
����������
�������

Citation: Boyer, P.H.; Lenormand, C.;

Jaulhac, B.; Talagrand-Reboul, E.

Human Co-Infections between

Borrelia burgdorferi s.l. and Other

Ixodes-Borne Microorganisms: A

Systematic Review. Pathogens 2022,

11, 282. https://doi.org/10.3390/

pathogens11030282

Academic Editor: José A. Oteo

Received: 12 January 2022

Accepted: 19 February 2022

Published: 23 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pathogens

Systematic Review

Human Co-Infections between Borrelia burgdorferi s.l. and
Other Ixodes-Borne Microorganisms: A Systematic Review
Pierre H. Boyer 1,*, Cédric Lenormand 1,2, Benoît Jaulhac 1,3 and Emilie Talagrand-Reboul 1

1 Institut de Bactériologie, Fédération de Médecine Translationnelle de Strasbourg, University of Strasbourg,
UR7290, ITI InnoVec, 3 Rue Koeberlé, F-67000 Strasbourg, France; cedric.lenormand@chru-strasbourg.fr (C.L.);
jaulhac@unistra.fr (B.J.); talagrandreboul@unistra.fr (E.T.-R.)

2 Service de Dermatologie, Clinique Dermatologique, Hôpitaux Universitaires de Strasbourg,
F-67000 Strasbourg, France

3 French National Reference Center for Borrelia, Hôpitaux Universitaires de Strasbourg,
F-67000 Strasbourg, France

* Correspondence: pierreboyer@unistra.fr

Abstract: When it comes to tick-borne diseases, co-infections are often mentioned. This concept
includes several entities. On the one hand, tick vectors or vertebrate reservoir host can harbor several
microorganisms that can be pathogenic for humans. On the other hand, human co-infections can
also be understood in different ways, ranging from seropositivity without clinical symptoms to
co-disease, i.e., the simultaneous clinical expression of infections by two tick-borne microorganisms.
The latter, although regularly speculated, is not often reported. Hence, we conducted a systematic
review on co-infections between B. burgdorferi s.l., the etiological agent of Lyme borreliosis, and other
microorganisms potentially transmitted to humans by Ixodes spp. ticks. A total of 68 relevant
articles were included, presenting 655 cases of possible co-infections. Most cases of co-infections
corresponded to patients with one tick-borne disease and presenting antibody against another tick-
borne microorganism. Co-disease was particularly frequent in two situations: patients with clinical
symptoms of high fever and erythema migrans (EM), and patients with neurological symptoms
linked to the TBEv or a neuroborreliosis. No impact on severity was evidenced. Further studies
are needed to better appreciate the frequency and the impact of co-infections between several tick-
borne microorganisms.

Keywords: tick-borne diseases; co-infection; Borrelia burgdorferi s.l.; Anaplasma phagocytophilum;
TBEv; Babesia spp.

1. Introduction

Lyme borreliosis (LB) is the most frequent vector borne disease in the northern hemi-
sphere, which is caused by bacteria belonging to the Borrelia burgdorferi sensu lato com-
plex [1]. These bacteria are transmitted by a group of closely related tick species designated
as Ixodes ricinus complex [2]. These tick species can also transmit several microorganisms,
including parasites, such as Babesia spp.; viruses, such as the Tick-Borne Encephalitis (TBE)
virus responsible for TBE; and bacteria, such as Anaplasma phagocytophilum, the etiological
agent of Human Granulocytic Anaplasmosis (HGA). Vector epidemiology data obtained on
field collected ticks by molecular biology, converge and show that ticks can harbor several
microorganisms at the same time [3,4], with differences of prevalence according to the
life stages of ticks [5]. Moreover, in a given reservoir vertebrate host, the prevalence of
co-infections between different microorganisms is more frequent than expected; B. microti,
Neoehrlichia mikurensis, and B. burgdorferi s.l. are more frequently associated in rodents [6,7].

However, concerning human co-infection, the situation is more complex. Indeed,
the term ‘co-infection’ mixes several different concepts. ‘Co-infection’ is more frequently
used to refer to multiple seropositivity without an associated disease. Asymptomatic
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seropositivity appreciates tick-borne microorganisms (TBMs) exposure in a given pop-
ulation (e.g., forestry workers and people from an endemic area for tick-borne diseases
(TBDs)). In this case, ‘co-infection’ designates the co-exposure and/or the successive
exposure to TBMs without associated symptoms [8] and should take into account the
notion of seroprevalence in the general population. This type of study can also be con-
ducted in patients with a given tick-borne disease by detecting antibodies against another
TBM, highlighting previous contact with a TBM [9]. In addition, ‘co-infection’ can also
refer to two infections, one being clinically expressed and the other being asymptomatic.
For example, in a study on erythema migrans (EM), which proves an active infection of
B. burgdorferi s.l., Jahfari et al. [10] used molecular tools to show that 2.7% of the patients
were also co-infected with N. mikurensis, A. phagocytophilum, B. divergens, or B. miyamotoi,
without additional symptoms other than those reported for LB. Finally, only a few cases of
‘co-disease’ have been reported.

The purpose of this literature review was to describe cases of co-infections published
so far between B. burgdorferi s.l., the etiological agent of LB, and other Ixodes-borne microor-
ganisms. We attempted to describe cases of co-infection where at least one disease was
clinically expressed. Hence, seroprevalence studies without clinical data were excluded.

2. Results
2.1. Study Selection and Search Results

On 28 July 2021, following the search strategy defined in Section 4.1, a total of 1360 pub-
lications were found in the PubMed database, 1246 papers were rejected based on the
abstract reading by the two independent reviewers. The screening phase resulted in
114 records selected. Four publications could not be accessed, and 42 more articles were
rejected after reviewing the entire article. Figure 1 summarizes the bibliographic search
strategy and the reasons for excluding articles. The complete list of publications reviewed
is provided in the additional file Table S1.
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A total of 68 articles were included in this systematic review encompassing 28 case
reports (41.2%), 18 prospective studies (26.5%), 17 retrospective studies (25%), and 5 case
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series (7.4%). Reports hailed mostly from Europe (n = 32–47.1%) and from the United States
(n = 31–45.6%), and the remaining reports were from Asia (n = 5–7.3%). The total number
of patients explored for co-infections in these studies was n = 5368.

These 68 articles found 655 patients with a potential co-infection between B. burgdorferi s.l.
and another Ixodes-borne microorganism. A co-infection caused by three microorganisms
(including B. burgdorferi s.l.) was reported in 15 patients (2.3% of the co-infection cases). On
these patients, five patients had a triple acute active infection [11]: EM was observed with a
proven HGA and TBE. Two more patients were found to have a triple active infection but
did not meet the criteria of a confirmed infection [12,13]. For four patients, diagnosis of
one of the three infections did not meet the clinical criteria [14,15]. For the other patients,
diagnosis of at least one infection was made by serology.

2.2. Frequency of Co-Infections

Analysis of cohort studies allowed estimation of the frequency of alleged human co-
infections. The median frequency of co-infection was 4% (IIQ: 2.1–10.5%) but varied greatly
according to the explored cohort. Interestingly, frequency of coinfection was elevated for
patients with a rare TBD, such as TBE (although this includes patients with proven infection
and seropositivity for B. burgdorferi s.l.). Table 1 shows the detailed results.

Table 1. Frequency of co-infection according to the explored cohort (Tick Borne Encephalitis (TBE);
Human Granulocytic Anaplasmosis (HGA); Borrelia miyamotoi disease (BMD)).

Type of Cohort Geographical Area No of
Patients Explored

Frequency of
Co-Infection References

Tick bitten people Europe 495 1.0% [16–19]
Patients with LB suspicion Europe 214 0.9% [20]

Patient with LB Europe 24 4.2% [21]
Patients with EM Europe & US 1309 5.9% [10,22–30]

Neuroborreliosis suspicions Europe 1333 2.7% [31–35]
Lyme arthritis suspicions Europe 146 0.7% [36]

TBE patients Europe 805 41.6% [14,37,38]
Patients with post-tick

bite fever Europe & US & China 416 4.3% [39–42]

Patients with Babesiosis US 41 22.0% [32]
Patients with BMD US 51 11.7% [15]

Patients with HGA or
HGA suspicion US & Europe 496 9.7% [9,11,43,44]

2.3. Clinical Picture of LB Observed in Patients Deemed Co-Infected

Lyme borreliosis diagnosis most frequently relied on nonspecific LB symptoms, i.e.,
a flu-like illness, associated with a positive serology or a whole blood positive PCR in
315/655 cases (48.1%).

Clinical picture of EM including six multiple EM (273/655 cases), followed by neu-
roborreliosis (93/655 cases) and Lyme arthritis (7/655 cases), were then reported. After ar-
ticle reviewing, the diagnosis met the criteria of a confirmed infection for 94.6% of the
EM cases, 77.4% of the neuroborreliosis cases, and for 57.1% of the Lyme arthritis cases.
Figure 2 shows detailed clinical pictures and their level of imputability.
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2.4. TBMs Associated with B. burgdorferi s.l.

The TBEv was the most frequent co-infection agent found in 378 patients and was evi-
denced in Europe only. In 96.6% of the cases, the diagnosis of TBE corresponded to the con-
firmed case definition according to the European Union guidelines [45]. A. phagocytophilum
was found in 197 patients, reaching the confirmed case definition in 49.2% of the cases.
For A. phagocytophilum, cases hailed from both the US and Europe. Reports of co-infection
by Babesia spp. hailed almost exclusively from the US. In Europe, two cases of B. diver-
gens positive PCR on blood without noticeable babesiosis symptoms were found [10,21].
The European clinical cases of Babesiosis due to B. microti corresponded to imported cases
from the US, except for one autochthonous case in Switzerland [46]. Figure 3 presents the
co-infection agents found with the level of imputability.
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2.5. Association between LB Clinical Presentation and Its Co-Pathogens

The most common putative association found was TBEv and B. burgdorferi s.l. in
273 patients (41.3%). In this situation, B. burgdorferi s.l. infection was evidenced on an
isolated seropositivity (240 patients) or propped by PCR or seroconversion (33 patients).
EM with A. phagocytophilum infection was the second most frequently observed association
(n = 148 patients). Diagnosis of HGA met the criteria of a confirmed infection in 68/148 cases,
a possible infection in 16/148 cases, and a probable infection in 4/148 cases. Asymptomatic
A. phagocytophilum infection was found by PCR in 14/148, and the co-occurrence of an
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erythema migrans and an isolated A. phagocytophilum positive serology was found in
32/148 cases.

Neuroborreliosis and TBEv co-infection was the third most common pattern observed
with 77 cases reported. The diagnosis was confirmed in 62/77 cases (80%) for both TBE and
neuroborreliosis, which made this association the one with the highest rate of confirmation
of two active infections. Generally, co-disease resulting from the concomitant infection of
both B. burgdorferi s.l. and another TBM was observed in only 199/655 patients. It was
confirmed for both agents in only 157/655 (24%) patients. It corresponded to two precise
situations: EM associated with another Ixodes borne microorganism causing post tick-bite
fever, and neuroborreliosis plus a virus presenting neurotropism (i.e., TBEv or Powassan
virus). Table 2 shows detailed association between LB clinical pictures and other TBMs
reaching the confirmed definition cases.

Table 2. Detailed association between confirmed LB and confirmed disease caused by other TBM(s)
(Tick Borne Encephalitis virus (TBEv)).

LB Clinical Picture Co-Infection Agent No.
of Patients Reference

Erythema migrans

A. phagocytophilum 63 [11,23,25,29,30,40,42,47–49]
TBEv 15 [48]

Babesia spp. 8 [23,27,50–52]
A. phagocytophilum

& TBEv 5 [11]

Rickettsia spp. 2 [41]
B. miyamotoi 1 [15]

Neuroborreliosis
TBEv 62 [33,35,37,38,53]

Powassan virus 1 [54]

2.6. Impact of Co-Infection

The impact of co-infection versus mono-infection was evoked in 38 studies, which
represented a total of 458 patients. For 359 (78.4%) of them, co-infection had no impact on
the symptoms. It mainly corresponded to an isolated seropositivity for one or the other
microorganisms. These patients were mainly included in the study by Velušček et al. [37],
which provided 240 TBE patients with a B. burgdorferi s.l. seropositivity.

Symptoms’ addition was found in 104 patients (21.6%) and corresponded to the co-
occurrence of an EM and a HGA in 73 patients who had both EM and high fever and
biological abnormalities potentially linked to HGA. The co-occurrence of TBE and EM was
also found in 15 patients. Finally, co-occurrence of TBE and neuroborreliosis was found to
be clinically distinct in six patients.

2.7. Treatment

Patient treatment was not reported in 18 reviewed studies representing 188 patients.
A total of 109 patients did not receive any etiological treatment. The latter were almost
exclusively from a single study on TBE by Velušček et al. [37], in which the diagnosis of
active B. burgdorferi s.l. was not retained for all patients.

Due to its versatility, doxycycline was the most prescribed molecule in 31 studies,
especially against A. phagocytophilum and B. burgdorferi s.l. For babesiosis suspicion, specific
anti-Babesia treatment was administered. Beta-lactams were prescribed alone or with
anti-Babesia drugs in 21 studies.

2.8. Outcome

Patient outcomes were reported in only 49 of 68 reviewed studies, representing 109 pa-
tients. Most of the patients n = 91 (83.5%) improved after treatment, 13 of them had sequels
after the treatment and 5 died. For the five patients with a fatal outcome, three had babesio-
sis, one HGA in the US, and one TBE. For the 13 patients with an incomplete resolution,
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7 had a TBE, 3 had babesiosis, 2 had an infection by the Powassan virus, and 1 had HGA.
The sequels were mainly neurological in patients with TBEv and Powassan virus infection.

3. Discussion

This systematic review aimed at collect all the clinical cases of co-infections in the
literature where at least one of the two suspected diseases was clinically relevant, corre-
sponding to 655 patients. To our best knowledge, this study is the first systematic review of
human co-infections by TBMs. This latter fills a data gap underlined by Henningsson et al.
in 2021 [55].

However, the rarity of co-infections is not conducive to large-scale case-controlled
studies. Hence, we decided to use non-restrictive inclusion criteria to have the most
complete possible picture of published cases of co-infection between microorganisms
known to be transmitted by ticks of the Ixodes genus. As a result, a great heterogeneity was
observed in the included articles. Nevertheless, despite efforts to make the bibliographical
search as exhaustive as possible, some relevant articles may not have been found. However,
the PubMed query used for this systematic review has the best bibliographical silence/noise
ratio (data not shown).

The polysemy of the term ‘co-infection’ made the studies hard to compare. Hence,
the imputability level we attributed in this review made it possible to distinguish between
co-infection and co-disease. Although we decided to include articles presenting clinical
cases, most of them presented only one proven disease with indirect evidence of contact
with another microorganism without having any corresponding symptoms associated
with it. Interpretation of serology must distinguish between a positive result, indicating
a resolved past contact, and an active infection. Thus, serology allows the diagnosis to
be established in the presence of specific symptoms of a perfectly described disease [56].
Moreover, serological non-specific reactions can also lead to false diagnosis of co-infection.
This was evidenced, for example, in the case of a patient with clinically active babesiosis
who may be wrongly diagnosed as having co-infection with Lyme borreliosis if IgM against
B. burgdorferi was also positive [57]. Indeed, the IgM isotype is often not specific enough of
Lyme borreliosis and can cross-react in case of babesiosis or HGA [9,57]. In addition, a bio-
logical documentation of Lyme borreliosis co-infection only based on a positive serology
without objective clinical manifestations does not achieve a sufficient level of diagnostic
evidence considering the in vivo long-term persistence of anti-Borrelia antibodies [56].

In this review, a tick-borne disease resulting from a concomitant infection by two
microorganisms was not the most frequent case. This was further complicated by the fact
that for some situations there was an overlapping of the symptoms which did not allow to
distinguish the pathogenicity of one or the other, or both microorganisms (co-infection by
three microorganisms being extremely rare). For example, post-tick bite fever is a cardinal
symptom of several infections by TBMs (N. mikurensis, A. phagocytophilum, Babesia spp.,
and TBEv); in the US, it can also be caused by a B. burgdorferi s.l. infection [58]. This explains
why in case of flu like illness caused, for example, by Babesia spp. or A. phagocytophilum,
seropositivity for B. burgdorferi s.l. was recognized as LB. This remains questionable, and in
the framework of LB, flu like illness is usually associated with other symptoms more sugges-
tive of LB. Hence, co-infection with TBMs should be suspected and investigated in specific
situations: in case of non-optimal response to antibiotic treatment of Lyme borreliosis, or in
cases of severe clinical presentation of Lyme borreliosis with high-grade fever, anaemia,
thrombocytopenia, or leukopenia [59–62]. The situation is more complicated in the case
of lymphocytic meningitis or central or peripheral neurological deficit in a tick-exposed
patient living in an endemic area for TBEv and B. burgdorferi s.l.; The documentation should
cover both micro-organisms [63]. However, caution is required in the interpretation of
serological results, especially for Lyme borreliosis, for which the index of intrathecal syn-
thesis of anti-B. burgdorferi s.l. antibodies and/or PCR in CSF will have a major place in the
diagnosis confirmation.
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Several studies have shown that co-infection in tick vectors may even be associated
with a selective advantage for both pathogens in the case of B. microti/B. burgdorferi [64,65].
The risk of a human being simultaneously infected with several microorganisms via a
co-infected tick bite depends on the prevalence of pathogens in the ticks and in the ani-
mal reservoir in the area concerned, the duration of transmission of pathogens after the
beginning of the blood meal, and the vector transmission efficiency. Based on experimental
animal studies, the transmission time after the start of the blood meal is notably faster
for tick-borne flaviviruses (minutes to a few hours) than for Rickettsiales (since 24 h) or
B. burgdorferi s.l. and Babesia microti (>24 h) [66]. However, it is not possible for a proven
human co-infection to know whether the subject was bitten by a single tick that trans-
mitted several pathogens or whether he was bitten concomitantly by different ticks that
transmitted different microorganisms.

As discussed before, the frequency of co-infection depends greatly on the definition
used for that term and the cohort explored. Indeed, they are more frequent in patients with
a proven TBD, which suggests exposure to ticks. After a tick bite, the risk of developing
TBD is already relatively low [17], the probability of developing two TBDs is even lower.
Interestingly, the frequency of co-infection is higher in patients with relatively rare TBDs
(e.g., HGA and TBE). Nevertheless, our review, due to the heterogeneity of the studies,
only allows an approximate description of the frequency of co-infections.

The impact of co-infection versus mono-infection was also challenging to evaluate.
Indeed, there is no study comparing two homogenous groups of patients: one group
co-infected, and another one with a single infection. On the one hand, our review did not
reveal any clear synergy or antagonism between the different microorganisms in humans.
On the other hand, it was shown that there was an addition of cutaneous and general or
neurological symptoms and an addition of neurological symptoms. Although, in this last
situation, an overlapping existed.

Evidence of potentiation between Babesia spp. and B. burgdorferi s.l. was demonstrated
in animal models of infection. In C3H mice, B. microti enhances the severity of Lyme arthritis
by reducing B and T cell functions [67]. These data were also corroborated by several other
reports on the synergistic effect of B. burgdorferi s.l. and B. microti [66]. Nevertheless,
a decrease of B. microti parasitemia was also reported in B. burgdorferi s.l. co-infected mice in
another animal model [68]. Transposition of these animal models to human data is not easy.
In a pioneer study, an increased severity (number of symptoms) and duration of illness
were reported in patients co-infected with Lyme disease and babesiosis, but without any
real possibility of being able to conclude if the infections were concurrent or successive [69].

In a similar way, multiple experimental studies have confirmed that infection with
A. phagocytophilum modulates host immunity and increases susceptibility to various sec-
ondary pathogens, including B. burgdorferi s.l. In a mice model of Lyme arthritis, co-
infection promotes more severe Lyme arthritis compared with those in mice infected with
B. burgdorferi alone [70]. In an in vitro study on human brain microvascular endothelial
cells [71], authors have demonstrated that co-infection with B. burgdorferi s.l. reduced
transendothelial electrical resistance, and enhanced or synergistically increased the matrix
metalloproteases and pro-inflammatory cytokines production, which are known to affect
vascular permeability and inflammatory responses.

TBEv is also known to alter the blood-brain barrier, which is associated with an
increase of the pro-inflammatory cytokine/chemokine mRNA expression in the brain of
BALB/c and C57Bl/6 mice [72], which may explain the elevated frequency of co-disease
case TBE/neuroborreliosis.

4. Materials and Methods
4.1. Search Strategy and Selection Criteria

To investigate the human clinical cases of co-infection by B. burgdorferi s.l. and one or
several other TBM, a systematic review and analysis of publications found on the PubMed
database were conducted following the PRISMA guidelines. The following search terms
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were used: (‘lyme’ [All Fields] OR (‘ticks’ [MeSH Terms] OR ‘ticks’ [All Fields] OR ‘tick’ [All
Fields])) AND ((‘coinfection’ [MeSH Terms] OR ‘coinfection’ [All Fields]) OR ‘coinfection’
[All Fields] OR ‘concomitant infection’ [All Fields] OR ‘concurrent infection’ [All Fields]
OR ‘double infection’ [All Fields] OR ‘dual infection’ [All Fields] OR simultaneous [All
Fields]), and without filter for the time period. The request was performed on 28 July 2021.
Titles and abstract were independently reviewed by two independent readers that were
experts in the field (PHB and ETR).

4.2. Inclusion Criteria

The following inclusion criteria had to be met: (i) articles written in English; (ii) original
studies or case reports; (iii) human clinical study about tick-borne diseases; (iv) study in-
cluding at least one or more case of human infection by exposure to B. burgdorferi s.l. and
one other TBM potentially transmitted by Ixodes ticks and (v) at least one of the TBMs.

4.3. Exclusion Criteria

The following exclusion criteria were used: (i) studies published in languages other
than English; (ii) studies lacking clinical data; (iii) studies on tick vectors; (iv) studies
on animals; (v) seroprevalence studies; and (vi) review papers. Abstracts without full
manuscript texts were also excluded.

4.4. Studies’ Analysis and Data Collection

Potentially eligible articles were selected and screened using their title and abstract.
The articles were included or not according to the inclusion or exclusion criteria. The final
inclusion was done by analyzing the full texts of the included articles. A consensus between
the two readers was used to resolve any disagreement. Information regarding the authors,
location, study design, characteristics and size of the explored cohort, clinical picture(s)
described, diagnostic tests used, treatment, outcome, data on severity, and specific results
was extracted and entered into an Excel sheet.

In order to compare studies, the initial diagnosis made by the authors was reviewed,
and an imputability scoring system was established using clinical data and microbiological
documentation. The diagnostic levels of evidence were defined according to international
guidelines and are presented in the additional Table S2. Similarly, photographs of dermato-
logical lesions were reviewed by an expert dermatologist (C.L)

5. Conclusions

This systematic review provides the first and accurate picture of the co-infections
between B. burgdorferi s.l. and other microorganisms transmitted by Ixodes spp. ticks.
Most ‘co-infected’ patients of the medical literature corresponded to patients with a single
disease resulting from an infection by a TBM associated with a seropositivity for another
TBM. Co-diseases (i.e., clinical expression of two active infections) are rarer. Co-occurrence
of tick-borne encephalitis and neuroborreliosis was the most frequent co-disease pattern
reported, which could justify the search for both agents in the presence of a neurological
picture that evokes either disease. Similarly, in patients with EM, the occurrence of high
fever should be investigated also for anaplasmosis or another agent responsible for post-tick
bite fever.

Although animal models and in vitro studies suggest that co-infection between two TBMs
may increase disease severity, we were unable to observe any clear impact of co-infection
on human disease course, except for the co-occurrence of peculiar symptoms (e.g., high
fever and EM).

Finally, to the best of our knowledge, no study has ever been conducted whose design
makes it possible to assess both the severity and the frequency of co-infection.
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14. Moniuszko, A.; Dunaj, J.; Swięcicka, I.; Zambrowski, G.; Chmielewska-Badora, J.; Zukiewicz-Sobczak, W.; Zajkowska, J.;

Czupryna, P.; Kondrusik, M.; Grygorczuk, S.; et al. Co-Infections with Borrelia Species, Anaplasma Phagocytophilum and Babesia
Spp. in Patients with Tick-Borne Encephalitis. Eur. J. Clin. Microbiol. Infect. Dis. Off. Publ. Eur. Soc. Clin. Microbiol. 2014, 33,
1835–1841. [CrossRef]

15. Molloy, P.J.; Telford, S.R.; Chowdri, H.R.; Lepore, T.J.; Gugliotta, J.L.; Weeks, K.E.; Hewins, M.E.; Goethert, H.K.; Berardi, V.P.
Borrelia Miyamotoi Disease in the Northeastern United States: A Case Series. Ann. Intern. Med. 2015, 163, 91–98. [CrossRef]

16. Lindblom, A.; Wallménius, K.; Sjöwall, J.; Fryland, L.; Wilhelmsson, P.; Lindgren, P.-E.; Forsberg, P.; Nilsson, K. Prevalence of
Rickettsia spp. in Ticks and Serological and Clinical Outcomes in Tick-Bitten Individuals in Sweden and on the Åland Islands.
PLoS ONE 2016, 11, e0166653. [CrossRef] [PubMed]

17. Ocias, L.F.; Wilhelmsson, P.; Sjöwall, J.; Henningsson, A.J.; Nordberg, M.; Jørgensen, C.S.; Krogfelt, K.A.; Forsberg, P.; Lindgren, P.-
E. Emerging Tick-Borne Pathogens in the Nordic Countries: A Clinical and Laboratory Follow-up Study of High-Risk Tick-Bitten
Individuals. Ticks Tick-Borne Dis. 2020, 11, 101303. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/pathogens11030282/s1
https://www.mdpi.com/article/10.3390/pathogens11030282/s1
http://doi.org/10.1016/j.pt.2012.07.003
http://doi.org/10.1371/journal.pntd.0004539
http://doi.org/10.1007/s10493-008-9175-5
http://www.ncbi.nlm.nih.gov/pubmed/18648996
http://doi.org/10.3390/pathogens10091181
http://www.ncbi.nlm.nih.gov/pubmed/34578213
http://doi.org/10.1016/j.ttbdis.2016.04.014
http://www.ncbi.nlm.nih.gov/pubmed/27166277
http://doi.org/10.1016/j.ttbdis.2017.12.009
http://www.ncbi.nlm.nih.gov/pubmed/29269242
http://doi.org/10.1016/j.cmi.2016.05.014
http://doi.org/10.1093/ajcp/107.2.142
http://doi.org/10.1371/journal.pntd.0005042
http://doi.org/10.1016/j.ttbdis.2021.101763
http://doi.org/10.1136/bcr-2020-241004
http://www.ncbi.nlm.nih.gov/pubmed/33863772
http://doi.org/10.1136/bcr-2019-231645
http://www.ncbi.nlm.nih.gov/pubmed/31712240
http://doi.org/10.1007/s10096-014-2134-7
http://doi.org/10.7326/M15-0333
http://doi.org/10.1371/journal.pone.0166653
http://www.ncbi.nlm.nih.gov/pubmed/27846275
http://doi.org/10.1016/j.ttbdis.2019.101303
http://www.ncbi.nlm.nih.gov/pubmed/31631052


Pathogens 2022, 11, 282 10 of 12

18. Beltrame, A.; Ruscio, M.; Arzese, A.; Rorato, G.; Negri, C.; Londero, A.; Crapis, M.; Scudeller, L.; Viale, P. Human Granulocytic
Anaplasmosis in Northeastern Italy. Ann. N. Y. Acad. Sci. 2006, 1078, 106–109. [CrossRef]

19. Grankvist, A.; Sandelin, L.L.; Andersson, J.; Fryland, L.; Wilhelmsson, P.; Lindgren, P.-E.; Forsberg, P.; Wennerås, C. Infections
with Candidatus Neoehrlichia Mikurensis and Cytokine Responses in 2 Persons Bitten by Ticks, Sweden. Emerg. Infect. Dis. 2015,
21, 1462–1465. [CrossRef]

20. Kalinova, Z.; Halanova, M.; Cislakova, L.; Sulinova, Z.; Jarcuska, P. Occurrence of IgG Antibodies to Anaplasma Phagocytophilum
in Humans Suspected of Lyme Borreliosis in Eastern Slovakia. Ann. Agric. Environ. Med. AAEM 2009, 16, 285–288.
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72. Růžek, D.; Salát, J.; Singh, S.K.; Kopecký, J. Breakdown of the Blood-Brain Barrier during Tick-Borne Encephalitis in Mice Is Not
Dependent on CD8+ T-Cells. PLoS ONE 2011, 6, e20472. [CrossRef]

http://doi.org/10.1136/jnnp.2004.060731
http://doi.org/10.3934/mbe.2017067
http://www.ncbi.nlm.nih.gov/pubmed/29161862
http://doi.org/10.1371/journal.pone.0099348
http://www.ncbi.nlm.nih.gov/pubmed/24940999
http://doi.org/10.3390/v10070362
http://doi.org/10.3389/fmicb.2019.01596
http://doi.org/10.1016/j.ijpara.2018.06.006
http://www.ncbi.nlm.nih.gov/pubmed/30367867
http://doi.org/10.1001/jama.1996.03530450047031
http://doi.org/10.1128/IAI.69.5.3359-3371.2001
http://doi.org/10.1128/CVI.00308-07
http://doi.org/10.1371/journal.pone.0020472

	Introduction 
	Results 
	Study Selection and Search Results 
	Frequency of Co-Infections 
	Clinical Picture of LB Observed in Patients Deemed Co-Infected 
	TBMs Associated with B. burgdorferi s.l. 
	Association between LB Clinical Presentation and Its Co-Pathogens 
	Impact of Co-Infection 
	Treatment 
	Outcome 

	Discussion 
	Materials and Methods 
	Search Strategy and Selection Criteria 
	Inclusion Criteria 
	Exclusion Criteria 
	Studies’ Analysis and Data Collection 

	Conclusions 
	References

