length of the asymptomatic/presymptomatic period, other factors 
that influence the frequency with which an infection is transmitted to blood 
recipients are how often blood is donated from the infectious donor during this 
period, how long the agent can survive during processing and storage of blood 
components as well as the immune status of the recipient (150). In addition, 
the risk is higher for recipients who are transfused with multiple units (21). 

The incubation period for transfusion or transplant transmitted tick-borne 
infections like anaplasmosis, ehrlichiosis, and babesiosis tends to be longer 
than the typical incubation period for a tick-transmitted infection (109). For 
instance, the incubation period for transfusion-transmitted babesiosis can be 
up to six months (86). The time to onset of symptoms is affected by colony 
size, by the site of the inoculated agent and by the recipient’s immune status. 
Prolonged incubation periods after blood transfusions present a challenge to 
clinicians, since a transfusion performed several months preceding the onset 
of symptoms is not always recognised. 
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Transfusion-transmitted tick-borne rickettsial pathogens 
Among the transfusion-transmitted tick-borne rickettsial pathogens, A. phag-
ocytophilum is the most frequently reported (15, 109). Transmission of A. 
phagocytophilum has been reported from red blood cell and platelet compo-
nents as well as from solid organ transplants and include fatal cases. Trans-
mission by transfusion has also been reported for E. chaffeensis (15, 109). 
The risk of transfusion-transmitted anaplasmosis and ehrlichiosis is lowered 
but not eliminated by leukoreduction (see below for explanation) (15). It is 
noteworthy, that most of the components implicated in transfusion-transmitted 
cases were leukoreduced (109). Leukoreduced platelets have been implicated 
as a transmission vehicle in a probable case of transfusion-transmitted ana-
plasmosis (165). R. rickettsii, the agent causing Rocky Mountain Spotted Fe-
ver, primarily infects vascular endothelial cells, and, less commonly, smooth 
muscle cells of small and medium vessels. Transmission by transfusion has 
been reported but is rare (15). Although the above-mentioned tick-borne 
agents are obligate intracellular bacteria, they can circulate as free organisms 
in plasma (15). 

Transfusion-transmitted neoehrlichiosis 
Due to the ability of N. mikurensis to cause persistent asymptomatic blood-
stream infections, concerns have been raised regarding its potential to be trans-
mitted by blood transfusion (127). Transmission by transfusion has not yet 
been reported, but it has been suspected as a transmission route at least once 
(46). Many factors remain unknown: the minimal infective dose, the incuba-
tion period following a tick bite, the duration of infectiousness and how long 
N. mikurensis can survive and remain viable under blood storage conditions. 

Blood safety control measures 
Blood safety control measures include: 
 

a) Donor management strategies 
i. Identification and deferral (disqualification) of donors at 

risk based on risk factor questionnaires 
ii. Testing of donors at risk 

iii. Testing all donors 
b) Selective testing of components designated for high-risk individu-

als 
c) Product manipulation 

i. Leukoreduction 
ii. Pathogen-reduced blood components 
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Mitigation strategies for preventing TTTIs 

To prevent the risk of TTTIs, several mitigation strategies can be used, alone 
or in combination. 

Donor management strategies 
Donor management strategies can include the identification and deferral of 
donors at risk, for example by risk factor questions, by testing the donated 
blood, or testing all donated blood for any or all tick-borne agents (83). Donors 
with symptoms of infectious diseases are excluded from donation, but this 
strategy can miss donors with TBDs who are in the presymptomatic period or 
persons with mild or asymptomatic illness (99). Deferral of donors who live 
in or have travelled to specified disease-endemic areas is used for TTIs like 
West Nile virus and Chagas disease (143). Applying this approach to TBDs 
may lead to exclusion of a large number of healthy donors (99). 
Excluding donors who are exposed to ticks has been suggested as a potential 
donor management strategy (83, 99). However, the recollection of tick bites 
is not a good marker for TBD, as has been shown repeatedly (11, 24, 82). 
Blood donors who are seropositive to TBDs are often no more likely to re-
member tick bites than seronegative donors (99). Furthermore, it has been ar-
gued that reporting tick bites might be part of a tick avoiding behaviour, which 
is characterized by preventive measures like using insect repellent and fre-
quent examination for and prompt removal of ticks, leading to a lower risk of 
acquiring a TBD. Since several tick-borne agents are not transmitted to the 
host until the tick has fed for 48 to 72 hours, this behaviour could reduce the 
risk of pathogen transmission (83). 

Another proposed strategy is to limit blood donations in disease-endemic 
areas during months with high tick activity (83). However, since tick season 
usually expands over several months, this strategy would exclude a large part 
of donations, thereby risking a restraint on the blood supply. Furthermore, 
several TBDs, e.g. babesiosis and neoehrlichiosis, have chronic carrier states 
making seasonal restriction less useful (99). So far, no practical screening 
method has been identified to prevent asymptomatic donors infected with tick-
borne rickettsiae from donating blood products (15). Since every tick-borne 
pathogen has its own geographical distribution and seasonal dynamics and is 
dependent on its vectors and reservoirs, applying donor screening strategies 
to prevent TTTIs would be an enormous challenge and is suggested against 
(99). 

Donor testing can be performed with antibody assays, with nucleotide am-
plification techniques (NAT) like PCR or through a combination of both. Pos-
itive antibody titres are not always indicative of active infection, since sero-
positivity could be due to previous exposure or cross reactivity. Furthermore, 
a measurable antibody response takes a while to develop and fails to exclude 
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presymptomatic donors who are in a “window period” (83, 99). NAT-screen-
ing is the preferred option for detection of newer TTIs like West Nile virus, 
Zika virus and B. microti (21). For some infectious diseases, like neoehrlichi-
osis, serology is not available. 

Selective testing of components 
Selective testing of components which are designated for recipients with in-
creased risk for severe disease has been proposed as a possibility, and a similar 
approach is used to prevent cytomegalovirus transmission in the US (24). 

Product manipulation 
Product manipulation is an evolving area and aims at reducing, inactivating, 
or eliminating pathogenic agents in donated blood (83). Methods include leu-
koreduction and pathogen inactivation techniques. 

Leukoreduction 
Leukoreduction is the process of filtering white blood cells from blood com-
ponents in order to decrease the risk of transfusion transmission of white blood 
cell-associated infectious agents (99). Leukoreduction has mainly been used 
to prevent the transmission of viral pathogens and adverse transfusion re-
sponses attributable to human leucocyte antigen (HLA) alloimmunization and 
to minimize febrile nonhemolytic reactions (83). Many tick-borne agents have 
a cell tropism for white blood cells, thus leukoreduction can reduce their trans-
mission efficacy (83). Nonetheless, since all tick-borne agents may also cir-
culate freely in the plasma, any blood component could theoretically contain 
infectious organisms and the risk of transfusion transmitted infection is low-
ered but not eliminated by leukoreduction (15, 99). 

Pathogen inactivation techniques 
Physical and chemical processes have been used to inactivate pathogenic 
organisms in donated plasma since the 1980s. Since therapeutic efficacy 
of the transfused cells can be affected in such processes, it is more chal-
lenging to apply pathogen reduction techniques to cellular blood compo-
nents (RBCs and platelets). For platelets, two different pathogen reduction 
techniques have been in use since 2005. Pathogen reduction processes for 
treating RBCs or whole blood are not yet commercially available but are 
currently undergoing clinical trials (21). Pathogen inactivation prevents 
replication of any genetic material in blood components and usually in-
volves photoexcitation of an inactivating compound added to a blood com-
ponent (33, 86). 

The obvious advantage with pathogen reduction techniques is that, with 
some exceptions (mainly non-enveloped viruses and prions), all kinds of 
pathogens are inactivated. This is a more proactive approach than different 
screening strategies, and many EIDs will be inactivated even before they are 
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known to be a risk to the blood supply (21, 77). Nevertheless, pathogen in-
activation comes at an additional cost, even if this by some means could be 
balanced by the discontinuation/modification of some donor screening pro-
tocols (77). 

Hemovigilance and look-back investigations 
Hemovigilance is defined by the International Haemovigilance Network (184) 
as: 

a set of surveillance procedures of the whole transfusion chain (from the col-
lection of blood and its components to the follow-up of its recipients), intended 
to collect and assess information on unexpected or undesirable effects resulting 
from the therapeutic use of labile blood products, and to prevent their occur-
rence and recurrence. 

Hemovigilance systems initially developed in the 1980s in a response to trans-
fusion-transmitted infections such as HIV and hepatitis. Over the years, the 
scope has expanded to cover the entire transfusion chain. In Sweden, he-
movigilance systems are regulated by national law, the National Board of 
Health and Welfare, the Swedish Medical Products Agency and EU-directives 
(155, 187). Depending on the scope of the report, adverse events and reactions 
related to blood products are either reported to the Health and Social care In-
spectorate or the Swedish Medical Products Agency, or both. Epidemiological 
data related to blood donation and transfusion is also reported by the Public 
Health Agency of Sweden with support from the Swedish Society for Clinical 
Immunology and Transfusion Medicine. Furthermore, since 2004, the society 
has a parallel hemovigilance system, Blodövervakning i Sverige, which col-
lects more extensive data (187). 

All identified TTIs should be reported to the appropriate authorities, to in-
itiate timely tracking and recalling of co-components as well as donor and 
recipient tracing (15). Look-back investigations are initiated upon recognition 
that a possible transmission of an infectious agent from a donor to a recipient 
has taken place. This occurs when infectious donors are identified through 
donor screening or when an outside source reports identification of an infec-
tious donor or infected recipient to the blood bank (70). 
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Rationale for this thesis 

Ever since I first heard of the concept of emerging infectious diseases, it had 
me intrigued and fascinated. Being an infectious diseases physician with a 
background in the field of biology, the emerging tick-borne pathogen N. miku-
rensis immediately drew my attention. When I first started my research in 
2012, little was known about the bacterium and only a handful of human cases 
had been reported. Since then, knowledge has grown, but many aspects are 
still unclear. TBDs are often discovered in a “reversed way”, where the disease 
is detected years after the discovery of the tick-borne microorganism. This 
undoubtedly applies to N. mikurensis, which was discovered in ticks in 1999, 
and the first human case was reported eleven years later. When diseases are 
reversely discovered, information on incidence, clinical manifestations, sever-
ity, and disease burden is initially unclear. Estimating the public health risks 
of these diseases can be challenging. To confirm pathogenicity, incidence, and 
geographical distribution, further research is necessary on many levels, in-
cluding ecology, epidemiology and case reports (163). 

Even though the first human case of neoehrlichiosis was diagnosed in Swe-
den (174), information is still scarce on the prevalence in different Swedish 
populations and the impact on public health. For instance, the prevalence of 
N. mikurensis in ticks infesting migrating birds in Sweden is unknown. Ini-
tially, case reports of neoehrlichiosis mainly involved immunosuppressed pa-
tients, but there is growing evidence that immunocompetent individuals can 
display a wide range of symptoms. Every case report adds information to the 
increasing knowledge of the clinical aspects of human disease, including re-
sponse to treatment and the presence of co-infections. 

The ability of N. mikurensis to cause persistent asymptomatic bloodstream 
infections has raised concerns regarding transfusion-mediated transmission 
and blood safety, but this has not been studied. Furthermore, recipients of 
blood components often have one or several risk factors for developing severe 
neoehrlichiosis, raising questions about the need for mitigation strategies. 
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Aims 

Overall aim 
The overall aim of this thesis was to gain a better understanding on the emerg-
ing tick-borne pathogen N. mikurensis in Sweden, focusing on human infec-
tions and public health aspects. Neoehrlichiosis can be severe in immunosup-
pressed patients, and there is growing evidence that immunocompetent indi-
viduals can display a wide range of symptoms. TBDs span over a wide range 
of areas like ecology, zoonotic diseases, climate change, vector biology, mi-
crobiology, diagnostic methods, human disease, clinical aspects, surveillance, 
preparedness, and the One health concept. I had to limit my attention to some 
of these areas. aspects on neoehrlichiosis. Given that I have worked as an in-
fectious disease physician and in public health for the last 15 years, my focus 
has been on the clinical and public health. Along the road, my focus has 
shifted, and new knowledge has carried me from the wings of a bird to ques-
tions about blood bank safety. 

Specific aims 
• To investigate the prevalence of N. mikurensis in ticks collected from 

migratory birds, and to evaluate their role as transmission hosts (paper 
I). 

• To study the prevalence, rate of co-infections, clinical symptoms, and 
cytokine response to N. mikurensis infections in tick-bitten individu-
als participating in the Tick-Borne Diseases (TBD) Study (paper II). 

• To evaluate patients with persistent symptoms after known or sus-
pected TBD, and where chronic borreliosis or variants thereof had at 
some point been proposed as a conceivable cause. For the scope of 
this thesis, the main questions were the prevalence and clinical aspects 
of N. mikurensis in this population (paper III). 

• To understand the role of N. mikurensis as an emerging pathogen of 
concern for blood safety. To assess the risk of transfusion-mediated 
transmission of N. mikurensis by studying its prevalence in blood do-
nors in southeastern Sweden, and by tracing and testing of recipients 
transfused with donations from N. mikurensis-positive donors (paper 
IV). 
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Materials and methods 

Overview of the included studies 
An overview of the included studies in this thesis is presented in Table 1. 

Table 1. Included Studies. A total of 1 332 individuals were included in papers II-IV. 

Paper 
 

Study popula-
tion 

Sample 
size 

Molecular methods for identifica-
tion of N. mikurensis 

Prevalence of 
N. mikurensis 

I Ticks collected 
from migrating 
birds 

1 150 ticks Real-time PCR targeting the 16S 
rRNA gene, confirmation with real-
time PCR targeting the groEL gene, 
sequencing. 

24/1 150 (2.1%) 

II Persons bitten 
by ticks 

102 partici-
pants 

Real-time PCR targeting the groEL 
gene, confirmation with real-time 
PCR targeting the 16S rRNA gene, 
sequencing. 

2/102 (2.0%) 

III Patients with 
persistent symp-
toms attributed 
to presumed 
tick-bite expo-
sure 

224 patients Real-time PCR targeting the groEL 
gene, confirmation with real-time 
PCR targeting the 16S rRNA gene, 
sequencing. 

3/224 (1.3%) 

IV Blood donors 1 006 blood 
donors 

Real-time PCR targeting the groEL 
gene, confirmation with nested 16S 
rRNA PCR, sequencing (blood do-
nors). 
Real-time PCR targeting the groEL 
gene, confirmation with real-time 
PCR targeting the 16S rRNA gene, 
sequencing (follow-up and recipi-
ents). 

7/1 006 (0.7%) 

Polymerase chain reaction, PCR 
In all four studies, the polymerase chain reaction, PCR, was used to detect N. 
mikurensis DNA (papers I-IV). PCR is an in vitro technique for amplifying a 
specific DNA fragment to billions of copies (amplicons) in a short time. Am-
plification is primer-directed, and each PCR cycle constitutes of three steps: 
denaturation, primer annealing, and extension. Thirty to 40 PCR cycles are 
generally required to generate enough PCR product for further analyses. In 
conventional PCR, the end-point product is analysed by agarose gel 
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electrophoresis and visualised with ethidium bromide after the PCR is com-
plete. This contrasts with real-time PCR, where the product is detected during 
cycling by measuring the production of fluorescence. Amplicons can be fur-
ther analysed in a melting curve analysis. The point on the melting curve 
where the product (fluorescence) crosses a predetermined threshold is called 
the crossing threshold (Ct). A lower Ct-value corresponds to a higher amount 
of target sequence in the sample (156). The nonspecific fluorescent dye SYBR 
Green was used in the real-time PCR applied in paper I and paper IV (blood 
donors). All positive samples were subject to further melting curve analysis 
and sequencing to verify positive signals. 

In a nested PCR, the product from a primary PCR is directly reamplified in 
a second PCR. Two sets of primers (first and nested) and two separate stages 
of PCR are used. The nested primers anneal to a sequence internal to the re-
gion flanked by the first primers. By applying a nested approach, both sensi-
tivity and specificity of the reaction are increased. A nested PCR was em-
ployed for phylogenetic analyses in paper I and IV. 

Paper I 
Bird trapping 
All birds were trapped during the normal trapping activities of staff members 
at the Ottenby Bird Observatory (56° 120 N, 16° 240 E), Sweden. For birds 
caught two or more times, each capture was counted separately. 

Tick collection and identification 
Ticks were collected from migratory birds caught at Ottenby Bird Observatory 
during 2009 (Figure 2). In total, 5 365 birds were examined and 1 335 ticks 
from 748 different birds were collected. Of these, 21 ticks could not be re-
moved from the bird and 162 ticks were lost due to technical problems during 
nucleic acid extraction, resulting in 1 150 ticks available for analysis. Ticks 
were morphologically identified based on photographs and on descriptions in 
(8, 37, 57, 60). Developmental stage, sex of adults and genus of larvae, 
nymphs and adults was recorded as well as an estimation of the amount of 
blood ingested by each tick. Since determination of species by morphological 
traits was uncertain in some cases, all nymphs and adults were further 
screened by molecular methods targeting the mitochondrial gene cytochrome 
C oxidase subunit I (COI) (96). As a template in the PCR reactions, the cDNA 
from the N. mikurensis screening was used. Samples not identified by the COI 
method were further analysed by targeting the mitochondrial 16S rDNA gene 
(57). Positive samples were sequenced with the forward primer at a commer-
cial centre (Macrogen Europe, The Netherlands). 
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Figure 2. Adult Male Eurasian Blackbird (Turdus merula) Showing Four Ticks  
(Ixodes spp.) Around the Eye and Gape. Photo: Ottenby Bird Observatory. 

Molecular detection, sequencing, and phylogenetic analysis 
After total nucleic acid extraction and cDNA synthesis as described in (179), 
cDNA was screened using a real-time PCR protocol to generate 107 bp DNA 
fragments. The protocol included specific primers targeting the N. mikurensis 
16S rRNA-gene and the 2X iQ SYBR Green supermix (Bio-Rad Laboratories, 
USA. Positive samples were further examined using a real-time PCR protocol 
targeting the N. mikurensis groEL gene (3). For phylogenetic analysis pur-
poses, a 1262 bp of the N. mikurensis 16S rRNA gene was sequenced by em-
ploying a nested PCR method. Sequencing was performed by the Sanger 
method (Macrogen Europe, The Netherlands) after purification of amplified 
products. 

Paper II 
Study population – individuals bitten by ticks 
The Tick-Borne Diseases STING Study (TBD STING) is a prospective epi-
demiological multi-centre study including persons bitten by ticks from Swe-
den and the Åland Islands, Finland (43, 177, 179, 180). The study was initiated 
in 2007 and aimed at investigating the prevalence of pathogens in ticks that 
have fed on humans and the risk of developing TBD after a bite by an infected 
tick. Ticks, human blood samples (EDTA blood and serum) and health ques-
tionnaires were collected at time of inclusion and at a three-month follow-up. 
During the years of 2008-2012, a total of 102 out of 3 248 study participants 
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sought medical care during the three-month study period. These 102 individ-
uals constituted the study population in paper II. They were further examined 
by a physician, provided additional blood samples and their medical records 
were retrieved (Figure 3). 

 
Figure 3. Study Design of the TBD-STING Study. Participants who sought medical 
care at an extra visit during the study period (red box, n = 102) were included in paper 
II. 

Molecular techniques and cytokine analyses 
DNA was robot-extracted (MagNA Pure Compact Extraction Robot; Roche, 
Basel Switzerland) from 400 µl EDTA-plasma that had been stored at −70°C. 
Initial detection of N. mikurensis was performed by screening all DNA sam-
ples by a N. mikurensis-specific real-time PCR directed at a 169-bp segment 
of the groEL gene spanning the nucleotides 1 100–1 180. To estimate bacterial 
gene copy numbers, a synthetic plasmid containing the 169-bp sequence 
cloned into a pUC57 vector (Genscript, Piscataway, NJ, USA) was used. Pos-
itive samples were confirmed with a panbacterial PCR targeting a 766 bp-
segment of the 16S rRNA gene (174). Amplified DNA from the real-time N. 
mikurensis PCR and the panbacterial PCR were separated on a 2% agarose gel 
stained with ethidium bromide, DNA bands were cut out, purified, and sub-
jected to cycle sequencing (142). The PCR products were analysed using an 
ABI PRISM 3130 genetic Analyzer (Life Technologies Europe BV, Ble-
iswijk, Netherlands). After DNA sequence editing, the GenBank BLAST pro-
gram and Ripseq mixed software (Isentio, Palo Alto, CA, USA) were used for 
sequence comparisons. Patient serum samples were analysed for antibodies 
against B. burgdorferi sensu lato (Re-comBead Borrelia IgM and IgG Kit, 
Mikrogen Diagnostik, Neuried, Germany) and A. phagocytophilum (A. phag-
ocytophilum IFA IgG Kit (Focus Diagnostics, Cypress, CA, USA)). The 
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concentration of 20 cytokines in serum was analysed using Bio-Plex suspen-
sion array systems and the Bio-Plex Manager software version 6.1. 

Paper III 
Study population – patients with persistent symptoms attributed 
to presumed tick bite exposure 
Patients referred to the Centre for Vector-Borne Infections (CVI), Uppsala 
University Hospital, were enrolled during the years of 2015-2018. At least 
four of seven predefined inclusion criteria had to be fulfilled to participate in 
the study. A duration of symptoms of at least six months was mandatory. The 
other six criteria were: a) age 18 years or more with suspicion of previous 
TBD based on i) previous tick exposure, ii) symptoms consistent with tick-
borne infection, iii) laboratory findings (i.e., microbiological results), iv) pre-
vious treatment for TBD and/or v) laboratory or clinical suspicion of co-in-
fection with other TBD. Patients were excluded if another diagnosis was made 
that undeniably explained their symptoms. During the study period, 255 pa-
tients who fulfilled the inclusion criteria were assessed. Thirty-one declined 
sampling or were not able to participate. After completing the clinical evalu-
ation, the remaining 224 patients were divided into two groups for analytical 
purposes; those who met the criteria for post-treatment Lyme disease syn-
drome (PTLDS) and those who did not. The latter group was further divided 
into four subgroups based on microbiological results regarding borreliosis and 
other TBDs (Table 1 in paper III). The criteria used for PTLDS were in ac-
cordance with the Swiss and US case definitions of PTLDS (111), namely: a 
clinically and/or laboratory documented episode of borreliosis that, despite 
appropriate antibiotic treatment, within six months post-treatment leads to a 
constellation of disabling symptoms consisting of at least one of the following: 
fatigue, widespread musculoskeletal pain, or cognitive problems. 

General outcome measure 
All patients were interviewed and physically examined by an infectious dis-
eases specialist and completed a standardized questionnaire covering a broad 
range of questions regarding symptoms, tick exposure, and experience of pre-
vious antibiotic, steroid, or anti-inflammatory treatment. RAND-36, a ques-
tionnaire measuring the health-related quality of life, was used to map indi-
vidual basic health factors and to compare these to burden of disease. A lower 
score corresponds to a more severe disability. 
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Statistical analysis 
Fisher’s exact test and Kruskal-Wallys test were applied for testing between-
group differences. Statistical tests were 2-tailed, and the significance level was 
set at p<0.05. All p-values were adjusted for multiple comparisons. For statis-
tical analyses, the R version 3.5.0 statistical software was used. 

Laboratory investigations 
All participants underwent a standardized panel of blood and CSF laboratory 
tests including haematological, biochemical, immunological, and microbio-
logical analyses. Most tests were performed as part of routine diagnostics at 
the Academic University Hospital, Uppsala, Sweden. PCR of N. mikurensis 
in blood was performed at Sahlgrenska University Hospital Laboratory, 
Gothenburg, applying the same PCR protocol as in paper II. 

Overall assessment of outcomes 
The research group assessed each patient’s overall results in plenary and a 
consensus statement was sent to the referring physician including recommen-
dations regarding additional sampling, antibiotic treatment, or referral of the 
patient for further investigation. 

Paper IV 
Study population – blood donors 
During June to August 2019 and February to November 2021, a total of 1 007 
blood donors were recruited from the three blood banks in Kalmar County. 
Upon inclusion, participants donated an additional 7.5 mL EDTA whole blood 
for study purposes in parallel to the routine 450 mL donation and completed 
a questionnaire containing questions about tick exposure, tick bites, history of 
previous TBD, current medication and whether they owned any pets, had been 
splenectomised or had received blood transfusions (Table 2). 

Molecular detection and sequencing of N. mikurensis  
After DNA extraction from whole blood, detection of N. mikurensis was done 
by using a SYBR green real-time PCR assay targeting the groEL gene (3). 
Positive samples were further analysed with a nested PCR, resulting in a 1259 
bp of the N. mikurensis 16S rRNA gene. The amplified product was purified 
and sequenced by the Sanger method (Macrogen Europe, The Netherlands). 
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Table 2. Blood Donor Questionnaire. 

Question Response options 
Do you often spend time outdoors? No/Yes 
Do you often get bitten by ticks? No/Yes 
How many times have you been bitten by a tick 
this season? 

0 times, 1-4 times, 5-9 times, 10 or more times, 
Don’t know 

When was the last time you were bitten by a tick 
and in what geographical location did this hap-
pen? 

 

Have you previously been diagnosed with a tick-
borne disease (borreliosis, TBE or other) 

No/Don’t know/Yes 
If yes, please state which disease, 
date/month/year, what kind of treatment you re-
ceived and where you were treated. 

Do you have any pets? No/Yes 
If yes, please state which pets. 

Are you taking any medications? No/Yes 
If yes, please state which medication. 

Has your spleen been removed? No/Yes 
If yes, please state when and why. 

Have you received any blood transfusions? No/Yes/Don’t know 
If yes, please state when.  

Follow-up and treatment of positive donors 
Blood donors with N. mikurensis DNA in blood were followed up by a phone 
interview conducted by an infectious diseases specialist (L. Labbé Sandelin) 
and were offered further blood sampling including a new real-time PCR for 
N. mikurensis. The latter was performed at Sahlgrenska University Hospital 
Laboratory, Gothenburg, Sweden. If symptoms possibly caused by neoehr-
lichiosis were reported, donors were assessed clinically by an infectious dis-
eases physician. Donors with N. mikurensis DNA in blood at follow-up were 
offered doxycycline 100 mg bid for three weeks. After the cessation of treat-
ment, an additional N. mikurensis PCR was performed. All donors with de-
tectable N. mikurensis DNA in blood were deferred from donating blood until 
PCR analysis was negative at follow-up, either after spontaneous clearance or 
after treatment. 

Look-back investigation and recipient testing 
A look-back investigation with tracing of cellular components was initiated 
upon recognition that a donor was positive for N. mikurensis (70). The blood 
donation in which N. mikurensis DNA was detected was considered the index 
donation. Look-back was performed on the index donation and on all consec-
utive donations following the index donation date. Testing of recipients with 
N. mikurensis-PCR was recommended and was performed at Sahlgrenska 
University Hospital Laboratory, Gothenburg, Sweden. 
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Statistical analysis 
Differences between donors with and without N. mikurensis DNA in blood 
regarding results from the questionnaire were analysed using Mann-Whitney 
U-test for age and Fisher’s exact test for categorical variables. Differences 
between inclusion years regarding number of tick bites and spending time out-
doors were analysed using Chi-Square test. 

Ethics  
In study I, bird trapping was conducted under a general ringing licence from 
the Swedish Ringing Office (Ringmärkningscentralen, Naturhistoriska riks-
museet) in accordance with Swedish regulations. Sampling of birds was ap-
proved by the Swedish Board of Agriculture, delegated through the Animal 
Research Ethics Committee in Linköping (decision 43-09). 

Study II was reviewed and approved by the Ethics Committees of Linköping 
University (M132-06), and Åland Health Care (2008-05-23). Written in-
formed consent was obtained from all participants. 

Study III was reviewed and approved by the Swedish Ethical Review 
Authority, Uppsala, Sweden (reg. no. 2015/249). Written informed consent 
was obtained from all participants. 

Study IV was reviewed and approved by the Regional Ethics Review Board 
in Linköping (reg. no. 2017/227-31 and 2019-06034). Written informed con-
sent was obtained from all blood donors. The ethical permit also included 
look-back and tracing of recipients. 
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Results 

Paper I 
Species composition of birds and ticks 
During the ringing season of 2009, a total of 5 365 birds were captured. Alto-
gether, 65 different species were caught, of which 35 species were infested 
with one or more ticks. Tree pipit (Anthus trivialis), thrush nightingale (Lus-
cinia luscinia) and common blackbird (Turdus merula) were the most com-
monly tick infested bird species with 87.7%, 78.4% and 64.8% infestation 
rates, respectively. In total, 1 150 ticks were screened for N. mikurensis. These 
constituted of two adult females, 582 nymphs, 548 larvae, and 18 undeter-
mined. 

Applying morphological identification, 1 110 ticks were determined as Ix-
odes spp., 12 as Haemaphysalis spp. and four as Hyalomma spp. In 24 ticks, 
genus identification was not possible. Due to N. mikurensis being recorded 
only from nymphs, all nymphs and the two adult female ticks were further 
analysed by PCR targeting the COI and 16S rDNA genes. A major part of 
these ticks was I. ricinus nymphs. Albeit in low numbers, other tick species 
recorded were I. arboricola, Hyalomma marginatum, and I. frontalis. 

Prevalence and phylogenetic analysis of N. mikurensis in ticks 
Applying the 16S-based PCR method, 49 ticks (4.3%) were positive for N. 
mikurensis, and 31 of these remained positive after the groEL-PCR screening. 
N. mikurensis sequences were obtained from 24 out of the 31 samples that 
were positive in screenings with both methods. Alignment and phylogenetic 
analysis (132) revealed that the N. mikurensis sequences were identical to each 
other as well as to three other European strains, including those detected in 
humans (Figure 1 in paper I). 

Based on gene sequence identification, 2.1% (24/1150) of analysed ticks 
were concluded to be N. mikurensis-positive. All N. mikurensis-infected ticks 
were nymphs and 22 of them were identified as I. ricinus. The remaining two 
N. mikurensis-positive ticks were morphologically identified as I. ricinus. In 
molecularly identified I. ricinus nymphs, the prevalence of N. mikurensis was 
4.2% (22/526). N. mikurensis was not found in any of the 548 larvae. 
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Paper II 
Prevalence of N. mikurensis in the study population 
The median age of the 102 study participants was 63 years (range 28-79) years 
and 73/102 (72%) participants were women. All but three participants were 
immunocompetent; two of them had cancer and one used methotrexate. N. 
mikurensis DNA was detected in 2/102 (2.0%) patients. 

Case reports of N. mikurensis-positive participants 
Case 1 
A healthy 68-year-old woman who lived on the island of Tjurkö, southeastern 
Sweden. In August, (on study day 77), she sought medical care due to a rash 
on her right breast (Table 1 in Paper II). She reported being bitten by a tick on 
this location two months earlier. Apart from the rash, she experienced no other 
symptoms. The patient was diagnosed with EM and received phe-
noxymethylpenicillin (1g, 3 times a day for 10 days) whereupon the rash dis-
appeared. She had Ig M against Borrelia OspC and pre-existing Borrelia-spe-
cific IgG titres that increased during the study. Furthermore, she had pre-ex-
isting IgG antibodies against A. phagocytophilum, and levels remained un-
changed during follow-up (Table 1 in Paper II). 

Case 2  
A 57-year-old woman who lived in Kalmar, Sweden. She had a history of 
allergy and was taking aspirin on a regular basis. Eight years earlier, she had 
received treatment for borreliosis. In the beginning of September (on study 
day 65), she sought medical care due to a rash on her left breast (Table 2 in 
Paper II). She had been bitten by a tick in the same location 1.5 months ago. 
She reported no other symptoms than EM. She was diagnosed with EM and 
was treated with phenoxymethylpenicillin (1g, 3 times a day for 10 days), 
whereupon the rash disappeared. Borrelia antigens remained negative 
throughout the study (Table 2 in paper II). On day 0, she presented with bor-
derline levels of IgG against A. phagocytophilum, and the levels increased 
successively on days 65 and 98, respectively. 

Both patients showed increased serum levels of cytokines, apparently mir-
roring the number of N. mikurensis gene copies (Figure 1 in Paper II). Cyto-
kine levels in the first patient peaked on day 77 (at the extra visit) and had 
returned to reference levels on day 167. In the second patient, all cytokines 
except for interferon-γ−induced protein 10, peaked on day 98 (at follow-up). 
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Paper III 
Study population 
During the study period, 255 patients who fulfilled the inclusion criteria were 
assessed. Thirty-one declined sampling or were not able to participate. The 
mean age of the remaining 224 patients was 55 years (range 18-92) and 
121/224 (54%) were women. 

General outcome 
Most reported symptoms were fatigue-related (70%), musculoskeletal (79%), 
neurological (82%), and neurocognitive (57%). A tick bite was recalled by 
74%. A total of 85/224 participants (38%) fulfilled the criteria for PTLDS and 
within this group, EM was documented in 86% of patients, previous neuro-
borreliosis in 15%, and acrodermatitis chronica atrophicans in 3.5%. Docu-
mented/reported objective signs of borreliosis and previous antibiotic treat-
ment was higher in the PTLDS group and in the subgroup with a positive Bor-
relia-serology but no other TBD. When comparing groups, the PTLDS group 
presented with the same clinical and laboratory results as the entire group of 
patients, regardless of previous exposure to TBD. Furthermore, when compar-
ing the groups, no significant differences regarding duration of symptoms, 
previous tick bite, ongoing sick leave or daily activities were seen. 

The health-related quality of life as measured by the RAND-36 score was 
significantly lower than that of the general Swedish population, but no signif-
icant differences were seen between the study groups. Fibrinogen levels were 
moderately increased in 21%, signs of immunological/inflammatory reactivity 
with myositis antibodies were detected in 20% and elevated rheumatic factor 
in 6% of patients. No differences were seen between the PTLDS group and 
the other subgroups, which either lacked previously reported/documented ev-
idence of borreliosis or lacked detectable serological signs of exposure to bor-
reliosis. 

Prevalence of N. mikurensis in the study population 
In total, N. mikurensis DNA was detected in blood in 1.3% (3/224) of the study 
participants. Two cases were assigned to the PTLDS group, and within this 
group, 2/85 (2.4%) of the patients were N. mikurensis-positive. The third par-
ticipant had a negative Borrelia-serology and was assigned to group 3. In this 
group, participants had laboratory signs of another TBD than borreliosis, and 
1/32 (3.1%) of the patients were N. mikurensis-positive. 
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Case reports of patients with N. mikurensis 
Previously unpublished information is included in the case reports below (per-
sonal communication E. Skoog, 12 January 2022). 

Case 1 
A healthy 24-year-old male, who regularly spent time in Poland. A couple of 
years previously, he had an episode of pericarditis not otherwise specified. He 
experienced fatigue and slight depression, beginning in November 2016. A 
month later headache, tinnitus, nausea, sleep disturbances and loss of concen-
tration and memory appeared. Furthermore, he reported numbness in his feet, 
muscular cramps, pain behind both eyes, altered vision, arthralgias, occasional 
night sweats, weight loss, a transitory erythema on the chest, unilateral testic-
ular pain, and sensory impairment and weakness in the left hand. N. mikuren-
sis-PCR was positive in April. Concomitantly, he had IgG-antibodies to A. 
phagocytophilum, Bartonella spp., and borderline levels of IgG against Rick-
ettsia spp. and Borrelia. Borrelia Western blot was positive. Treatment with 
doxycycline was initiated. This led to resolution of some of the symptoms, but 
the pain behind the eyes persisted. The patient was lost to further follow-up 
and retesting with N. mikurensis-PCR was not performed. The medical rec-
ords revealed subsequent psychiatric problems. 

Case 2 
A rather healthy 81-year-old male with a history of psoriasis. He experienced 
an episode of muscular and abdominal pain in 2010, followed by intermittent 
fevers. He was diagnosed with polymyalgia rheumatica whereupon cortico-
steroid treatment was initiated, but ESR remained elevated. He experienced 
general muscle pain ever since. Seven years later, in 2017, this pain led to a 
referral to the CVI. Laboratory findings included a positive N. mikurensis-
PCR in blood, slightly elevated Borrelia IgG-antibodies, negative Borrelia 
IgM, and IgG Western Blot was positive, indicating previous exposure. He 
had negative IgM and borderline IgG antibody levels to Rickettsia spp. Babe-
sia-, Anaplasma- and Bartonella-serologies were all negative. It was assessed 
that the patient had developed neoehrlichiosis on the basis of immunosuppres-
sion with corticosteroids. Doxycycline 200 mg daily for two weeks was initi-
ated, but this did not alleviate his symptoms. Retesting for N. mikurensis was 
performed two and a half years later with a negative result. 

Case 3 
A previously healthy 47-year-old male who spent a lot of time outdoors in his 
work. At the end of December 2017, he suddenly fell ill with headache, neck 
pain and pain in the right eye and on the left side of the face. His vision was 
altered, and he experienced muscular pain. He was diagnosed with hyperten-
sion. Furthermore, he experienced fatigue, loss of concentration and memory, 
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weight loss, nausea, unilateral tinnitus, and unilateral testicular pain. In April 
2019, N. mikurensis DNA was found in blood. No other TBDs were diag-
nosed. Treatment with doxycycline 100 mg bid for three weeks was initiated. 
Retesting was performed some weeks and some months after cessation of 
treatment with negative results on both occasions. Antibiotic therapy did not 
have any immediate effects on his symptoms which slowly decreased over 
months. Concomitantly, the patient has undergone an extensive work-up to 
exclude vasculitis and other differential diagnoses, but no other diagnosis has 
been established. 

Paper IV 
Study population 
A total of 1 007 donors were included in the study. Two did not complete the 
questionnaire, resulting in 1 005 fulfilled questionnaires (Figure 1 and Table 
2 in paper IV). The mean age was 46 years and a total of 487 (49%) women 
and 518 (52%) men were included. None of the study participants were im-
munosuppressed. Two participants stated that they were splenectomised, but 
none of them provided details on when or why this was performed. Forty-three 
(4.3%) blood donors had previously received a blood transfusion. 

Tick exposure and tick bites 
A total of 852/1 004 (85%) of donors often spent time outdoors and 908 (90%) 
had been bitten by a tick at least once (Table 2 in paper IV). At least one tick 
bite the current season was reported by 380 (38%) donors, and 40 (4.0%) of 
them were bitten 5-9 times during the current season. The last tick bite was 
acquired locally within Kalmar County in 737 of 791 (93%) individuals who 
remembered the geographical location. Sixteen (17%) participants were pre-
viously diagnosed with a TBD, predominantly borreliosis. Cats and dogs were 
the most common pets, and 529 (53%) participants had pets. 

Prevalence of N. mikurensis in blood donors 
One blood sample was lost during transport, resulting in a total of 1 006 blood 
samples available for further analyses. N. mikurensis DNA was detected in 7/1 
006 samples, corresponding to a prevalence of 0.7% (95% CI 0.3−1.4). Ct-
values had a mean of 34 and ranged from 33 to 35. All PCR-positive results 
were confirmed by sequencing. All seven sequences were identical to each 
other, to isolates previously reported from ticks collected from migrating birds 
(paper I), and from humans in Sweden. 
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Characteristics of N. mikurensis-positive donors 
Tick exposure and tick bites 
None of the seven N. mikurensis-positive donors were immunocompromised, 
splenectomised or had received blood transfusions. Positive donations oc-
curred from May to August and five of seven donors were recruited at the 
blood bank in Västervik (Figure 3 in paper IV). All N. mikurensis-positive 
donors spent time outdoors and had previously been bitten by a tick at least 
once, three reported 1−4 tick bites during the current season and five had pets. 
The last tick bite was acquired within the county in 5/6 donors. One of the 
positive donors was a forestry worker with a high level of tick exposure. No 
significant differences could be found between N. mikurensis-positive and 
negative blood donors regarding age, sex, blood bank location, inclusion year, 
spending time outdoors, tick bites ever, tick bites this season, last tick bite 
outside of county, previous TBD, pets, medication, splenectomy, blood trans-
fusion or tick season (Table 2 in paper IV). 

Symptoms of neoehrlichiosis and persistence of PCR-positivity 
All seven N. mikurensis-positive donors were retested for N. mikurensis, and 
the mean time between the index donation and retesting was 190 days (range 
111‒318). Two of the seven (28%) N. mikurensis-positive donors were still 
positive at follow-up, 318 and 131 days after the index donation, respectively. 
Ct-values at follow-up were 33 in donor I and 38 in donor VII. One of the 
donors with persistence of PCR-positivity reported slight fatigue during some 
months between the two sampling occasions. Two other donors reported 
symptoms during the follow-up-period, namely headache and pericarditis. 
Both had a negative N. mikurensis-PCR at follow-up. A lumbar puncture per-
formed on the donor complaining of headache showed a normal cell count. 
She was later diagnosed with a tooth infection, which may have been the cause 
of her headache. 

Look-back and recipient tracing 
Ten donations from the seven N. mikurensis-positive donors were subject to 
look-back. These donations resulted in 20 components, of which eight were 
discarded according to the blood banks’ standard procedure. Twelve recipi-
ents, who received transfusions from N. mikurensis-positive donors, were 
identified, and seven of them were tested with a N. mikurensis-PCR with a 
negative result (Supplementary Table 1 in paper IV). Testing was performed 
between 73 and 381 days (mean 201 days) after the transfusion from the N. 
mikurensis-positive donor. Five of the transfused recipients were dead at the 
time of identification of the N. mikurensis-positive donation. and could not be 
tested. Medical records were carefully evaluated by an infectious diseases spe-
cialist, and in all five cases, death was more likely from other diagnoses than 
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from symptomatic neoehrlichiosis. All 12 recipients had one or several risk 
factors for severe neoehrlichiosis. 

Papers II-IV N. mikurensis-positive individuals  
Table 3 shows the characteristics of all N. mikurensis-positive individuals in-
cluded in papers II-IV. 
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Discussion 

Prevalence of N. mikurensis in different populations in 
Sweden 
N. mikurensis was found in low prevalences in all study populations and levels 
were in accordance with previous studies in similar populations. The three 
human populations were sampled from healthy blood donors, tick-bitten indi-
viduals, and patients with persistent symptoms after tick bite exposure. The 
prevalence of N. mikurensis in ticks collected from birds was 2.1% (24/1 150) 
(paper I). This corresponds well with previous findings from Switzerland 
(3.3%) and Denmark (1.7%) (78, 95). In tick-bitten individuals, the prevalence 
of N. mikurensis was 2.0% (2/102, paper II), which is consistent with preva-
lences of 1.1%, 1.6% and 2.3% in China, Poland, and Austria, respectively 
(88, 97, 173). In patients with persistent symptoms attributed to presumed tick 
bite exposure, N. mikurensis was detected in 1.3% (3/224) individuals (paper 
III). Comparable studies on the prevalence of N. mikurensis in this population 
are missing. The prevalence of N. mikurensis in blood donors was found to be 
0.7% (7/1 006), and this is the first report on N. mikurensis in blood donors 
(paper IV). The true prevalence in blood donors might be underestimated, 
since PCR analyses were conducted on frozen samples of whole blood, result-
ing in a lower PCR detection sensitivity. To possibly increase the DNA ex-
traction yield, the buffer volume was reduced to half in the final elution step. 
Furthermore, the concentration of bacterial DNA in analysed samples could 
be below the limit of detection. In the previously mentioned Norwegian study 
that investigated immunocompromised patients, the prevalence of N. miku-
rensis was as high as 7.4% (127). In the control group consisting of 85 patients 
with suspected neurological infection, borreliosis excluded, the prevalence 
was much lower, 1.2%, which is at the same level as the findings in this thesis. 
The authors propose that immunocompromised individuals may be less likely 
to clear the infection. The identified N-mikurensis-positive cases in this thesis 
were all immunocompetent with one exception (Table 3). 

Despite sampling different types of populations, the prevalences were ra-
ther similar, and this raises the question whether some of the findings are in-
cidental. A positive PCR-result proves the presence of DNA from N. mikuren-
sis, indicating either a present or a recent exposure, but this does not neces-
sarily prove an ongoing active infection or a causal relationship of the 
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observed symptoms (86, 163). Nevertheless, with increased knowledge about 
N. mikurensis, it becomes evident that both immunocompromised as well as 
immunocompetent individuals can develop severe disease with vascular and 
thromboembolic complications. 

N. mikurensis sequences retrieved from ticks collected from migratory 
birds in paper I and from blood donors in paper IV were all identical to each 
other as well as to three Swedish strains isolated from humans (Figure 4). This 
shows a close genetic relationship between N. mikurensis found in ticks, in 
blood donors and in patients in the studied area. 

Clinical aspects of neoehrlichiosis 
Symptoms and treatment response in study participants 
Among the 1 332 study participants included in this thesis, 14 individuals with 
a positive N. mikurensis-PCR were identified, mainly in immunocompetent 
individuals (papers II-IV). Characteristics of all N. mikurensis-positive cases 
are shown in Table 3. The majority were asymptomatic. Spontaneous clear-
ance was observed in seven individuals, even though N. mikurensis DNA was 
detected on two separate occasions in two of them (papers II and IV). Two 
tick-bitten individuals presented with EM, and this fining is discussed below 
(paper II). Most patients with persistent symptoms attributed to presumed tick-
bite exposure had received antibiotic treatment for borreliosis (paper III). Af-
ter clinical and laboratory assessment, 14/224 (6.3%) of patients were recom-
mended antibiotic treatment. Six had borreliosis and the second most common 
treatment indication was anaplasmosis or a positive N. mikurensis PCR. 

The three N. mikurensis-positive patients in paper III were selected to par-
ticipate in the study due to long lasting symptoms, and the two younger pa-
tients both showed a plethora of symptoms. Both fell ill during winter, expe-
rienced headache, tinnitus, eye pain, altered vision, nausea, loss of concentra-
tion and memory and unilateral testicular pain. Doxycycline treatment allevi-
ated some, but not all, experienced symptoms. In the first patient, co-
infections with other TBDs and psychiatric comorbidity complicated the as-
sessment of symptoms. In the third patient, an extensive work-up did not find 
any alternative diagnosis that undeniably explained his symptoms, but symp-
toms only decreased slowly upon treatment. These two cases illustrate the 
complex assessments clinicians face at times when seeing patients where one 
or more TBD is suspected. The second patient suffered from general muscle 
pain for several years, and doxycycline had no effects on his symptoms, ren-
dering the positive N. mikurensis-PCR more likely an incidental finding. Nev-
ertheless, as argued by Quarsten et al. (127), to avoid long-term carriage, ac-
tivation of acute disease and vascular events, treatment with doxycycline was 
prudent due to his immunosuppression with corticosteroids. 
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A cladogram showing phylogenetic relationships among N. mikurensis.

 
Figure 4. Phylogenetic Relationships Among N. mikurensis. The neighbour-joining 
tree is based on 865 base pair fragments of the 16S rRNA gene. N. mikurensis se-
quences from blood donor I-VII (paper IV) were compared to Neoehrlichia sequences 
from GenBank, denoted by their accession number and sequence source information. 
KF 155 483, KF 155 501 and KF 155 490 were collected from migratory birds (paper 
I). Numbers at tree nodes indicate statistical bootstrap support for that node, and sup-
port of > 90% for inferred nodes are displayed. Two Anaplasma 16S rRNA gene se-
quences were included as out-group in the mid-point rooted tree, and the Anaplasma 
branch has been truncated to limit tree size. The scale bar represents number of sub-
stitutions per site. 
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In paper IV, N. mikurensis DNA was detected in blood of seven blood donors. 
Donor I complained about slight fatigue during the months following the first 
positive sample. This is a very unspecific complaint, but it was also reported 
by the first patient in paper III and has previously been described in neoehr-
lichiosis (126). The donor was still positive at follow-up almost a year later, 
but by then his fatigue had disappeared. Donor III suffered from a frontal 
headache, which debuted around the time of the positive donation. She even 
bought new glasses, but with no effect on the headache. Due to the headache, 
a lumbar puncture was performed at follow-up. Since Neoehrlichia-PCR at 
follow-up was negative, and the lumbar puncture showed a normal cell count, 
her headache was not considered to be caused by neoehrlichiosis and no treat-
ment was recommended. Borrelia-serology was negative in both plasma and 
CSF. Further investigations after follow-up identified a tooth infection, which 
may have caused her headache. As of yet, there are no records of N. mikurensis 
in CSF, but headache has been observed in several cases (127). Pleocytosis 
was absent in a patient who presented with headache, vertigo and vomiting, 
and who had detectable N. mikurensis DNA in serum. Computed tomography 
and magnetic resonance imaging of the brain were normal, and the patient 
recovered spontaneously without a conclusive diagnosis (51). Headache was 
also reported by the first and third patient in paper III. 

After the time of the positive donation, but some weeks prior to follow-up, 
donor IV was diagnosed with non-specified pericarditis (paper IV). No micro-
biological analyses were performed to secure a diagnosis, and the patient did 
not receive any antibiotic treatment. Since N. mikurensis was not detected in 
the blood sample at follow up, the pericarditis was not deemed to be caused 
by neoehrlichiosis. So far, pericarditis has not been reported in neoehrlichio-
sis, but further observation is warranted. Of note, the first patient in paper III 
also had a history of non-specified pericarditis some years prior to the referral 
to the CVI. Four of the seven N. mikurensis-positive donors, including one 
with persistent infection, did not report any symptoms suspicious of neoehr-
lichiosis around and after the time of the index donation. Noteworthy, all pos-
itive cases included in this thesis were first diagnosed in April to September, 
even if some of them reported onset of symptoms during the winter months 
(Table 3). 

Can N. mikurensis cause erythema migrans? 
The findings in this thesis do not support the notion that neoehrlichiosis can 
cause EM, or that the first-line treatment for EM needs to be adjusted (paper 
II). EM was observed in two tick-bitten individuals, but borreliosis was a more 
probable cause in both. The first patient seroconverted against Borrelia during 
the study and her rash may have been caused by a co-infection with Borrelia. 
The Borrelia serology performed on the second patient was interpreted as neg-
ative throughout the study. In Borrelia culture-positive patients with EM, only 
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50% develop specific antibodies (186) and early treatment for EM can sup-
press the IgG response in some (52), but not all (1) cases. On the other hand, 
the observation that around 20% of EM biopsies do not have detectable Bor-
relia DNA led us to consider the possibility of the rash being caused by N. 
mikurensis. However, both patient patients (as well as 84 of the other 100 par-
ticipants in paper II) were further included in another part of the TBD STING 
study focusing on other TBDs than neoehrlichiosis. In that study, borreliosis 
was found to be the most prevalent TBD, diagnosed with an in-house assay in 
54% (46 /86) of participants (116). Moreover, IgG antibodies against Borrelia 
were detected in both N. mikurensis-positive patients from paper II, and a se-
roconversion to Borrelia was observed in the second patient. This additional 
finding of a seroconversion when using another serological Borrelia assay 
makes it less likely that N. mikurensis caused the patient’s EM. This is further 
supported by the observation that both patients’ EM responded well to phe-
noxymethylpenicillin, a treatment ineffective against the intracellular N. miku-
rensis. In paper IV, it was shown that in a healthy population without symp-
toms, the prevalence of N. mikurensis is 0.7%. Even if N. mikurensis DNA 
has been detected in blood in patients with EM (68, 126), it cannot be excluded 
that this is an incidental finding, at least in some of the cases. Whether there 
is a causal relationship between N. mikurensis an EM remains to be estab-
lished. The observations in paper II corroborate the findings in a Norwegian 
study on EM patients in a general practice setting, where the authors conclude 
that their study does not support a change in practice regarding the first-line 
treatment of EM (35). 

Persistence of N. mikurensis in blood 
Repeated detection of N. mikurensis DNA in blood was found in two tick-
bitten individuals and in two blood donors (papers II and IV; Table 3 and Ta-
ble 4). The mean duration between samplings was 151 days (range 33-318). 
All four individuals were immunocompetent and not splenectomised. The two 
patients in paper II both had EM as solitary symptom, and as discussed above, 
this was most probably caused by a concomitant borreliosis. Both patients 
tested negative at a follow-up some years later. None of them had received 
any antibiotic treatment except the initial course of phenoxymethylpenicillin. 
Thus, both cleared the infection spontaneously. In both patients, the levels of 
proinflammatory- and Th1 cytokines in serum correlated to the serum concen-
trations of N. mikurensis DNA. This observation is corroborated by a study 
which showed that, independent of immune status, pro-angiogenic and type 1 
cytokines are produced as part of the host response to neoehrlichiosis (172). 
Th1 cells are the main regulators of type 1 immunity and play an important 
role in intracellular killing of microbes (147). In contrast, immunosuppressed 
neoehrlichiosis patients produced cytokines required for B-cell-mediated de-
fence, which might be explained by a need to compensate for B cell depletion 
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(172). The cytokine response in the two patients in paper II may in part have 
been caused by a concomitant borreliosis. 

One of the blood donors in paper IV reported slight fatigue for some months 
during the follow-up period, but symptoms had resolved at the time of the 
second testing. He was positive on retesting 318 days after the index donation, 
and this is the longest reported duration of persistence of N. mikurensis in 
blood so far. The second donor did not experience any symptoms at all. The 
remaining five positive donors all cleared their infection spontaneously with-
out treatment. Persistence in blood has been reported from Poland, where a 
healthy forest worker tested positive for N. mikurensis twice in a four-month 
period (Table 4) (173). Persistence has also been reported in Norwegian pa-
tients treated with biologicals (127) and in asymptomatic tick-bitten Austrians 
(Table 4) (97). Some of the immunocompromised patients in the Norwegian 
study who received doxycycline reported relief of symptom, whereas others 
did not. 
Table 4. Repeated Detection of N. mikurensis DNA in 13 Immunocompetent and Im-
munosuppressed Individuals. 

Case Refer-
ence 

Sex Age Immunosuppres-
sion/splenectomy 

Time between observa-
tions 

1 (97) N/A N/A N/A 6 weeks 
2 (97) N/A N/A N/A 6 weeks 
3 (97) N/A N/A N/A 12 weeks (October to Jan-

uary) 
4 (173) M N/A No 17.5 weeks (July to No-

vember) 
5 (127) F 44 Rituximab (1 dose) * Some weeks 
6 (127) F 48 Infliximab (> 1 year) * 7.5 weeks 
7 (127) F 60 Infliximab (> 9 years) * Some weeks 
8 (127) M 45 Infliximab (> 4 years) * Some weeks 
9 (127) F 26 Infliximab (> 1 year) * 8 weeks 
10 Paper II F 68 No 13 weeks 
11 Paper II F 57 No 4.5 weeks 
12 Paper IV M 50 No 45 weeks 
13 Paper IV M 50 No 18.5 weeks 

* Splenectomy status not known. N/A = Information not available, M = male, N = No, F = 
female. 

Repeated detection of the bacterium in blood indicates that N. mikurensis is 
capable to persist in the blood stream over time, or that frequent reinfections 
occur. Due to the reduced genome size and the presumed clonal population 
structure, molecular methods to distinguish between these conditions are not 
available at present. Prolonged carriage seems more likely, since neoehrlichi-
osis is diagnosed during winter in immunocompromised patients (46). A pro-
longed carrier state raises questions regarding the possibility of transmission 
by transfusion as well as the risk of activating the infection if the immune 
system gets weakened by immunosuppressive treatment or disease. 
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Diagnostic challenges 
Several factors might contribute to an underestimation of neoehrlichiosis 
cases; N. mikurensis is not detected by routine culture methods, serology is 
not available, molecular assays are only available at certain specialized clini-
cal laboratories, and most cases are mild or asymptomatic, since the human 
immune system normally eliminates the pathogen (127, 175). Underestima-
tion is further reinforced by the low awareness among medical practitioners. 
Diagnostic delay is often considerable, and symptoms are misinterpreted as 
non-infectious conditions as well as flares or relapses of underlying diseases, 
whereupon immunosuppressive treatment or chemotherapy is initiated (46). 
A further diagnostic challenge is the possibility of a prolonged incubation pe-
riod after a blood transfusion, which has been described in other TTIs (109). 
Moreover, case definitions of “probable” and “possible” neoehrlichiosis are 
missing (138). The possibility of false positive PCR results has been empha-
sized recently (44), and its detection in larger cohorts of patients with unchar-
acteristic symptoms raises questions about how often and under what condi-
tions N. mikurensis causes infectious disease in humans (10). 

Co-infections 
Several cases of possible human co-infections were detected (papers II and 
III). Both EM patients displayed serological evidence of concomitant borreli-
osis, albeit for the second patient, this was first shown in a later study (paper 
II) (116). The first patient also had antibodies to several other TBDs. Further-
more, the second patient seroconverted to A. phagocytophilum during the 
study period, and this could have been elicited by cross-reactivity to N. miku-
rensis as previously described. The blood donors in paper IV will be further 
screened for co-infections in future projects. Due to the few case reports in-
cluded in this thesis, no conclusions regarding N. mikurensis and co-infections 
can be drawn. However, it is evident that possible co-infections can compli-
cate the assessment of symptoms as well as the choices of appropriate labora-
tory investigations and therapy as is illustrated in paper III. Further studies are 
warranted on the issue of co-infections. 

Tick exposure and tick bites 
Five of the 14 N. mikurensis-positive patients included in this thesis reported 
a recent tick exposure (Table 3). Data was missing from three patients. All N. 
mikurensis-positive blood donors spent time outdoors and had previously been 
bitten by a tick at least once, but four of them had not noticed any recent tick 
bite. Furthermore, tick bites were most often acquired within the local area. In 
paper IV, no significant differences were found between N. mikurensis-posi-
tive and negative blood donors regarding spending time outdoors, tick bites 
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ever, tick bites this season, last tick bite outside of county, previous TBD, pets, 
or tick season (Table 2 in paper IV). Most people infected with a TBD do not 
recall an associated tick bite (83). Different studies have shown that up to 75, 
63 and 32% respectively of persons with borreliosis, babesios and ehrlichiosis 
do not recall a recent tick bite (99). In a study on 11 neoehrlichiosis patients, 
five recalled a tick bite (46). These reports are further corroborated by the 
results in paper IV (46, 83). 

Fifty-three percent of all blood donors had pets, most commonly cats or 
dogs (Table 2 in paper IV). Dogs are frequently exposed to ticks and are sus-
ceptible to many of the human tick-borne pathogens, e.g., A. phagocytophilum 
and R. rickettsii. Concurrent infection with R. rickettsii and Ehrlichia species 
in humans and their pet dogs has been observed (15). N. mikurensis has been 
detected in ticks from cats and dogs, and a chronically neutropenic dog from 
Germany has been diagnosed with neoehrlichiosis (29, 79). 

Migratory birds as dispersal vectors and transmission 
hosts 
Migrating birds can disperse N. mikurensis over long distances, but birds are 
not likely to act as transmission hosts. The prevalence of N. mikurensis in ticks 
collected from birds was 2.1% (24/1150, paper I), which is in line with previ-
ous European studies (78, 95, 106, 107, 121). This might be an underestima-
tion of the true prevalence, since the DNA levels in the samples could be be-
low detection limit. Nymphs usually constitute a higher proportion of I. rici-
nus ticks collected from birds than from small mammals, and this is corrobo-
rated by the results in paper I, where almost equal proportions of larvae (613/1 
335 = 46%) and nymphs (619/1 335 = 46%) were collected form the birds 
(178). Although many blood-fed larvae were included in the study, N. miku-
rensis was found only in nymphs. In molecularly identified I. ricinus nymphs, 
the prevalence of N. mikurensis was 4.2% (22/526). The finding that N. miku-
rensis was recorded only from nymphs, and not from larvae, corresponds well 
with earlier studies and may suggest that N. mikurensis is not transmitted 
transovarially (67, 95, 148). 

The N. mikurensis-positive ticks were collected from predominantly 
ground foraging species, which are more intensely exposed to ticks than birds 
within a more arboreal guild. The highest prevalences of N. mikurensis were 
observed in nymphs collected from common redpoll (Carduelis flammea, 3/7 
= 42.9%), thrush nightingale (Luscinia luscinia, 2/29 = 6.9%) and dunnock 
(Prunella modularis, 1/17 = 5.9%). N. mikurensis was detected in ticks col-
lected from birds both during spring and autumn migrations. This is in contrast 
with the Danish study, were N. mikurensis was detected only during autumn 
migration (78). However, the sample size was smaller in the latter study, 
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which could influence the results. In paper I, N. mikurensis was most often 
found in ticks collected from short-distance migrant birds that spend the win-
ter in Europe. N. mikurensis-positive ticks were collected from a few long-
distance migrants, but only during autumn, implying that tick infestation took 
place in Northern Europe. 

If birds act as transmission hosts of N. mikurensis to blood-feeding ticks, it 
is expected that N. mikurensis should be detected in all active stages of strictly 
ornitophagous (bird-feeding) ticks, and in larvae of tick species with a broader 
host range. All N. mikurensis-positive ticks were identified as I. ricinus, which 
has a wide host-feeding-range. Strictly ornitophagous tick species were found 
in low numbers, and none was positive for N. mikurensis. The majority of 
larvae included in the study was blood-fed, and presumably would have ac-
quired an infection from the bird they were feeding on. Since N. mikurensis 
was not detected in any larvae, it is inferred that birds are not likely to act as 
reservoirs for N. mikurensis. In contrast to rodents, the prevalence of N. miku-
rensis in ticks infesting birds is usually lower than the prevalence in questing 
ticks in the same area (121). So far, there are no records of N. mikurensis in 
blood samples from passerine birds (63). Furthermore, no evidence of ampli-
fication and transmission of N. mikurensis to ticks was seen in a study on the 
great tit (Parus major) (58). Taken together, these findings make birds less 
likely to act as transmission hosts for N. mikurensis, which is corroborated by 
the results in paper I. However, further studies, including blood and tissue 
sampling of birds, are needed to understand the relationship between N. miku-
rensis and birds. 

In a Norwegian study on ticks removed from migratory birds, N. mikurensis 
was detected in one of 492 larvae, and the authors suggest that that the infec-
tion most likely was acquired during co-feeding (121). In paper I, two cases 
of possible co-feeding are presented. The first was on a common redpoll (Car-
duelis flammea), where two of five nymphs were N. mikurensis-positive. The 
second was on a thrush nightingale (Luscinia luscinia), which was infested 
with a total of seven ticks (four nymphs and three larvae). Two of the nymphs 
were N. mikurensis-positive. In both birds, both N. mikurensis-positive 
nymphs were at least partly fed, and it cannot be ruled out that they inde-
pendently acquired the pathogen as larvae. However, this seems less likely, 
since there are only a few records of N. mikurensis-positive larvae (12, 20, 28, 
121). Alternatively, the ticks could have been infected while feeding on a sys-
temically infected bird, but the presence of several other fully or partially en-
gorged N. mikurensis-negative nymphs on the redpoll makes this explanation 
less feasible. The two N. mikurensis-positive nymphs on the redpoll were at-
tached adjacent to each other, indicating that N. mikurensis might be trans-
ferred among ticks co-feeding close together on the same host. 
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Concerns regarding blood safety and possible mitigation 
strategies 
No case of transfusion-transmitted neoehrlichiosis was detected, despite sev-
eral recipients having multiple risk factors for severe neoehrlichiosis (paper 
IV). N. mikurensis was identified in seven out of 1 006 (0.7%) donors. From 
these donors, 20 components were traced, and 12 had been transfused to re-
cipients. The mean time between the index donation and the PCR sampling of 
recipients was 201 days (range 73-381 days), and a long interval might lower 
the possibility to detect a TTI. If transmission did occur, either infection was 
not established, or the bacterial concentration was below the limit of detection, 
since none of the recipients showed clinical signs of neoehrlichiosis, and none 
of them was treated with doxycycline. Although no case of transfusion-trans-
mitted neoehrlichiosis was identified in our study, the possibility that N. miku-
rensis can be transmitted by transfusion cannot be excluded. When studying 
the literature on other TTTIs, it is noticeable that with increasing pathogen 
knowledge and awareness, more cases are discovered. 
Currently, there are no specific guidelines regarding TBD in blood donors in 
Sweden. The Swedish Blood Alliance has issued national guidelines regarding 
hemovigilance which cover TTIs, but the focus is on infections caused by bac-
terial contamination of blood products, septic transfusion reactions, and well-
known infectious agents like hepatitis B and C and HIV (155). The American 
Association for the Advancement of Blood & Biotherapies, AABB, has pub-
lished a continuously updated review on emerging infectious disease agents 
and their potential to threat transfusion safety (150). The review has focused 
on the presence and threat of agents emerging in the US and Canada. N. miku-
rensis has not been detected in North America and is not included in the re-
view. The priority level regarding blood safety for the closely related pathogen 
A. phagocytophilum is assessed as moderate according to scientific and epide-
miologic evidence; low regarding public perception and/or regulatory concern 
and low to moderate in focal endemic areas for public concern (9). Compared 
to N. mikurensis, A. phagocytophilum is well established as a TTI, but chronic 
carriage in humans is not documented. Thus, the ability of N. mikurensis to 
cause persistent asymptomatic infections would theoretically pose a greater 
risk to the blood supply than A. phagocytophilum. 

The seroprevalence for N. mikurensis is not known. In the United States, 
the seroprevalence of A. phagocytophilum in blood donors varies from 0.5‒
11% (109). In Sweden, seroprevalence rates among residents in tick-endemic 
areas varies from 11%−28% and fluctuate over time (31, 183). Furthermore, 
N. mikurensis seems to be as common as A. phagocytophilum in Swedish ticks 
(3, 56, 137). Since neoehrlichiosis patients can show serological reactivity to 
A. phagocytophilum antibodies, A. phagocytophilum seropositivity rates 
might in fact reflect seroprevalence rates for N. mikurensis (171). Another 
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difference between the two tick-borne pathogens is their cellular tropism. 
Whereas A. phagocytophilum prefers granulocytes, N. mikurensis seems to 
prefer vascular endothelium, which hypothetically could lessen the risk of 
transmission by transfusion (62, 99). Nevertheless, freely circulating bacteria 
could still be transmitted by transfusion (99). 

The questionnaire used in paper IV was not able to detect any significant 
differences in N. mikurensis-positive and negative blood donors regarding risk 
factors, tick exposure and tick bites. Furthermore, since symptoms usually are 
absent or non-specific, neoehrlichiosis is hard to identify in blood donors 
based on clinical questions. According to the questionnaire, the tick exposure 
among blood donors was high, and 38% of blood donors reported one or more 
tick bites during the current season. This is a very high occurrence compared 
to previous studies. In one such study, 4.1% (0.7–9% in different regions) of 
American blood donors reported a tick bite during the last 6 months, but the 
study was conducted outside of peak transmission period (82). Deferral based 
on reported tick bite exposure would not be a viable strategy in our region, 
since this would exclude a large part of otherwise eligible donors. Even if all 
positive donors were detected within tick season, since N. mikurensis can per-
sist in blood for months, it cannot be ruled out that N. mikurensis-positive 
donors can present at blood banks outside of tick season. It has been shown 
that blood donors who are seropositive for antibodies to TBDs often are no 
more likely to recall tick bites than seronegative donors (24, 82). Four of the 
N. mikurensis-positive donors did not recall a recent tick bite. Similar results 
were seen in an Austrian study, where 5/21 (24%) of Austrian blood donors 
who had a positive serology for B. divergens remembered a tick bite in the 
past 5 years (144). Correspondingly, only 2/10 (20%) of B. microti-positive 
donors recalled a tick bite. Furthermore, the implicated donor in most Ameri-
can transfusion-transmitted B. microti-cases did not recall a tick bite and was 
asymptomatic before and after donation. Nevertheless, many of the implicated 
donors were later shown to be parasitemic (82). 

The risk of transmission by transfusion has to be balanced with the impact 
donor restrictions could have on the available blood supply (99). Furthermore, 
to warrant intervention, TTIs must be associated with clinically significant 
adverse outcomes, and for some tick-borne agents it has been proposed that 
no response is warranted due to their self-limiting nature and low risk of trans-
mission by transfusion (21, 83). The concern about TTIs is not only driven by 
the public health impact of the infection, but also by the public reaction to the 
disease. The latter is driven by emotional aspects and may be disproportionate 
to the severity of the infection. Nevertheless, both sides need to be considered 
when acting upon the threat of TTIs (149, 150). It is a challenge to balance the 
sometimes conflicting factors (e. g. theoretical recipient risk, blood availabil-
ity, cost, commercial interest, and the public concern) to achieve a level of 
tolerable risk when developing optimal mitigation strategies (21). 
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Since the prevalence in blood donors and the risk of transmission seems to be 
low, a general PCR screen for N. mikurensis performed on all donated blood 
components is most likely not cost-effective in the studied region. To reduce 
the possible risk of transfusion-mediated neoehrlichiosis, a conceivable miti-
gation strategy might be to focus on recipients with the highest risk of severe 
neoehrlichiosis, i. e. substantial immunosuppression, rituximab therapy and 
splenectomy. This could be achieved by selective testing of components 
which are designated for recipients with increased risk for severe disease, 
and/or by a structured screening of patients before and during immunosup-
pressive therapy (49). However, selective testing of components has several 
logistical challenges, and the cost-benefits of both strategies need to be further 
analysed. Pathogen reduction techniques are promising since they inactivate 
all kinds of pathogens. However, they are not yet commercially available, and 
come with an additional cost. 

First and foremost, the clinical awareness of TTTI in general and neoehr-
lichiosis in particular needs to increase (138). Should unexplained posttrans-
fusion symptoms like fever and vascular events appear, neoehrlichiosis should 
be included in the differential diagnosis, especially in immunocompromised 
recipients. The unknown incubation period of neoehrlichiosis, as well as the 
notion that the incubation often is prolonged after blood transfusions, poses a 
challenge to clinicians. A transfusion several months preceding the onset of 
symptoms is not always taken note of. Furthermore, due to the ability of N. 
mikurensis to persist in the bloodstream over time, suspicion of neoehrlichio-
sis should be raised regardless of time of year. Conversely, upon diagnosing 
an infection that can be transmitted by transfusion, the patient should be asked 
if he or she donated blood recently and if so, necessary precautions should be 
taken. 

N. mikurensis-positive donors were deferred from donating blood until they 
had presented a negative PCR analysis at follow-up, either by spontaneous 
clearance or by treatment. PCR sampling at follow-up was performed only 
once. As previously discussed, a negative PCR does not exclude neoehrlichi-
osis. Guidelines are needed regarding proper re-entry criteria of N. mikuren-
sis-positive donors, as well as on prudent look-back times for recipient tracing. 
To shed further light on possible risks regarding transfusion-mediated neoehr-
lichiosis, further studies are needed on the ability of N. mikurensis to survive 
in the processing and storage of blood components, as well as prevalence stud-
ies on blood component recipients, especially in the immunocompromised. 
Continued vigilance as well as further threat assessment is warranted. 
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Implications for surveillance and notification of 
neoehrlichiosis 
Nowadays, the surveillance of emerging agents and development of rapid and 
adequate response mechanisms are the main challenges concerning blood 
safety, and effective surveillance systems are an important keystone in keep-
ing the blood supply safe (21, 24, 83). In the US, Centres for Disease Control 
and Prevention (CDC) monitors the occurrence of transfusion- and transplant-
transmitted tick-borne infections like ehrlichiosis, anaplasmosis and babesio-
sis (109). To achieve a high level of preparedness regarding transfusion-trans-
mitted tick-borne infections, a close relationship between blood establish-
ments, regulatory authorities, public health agencies, the medical community 
and other parties is needed (150). The complexity of issues regarding TTTIs 
is illustrated in Figure 5, where parties of interest concerning transfusion-
transmitted tick-borne infections in Sweden are shown. Currently, there is no 
coordinated national surveillance in Sweden regarding transfusion-transmit-
ted tick-borne and other emerging infections and their effect on the blood sup-
ply. Several national authorities have issued guidelines from their perspective, 
but a more comprehensive approach is needed. 

In Sweden, the focus of TTI surveillance has traditionally been on HIV, 
hepatitis B and C as well as on bacterial contamination of blood products, as 
can be perceived from the yearly reports issued by the Swedish Blood Alliance 
(154). Svensson et al. have highlighted the importance of being aware that 
Babesia spp. can be transmitted through blood transfusion and raise the pos-
sibility to screen Swedish blood donors in the future (152). Furthermore, the 
Public Health Agency of Sweden has recently published a risk and vulnera-
bility assessment on climate change and its effect on public health (40). EIDs 
are mentioned on several occasions and TBDs are identified as one of the two 
greatest risks to health, but EIDs potential to threaten the blood supply is not 
mentioned once. 

Like many other tick-borne bacteria, N. mikurensis is not classified as a 
notifiable disease according to the Swedish Communicable Diseases Act and 
the Communicable Diseases Ordinance (157, 158). The number of diagnosed 
cases or the yearly incidence in Sweden is not publicly available, nor is ne-
oehrlichiosis included in the annual reports from The Public Health Agency 
of Sweden, since these only include notifiable diseases (39). Furthermore, ne-
oehrlichiosis was not included in the Agency’s report on climate change and 
public health, even if N. mikurensis is more common in ticks than some of the 
other mentioned TBDs (40). 
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Figure 5. Parties of Interest Concerning Transfusion-Transmitted Tick-borne Infec-
tions. A close relationship between blood establishments, regulatory authorities, pub-
lic health agencies, the medical community and other parties is needed to have a high 
level of preparedness regarding transfusion-transmitted tick-borne infections. 

Even though the disease burden of and the threat to the public health by ne-
oehrlichiosis most likely is small, more knowledge is needed about areas like 
emergence, prevalence, geographical variation, morbidity, and possible trans-
mission routes like blood transfusions and organ and stem cell transplants. An 
approach to gain more knowledge and to make better risk assessments is the 
establishment of mandatory notification of neoehrlichiosis and other uncom-
mon TBDs like babesiosis. In Sweden, notification of communicable diseases 
is usually performed both by the laboratory diagnosing the disease and by the 
physician in care. Physicians often argue that there is not enough time for re-
porting cases to authorities, but reports are of value to both the local and na-
tional public health authorities (personal communication L. Labbé Sandelin, 
County Medical Officer for Communicable Diseases, Kalmar County, 
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January 21, 2022). A possible solution would be to implement mandatory no-
tification only for laboratories, but at the cost of missing valuable clinical in-
formation like immune status and earlier blood donations or transfusions. On 
the other hand, it is not always easy for the physician in charge to uncover a 
connection between a diagnosed disease and a blood transfusion that took 
place many months previously. 

Article 2 § 5 in the Swedish Communicable Diseases Act opens up the pos-
sibility for a physician to report an emerging or harmful communicable dis-
ease even if it is not listed in the Communicable Diseases Ordinance (157, 
158). This paragraph is sometimes applied to healthcare associated infections 
(personal communication I. Andersson von Rosen, January 17, 2022), and it 
could be applied to neoehrlichiosis as well. 

Today, the identification of a donor with a notifiable disease or a possible 
or verified case of TTI is reported to several authorities, and this is dependent 
on the context in which the identification has taken place. Physicians and la-
boratories report diseases that are notifiable according to the Swedish Com-
municable Diseases Act and the Communicable Diseases Ordinance to The 
Public Health Agency of Sweden and the County Medical Officers (157, 158). 
Blood centres are obliged to report serious transfusion related adverse events 
to the Health and Social Care Inspectorate and to the Medical Products 
Agency as part the national hemovigilance system (187). A more comprehen-
sive reporting and surveillance system is needed, where all transfusion-trans-
mitted diseases, including emerging TTIs, are included, and where both trans-
fusion centres, public health authorities as well as clinicians can report cases. 
Early reporting of suspected transfusion-associated transmission is essential 
and should lead to timely tracking and recalling of co-components as well as 
donor and recipient tracing (15). 
 

In conclusion, to gain a more complete knowledge on the public health impact 
of possible transfusion-transmitted neoehrlichiosis, several steps need to be 
taken. The proposed actions will lead to a better understanding on other TTIs 
as well. 

• Raised awareness among 
- physicians seeing patients with possible TBDs 
- physicians prescribing immunosuppression and/or blood 

products 
- infectious diseases consultants 
- microbiological laboratories 
- blood centres 
- blood donors 
- local and national health authorities 
- policy makers 
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- the public 
• An evaluation on whether mandatory notification for physicians 

and/or laboratories is a possible means to gain more knowledge and a 
higher level of surveillance 

• An inclusion of more uncommon TTIs in the national hemovigilance 
programme 

• A more comprehensive approach to reporting and surveillance of 
TTIs including EIDs 

• Further studies on the ability of N. mikurensis to survive in the pro-
cessing and storage of blood components and to cause infection by 
the transfusion route 

• The development of guidelines regarding re-entry criteria of N. miku-
rensis-positive donors as well as prudent look-back times for traced 
recipients 

 

Public concerns 
As illustrated by the quotes on page 11, ticks have fascinated and disgusted us 
since ancient times. TBDs have received a fair amount of attention in media 
over the last years, leading to both increasing awareness and increasing con-
cerns. Many blood donors who filled out the questionnaire about tick exposure 
could name the precise geographical location and year of their last tick bite, 
even if it took place many years ago (paper IV). Most of the patients referred 
to the CVI in paper III were concerned that their symptoms were a conse-
quence of a previous TBD, but the study could not support the notion that the 
symptoms were uniquely linked to borreliosis. Even though the disease burden 
of and the threat to the public health by neoehrlichiosis probably is small, 
some individuals can become severely ill. When communicating about TBDs 
and when acting upon the threat of TTIs, the public reaction must be consid-
ered. 

Limitations 
Several limitations to the studies in this thesis are mentioned in the discussion. 
One of the main limitations is the small number of positive human cases, mak-
ing it hard to draw general conclusions (papers II-IV). Case definitions of ne-
oehrlichiosis are missing (138). However, case reports can contribute to a bet-
ter understanding on newly emerging diseases (163). PCR was used to identify 
N. mikurensis in the different study populations (papers I-IV). This technique 
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is not able to distinguish between living and dead cells, and contamination or 
PCR artifacts can create false positive results (44, 163). Plasma has been found 
to be superior to whole blood for detection of N. mikurensis DNA (126). Since 
PCR analyses in paper IV were conducted on frozen samples of whole blood, 
the true prevalence in blood donors might be underestimated. 

Due to the study set-up, where blood donor samples were analysed in 
batches, the time from positive index donation and subsequent transfusion to 
tracing and testing of recipients was up to 381 days. Furthermore, testing of 
recipients was only performed once, and five of the transfused recipients could 
not be tested since they had died (paper IV). These factors could all lessen the 
probability to identify transmission by transfusion. 

Repeated detection of N. mikurensis in blood can indicate that the bacte-
rium is able to persist in the blood stream over time, or it can be due to rein-
fection. At present, available molecular methods cannot distinguish between 
these conditions. 
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General summary and future perspectives 

A summary of the findings in this thesis 
Prevalences in the studied populations 

• The emerging tick-borne pathogen N. mikurensis was observed in low 
prevalence in ticks collected from migratory birds, in tick-bitten indi-
viduals, in patients with persistent symptoms attributed to presumed 
tick bite exposure, and in blood donors (Table 1). 

• The prevalence of N. mikurensis in 1 150 ticks collected from migra-
tory birds was 2.1 %. 

• The prevalence of N. mikurensis in 102 tick-bitten, immunocompetent 
individuals was 2.0%. 

• The prevalence of N. mikurensis in 224 patients with persistent symp-
toms after known or suspected TBD was 2.4%. 

• The prevalence of N. mikurensis in 1 006 blood donors was 0.7%. 
• Sequencing revealed that isolates from ticks infesting birds as well as 

from blood donors were identical to isolates previously reported from 
humans in Sweden (Figure 4). 

N. mikurensis and birds 
• Birds can most likely act as dispersal vectors and spread N. 

mikurensis-positive ticks over large geographical areas. The dispersal 
potential is influenced by factors like migration patterns as well as 
foraging behaviour, where bird species feeding predominantly on the 
ground will be more intensly exposed to ticks. 

• It is not likely that birds act as tramission hosts for N. mikurensis, but 
further studies are needed. 

Clinical aspects of N. mikurensis-postive individuals 
• Among the 1 332 study participants, 14 individuals who had a posi-

tive PCR to N. mikurensis were identified (Table 3). One of them was 
immunocompromised due to corticosteroid therapy. 

• Data on tick exposure was available from nine of the 14 N. mikuren-
sis-positive patients and five of them reported a recent tick exposure. 
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• EM was observed in two individuals bitten by ticks. In both cases, the 
rash responded well to treatment with phenoxymethylpenicillin and 
borreliosis was a more probable cause than neoehrlichiosis. The find-
ings in this thesis do not support a change in practice regarding first-
line treatment of EM, but further studies are needed concerning the 
relationship between N. mikurensis and EM. 

• Slight fatigue with a duration of several months was reported in one 
of the blood donors. Headache and pericarditis were observed in two 
other N. mikurensis-positive blood donors, but both had a negative 
PCR when retested and neoehrlichiosis was not considered to be the 
cause of symptoms. However, further observation is needed pertain-
ing pericarditis as a possible symptom of neoehrlichiosis. 

• Four of the 14 N. mikurensis-positive individuals were asymptomatic 
and N. mikurensis DNA was detected on two separate occasions in 
one of them. 

• In total, persistence of N. mikurensis in blood was seen in four immu-
nocompetent individuals, ranging from 33 to 318 days. A prolonged 
carrier state raises questions regarding the possibility of transmission 
by transfusion as well as the risk of activating the infection if the host 
immune status is altered by immunosuppressive treatment or disease. 

• Spontaneous clearance was seen in seven cases, even though N. miku-
rensis DNA was detected on two separate occasions in two of them. 

• Five of the N. mikurensis-positive individuals were offered treatment 
with doxycycline, whereupon three cleared the infection as judged by 
a negative PCR. In the other two, no follow-up sample was taken. 

• The cytokine response was measured in two patients. The levels of 
proinflammatory and Th1 cytokines apparently followed the number 
of N. mikurensis gene copies. 

• Several cases of possible co-infections were detected. Co-infections 
complicate the assessment of symptoms as well as the choices of ap-
propriate laboratory investigations and therapy. 

Clinical guidelines on neoehrlichiosis 
• The first and foremost step to gaining knowledge about neoehrlichio-

sis and its impact on public health is to raise the awareness of the 
disease among the parties of interest seen in Figure 5. This is particu-
larly important among physicians seeing patients with possible TBDs, 
physicians prescribing immunosuppression and/or blood products and 
among infectious diseases consultants. The importance of a raised 
awareness to neoehrlichiosis has been stressed repeatedly, especially 
since the infection is successfully treated with doxycycline (46, 127, 
141). 
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Figure 6. Clinical Guidelines on Neoehrlichiosis. Tick illustration by Hampus Lejon. 
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• A summary on the clinical aspects of neoehrlichiosis is presented in 
Figure 6. 

• A possible mandatory notification for physicians and/or laboratories 
is proposed. 

• Furthermore, the public needs to be informed about precautionary 
measures to avoid tick bites, and to prevent TBDs. At the same time, 
communication about TBDs and TTTIs needs to be balanced to avoid 
creating public concerns out of proportion. 

Transmission by transfusion and blood safety aspects  
• Look-back and tracing identified 12 recipients who were transfused 

with blood from the seven N. mikurensis-positive donors. Seven of 
the recipients were tested with a N. mikurensis-PCR with a negative 
result. Five of the transfused recipients had deceased and could not be 
tested, but their medical records did not raise a suspicion of sympto-
matic neoehrlichiosis. 

• Even though several recipients had multiple risk factors for develop-
ing severe neoehrlichiosis, no case of transfusion-transmitted neoehr-
lichiosis was detected. Despite this, the possibility that N. mikurensis 
can be transmitted by transfusion cannot be excluded. It is noticeable 
for other emerging TTIs, that with increasing pathogen knowledge 
and awareness, more cases are discovered. 

• A questionnaire (Table 2) was not able to detect any differences re-
garding risk factors, tick exposure and tick bites in N. mikurensis-pos-
itive and negative blood donors. Notably, since 38% of blood donors 
reported one or more tick bites during the current season, deferral 
based on reported tick bite exposure would exclude a large part of 
otherwise eligible donors. 

• Even though the possibility of transfusion-transmitted neoehrlichiosis 
cannot be excluded, it is possible that no mitigation strategy is needed 
due to the seemingly low risk of transmission by transfusion. 

• An alternative strategy might be to focus on recipients with the high-
est risk of severe neoehrlichiosis, i. e. substantial immunosuppression, 
rituximab therapy and splenectomy. Selective testing of components 
is one possibility, albeit associated with logistical challenges. 

• Pathogen reduction techniques are promising, but not yet commer-
cially available and come with an additional cost. 

• The cost-benefit of regular screening of patients before and during 
immunosuppressive treatment needs to be further evaluated. 

• Guidelines regarding re-entry criteria of N. mikurensis-positive do-
nors as well as prudent look-back times are needed. 
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• The more uncommon TTIs should be included in the national he-
movigilance programme, and a more comprehensive reporting and 
surveillance system for TTIs including EIDs is proposed. 

Future perspectives 
 

Knowledge is scare or lacking on several aspects of neoehrlichiosis, including 
seroprevalence rates, since no serology exists. The minimal infective dose, the 
incubation period as well as the duration of infectiousness in unknown. More-
over, case definitions for “probable” and “possible” neoehrlichiosis as well as 
recommendations regarding the laboratory evaluation of patients with sus-
pected neoehrlichiosis are needed. Further studies are warranted on the ability 
of N. mikurensis to survive the processing and storage of blood products, and 
the role of pathogen reduction techniques in preventing possible transmission 
by transfusion. 
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Concluding remarks  

The emerging tick-borne pathogen N. mikurensis was observed in low preva-
lences in ticks collected from birds, in tick-bitten individuals, in patients with 
persistent symptoms attributed to presumed tick bite exposure and in blood 
donors. Among the 1 332 study participants, a total of 14 individuals with a 
positive PCR to N. mikurensis were identified, mainly in immunocompetent 
individuals. The majority were asymptomatic, and both spontaneous clearance 
and persistence of N. mikurensis DNA was observed. Further studies are 
needed on the relationship between N. mikurensis and EM, but the findings in 
this thesis do not support a change in practice regarding first-line treatment of 
EM. Even though several of the 12 recipients who were transfused with blood 
from seven N. mikurensis-positive blood donors had multiple risk factors for 
developing severe neoehrlichiosis, no case of transfusion-transmitted neoehr-
lichiosis was detected. The possibility of transfusion-transmitted neoehrlichi-
osis cannot be excluded yet, and further studies are needed on the ability of N. 
mikurensis to survive in blood products. Migrating birds can most likely act 
as dispersal vectors of N. mikurensis, but their role as transmission hosts is 
still unclear, and further studies including blood and tissue sampling from tick-
infested birds as well as xenodiagnostic investigations are needed. 

The disease burden and the impact on public health by neoehrlichiosis is 
probably small, but information is lacking in several areas. Neoehrlichiosis is 
still a rather unknown diagnosis, and diagnostic delay is often considerable. 
Case definitions along with recommendations regarding laboratory evaluation 
of clinical cases are missing. Symptoms are often misinterpreted as non-infec-
tious conditions as well as flares or relapses of underlying diseases, leading to 
initiation of immunosuppressive treatment or chemotherapy instead of antibi-
otic treatment. 

To gain a better understanding on neoehrlichiosis, its prevalence, transmis-
sibility and management, further epidemiological studies with a broad per-
spective on TBDs are warranted. Moreover, the awareness of neoehrlichiosis 
needs to increase, and a clinical summary for medical practitioners is pre-
sented in this thesis. Furthermore, a possible mandatory notification for phy-
sicians and/or laboratories is proposed, as well as a more comprehensive re-
porting and surveillance system for TTIs, including EIDs. One of the priority 
issues needing further attention is the possible need for regular screening of 
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patients living in N. mikurensis-endemic areas before and during immunosup-
pressive treatment. 

The world is constantly changing and so is the panorama of infectious dis-
eases. This has never been more tangible than at present, amidst the covid-19 
pandemic that has changed the world as we know it. A bird can carry an in-
fested tick over wide geographical distances, thus facilitating the spread of 
infectious diseases. Due to the development of new immunomodulating treat-
ment regimens for many diseases, a larger part of the population will be more 
susceptible to infectious diseases. Hopefully, some of the knowledge gained 
when studying neoehrlichiosis can be applied to other emerging infections, 
whose emergence will have far more serious consequences. 

Our success in stopping many new emerging diseases that will inevitably ap-
pear is not assured. We have many tools in our armamentarium, including pre-
paredness plans and stockpiles of drugs and vaccines. But each new disease 
brings unique challenges, forcing us to continually adapt to ever-shifting 
threats. The battle against emerging infectious diseases is a continual process; 
winning does not mean stamping out every last disease, but rather getting out 
ahead of the next one. 

Morens and Fauci (104) 
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Sammanfattning på svenska 

Neoehrlichia mikurensis är en relativt nyupptäckt fästingburen bakterie som 
orsakar sjukdomen neoehrlichios. Bakterien infekterar celler i blodkärlens 
väggar och kan ge upphov till blodproppar och inflammation i blodkärlen. 
Därutöver ses ofta feber, frossa, led- och muskelvärk och viktnedgång. Bärar-
skap utan symptom förekommer både hos personer med normalt och med ned-
satt immunförsvar. Infektionen är många gånger självläkande men maligna 
eller autoimmuna B-cellssjukdomar, B-cellshämmande behandling (ritux-
imab), kraftig immunhämmande behandling och avsaknad av mjälte är risk-
faktorer för att utveckla svårare, ibland livshotande, sjukdom eller bestående 
infektion. 

Neoehrlichios är i de flesta fall lätt att behandla med doxycyklin. Personer 
med nedsatt immunförsvar kan få långdragna symptom som kan misstolkas 
som försämring i grundsjukdomen, vilket kan leda till felaktig behandling med 
cytostatika eller annan behandling som trycker ned immunförsvaret. Diagno-
sen fördröjs ofta och neoehrlichios är troligen en underdiagnostiserad infekt-
ion, då många läkare saknar kunskap om infektionen och dess symtom. Ef-
tersom allt fler behandlas med immunnedsättande behandling förväntas en ök-
ning av neoehrlichios och fler fall av svårare sjukdom. Kvarstående nivåer av 
N. mikurensis-DNA i blod har observerats, vilket väcker frågor om huruvida 
N. mikurensis kan aktiveras när immunförsvaret förändras till följd av sjuk-
dom eller behandling och om bakterien kan överföras via blodtransfusion. 

Syftet med denna avhandling är att öka kunskapen om N. mikurensis och 
neoehrlichios, inte minst ur ett humanmedicinskt och folkhälsomässigt per-
spektiv. I avhandlingen har förekomsten av N. mikurensis i olika populationer 
undersökts med hjälp av PCR-metodik. Vidare har symptombilden hos perso-
ner med neoehrlichios och risken för smitta i samband med blodtransfusion 
studerats.  

Förekomsten av N. mikurensis var låg i samtliga undersökta populationer. 
Förekomsten var 2,1% hos 1 150 fästingar insamlade från flyttfåglar vid Ot-
tenby fågelstation, 2,0% hos 102 fästingbitna individer, 1,3% hos 224 patien-
ter med långdragna besvär relaterade till bekräftad eller förmodad fästingbu-
ren infektion och 0,7% hos 1 006 blodgivare. Totalt identifierades 14 individer 
med positiv Neoehrlichia-PCR bland 1 332 studiedeltagare. Merparten hade 
ett normalt immunförsvar och saknade symptom. Såväl spontan utläkning som 
kvarstående N. mikurensis-DNA i blod förekom. 
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Två av de 102 fästingbitna individerna var positiva för N. mikurensis. Båda 
sökte vård på grund av erythema migrans och i båda fallen bedömdes borrelia 
vara en mer trolig orsak. Fynden ger inte stöd åt att förändra nuvarande be-
handlingsrekommendation för erythema migrans. Ytterligare studier behövs 
för att klargöra sambandet mellan erythema migrans och neoehrlichios. 

N. mikurensis identifierades hos sju av 1 006 (0,7%) blodgivare. En enkät 
kunde inte identifiera några skillnader avseende riskfaktorer, fästingexpone-
ring eller fästingbett hos N. mikurensis-negativa och -positiva blodgivare. 
Bakåtspårning identifierade 12 patienter som erhållit blodprodukter från N. 
mikurensis-positiva givare. Trots att flera av dem hade multipla riskfaktorer 
för att utveckla svår neoehrlichios identifierades inget fall av transfusions-
överförd smitta. Risken för överföring via blodtransfusion bör dock inte av-
skrivas, då detta är den första studien i sitt slag. 

Fynden av N. mikurensis hos flyttfågelfästingar och hos blodgivare var ge-
netiskt identiska med varandra och med tidigare fynd hos personer som in-
sjuknat med neoehrlichios i Sverige. Fåglar kan sprida N. mikurensis-infekte-
rade fästingar över stora geografiska områden och på så sätt bidra till sjukdo-
mens utbredning och förekomst. 

N. mikurensis påverkan på folkhälsan är troligen låg men kunskap saknas 
inom flera områden, inte minst avseende förekomst, smittsamhet och symtom-
bild, såväl hos personer med normalt som med nedsatt immunförsvar. En fall-
definition för misstänkta och bekräftade fall saknas liksom kännedom om bak-
teriens förmåga att överleva i blodprodukter. Neoehrlichios bör misstänkas 
hos patienter med nedsatt immunförsvar och/eller avsaknad av mjälte som sö-
ker för långdragen feber, med eller utan blodproppar eller sjukdomar i blod-
kärlen. Neoehrlichios bör också uteslutas vid misstanke om anaplasmos. För-
utom ökad medvetenheten hos hälso- och sjukvårdspersonal föreslås en möjlig 
anmälningsplikt liksom ett mer övergripande rapporterings- och övervak-
ningssystem för transfusionsöverförda smittämnen. En prioriterad fråga är om 
patienter som bor i områden där N. mikurensis förekommer behöver screenas 
för neoehrlichios vid behandling som hämmar immunförsvaret. 
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