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This literature-based review aims to distinguish studies describing co-infection with tick-borne pathogens from
those describing co-detection or co-exposure scenarios. The review analyzed 426 papers and identified only 20
with direct evidence of co-infection in humans and animals, highlighting the need for accurate terminology and
proposing definitions for co-infection, co-exposure and co-detection. Current diagnostic methods - including
serology and molecular techniques - have limitations in accurately identifying real co-infections, often leading to
misinterpretation. The review highlights the importance of developing laboratory models to better understand
tick-borne pathogen interactions, and advocates improved diagnostic strategies for tick screening by testing their
RNA for co-infections. Moreover, the establishment of additional animal models for pathogen co-infection will
help develop our understanding of selection pressures for various traits of tick-borne pathogens (such as viru-
lence and transmissibility) over time. This comprehensive analysis provides insights into the complexity of tick-
borne pathogen co-infections and calls for precise diagnostic terms to improve the clarity and effectiveness of

future research.

1. Introduction

“It was the best of times, it was the worst of times, it was the age of
wisdom, it was the age of foolishness, it was the age of belief, it was the age of
incredulity ... ". Dickens’s famous opening words in “A Tale of Two Cities”
can be a useful way to think about the current debate on co-infections
transmitted by ticks and other pathogens. Just as Dickens captured the
complexity of his time, this quote reflects the conflicting views of the
scientific community as to whether we are dealing with co-infections or
simply cases of co-detection or co-exposure in both ticks and vertebrate
hosts.

Nowadays, tick populations are increasing, and their geographical
distribution is expanding, creating a more favorable environment for the
pathogens they carry. In addition, climate change may facilitate the
movement of tick hosts, potentially leading to the spread of ticks and
pathogens into previously uncharted territories (Baneth, 2014). Among
the various pathogens that cause tick-borne diseases (TBDs) of signifi-
cant public health concern, several bacterial species have been found,
including Borrelia burgdorferi (sensu lato) (s.l.) (responsible for Lyme
borreliosis and those phylogenetically related), Borrelia miyamotoi
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(causing post-tick bite fever), Rickettsia rickettsii (associated with Rocky
Mountain spotted fever), Anaplasma phagocytophilum (causing granulo-
cytic anaplasmosis), and Ehrlichia spp. (associated with ehrlichiosis). In
addition, protozoans of the genus Babesia (referred to as Ba. spp.,
causing babesiosis), Theileria, and Hepatozoon, as well as viruses,
including tick-borne encephalitis virus (TBEV) and Crimean-Congo
hemorrhagic fever virus, contribute to the significant burden of TBDs
(Rocha et al., 2022) in humans and animals. In the USA, the Centers for
Disease Control and Prevention (CDC) documented 50,865 cases of
TBDs in 2019 (CDC, 2024). Interestingly, the most common human
co-infection in the USA is Lyme disease (LD) with babesiosis, whereas in
Europe, tick-borne encephalitis (TBE) caused by the TBE virus might
co-occur with LD. Researchers in both Europe and the USA have
extensively studied ixodid ticks for co-infections with important path-
ogens such as B. burgdorferi (sensu stricto) (s.s.), A. phagocytophilum, Ba.
microti, and Rickettsia spp. In Europe, these co-infections mainly consist
of combinations such as B. burgdorferi (s.s.), A. phagocytophilum, and Ba.
microti, or B. burgdorferi (s.s.) with A. phagocytophilum, or
A. phagocytophilum with Rickettsia spp. In the USA, co-infections are
mainly with B. burgdorferi (s.s.) together with either A. phagocytophilum
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or Ba. microti (Rocha et al., 2022).

The co-occurrence of multiple pathogens in ticks was first docu-
mented in the 1970s, when researchers observed the coexistence of ar-
boviruses such as TBE and Uukuniemi (UUK) in Norwegian Ixodes ricinus
ticks (Rocha et al., 2022). The co-occurrence of TBDs is widespread, and
often characterized by overlapping geographical distributions. Several
aspects influence the ecology, like reservoir host dynamics (mainly wild
rodents), host-pathogen interactions, tick population dynamics, tick
feeding patterns (generalists or specialists), vector competence, and
pathogen virulence. These factors can lead to differences in the likeli-
hood of ticks acquiring infections when multiple pathogens are present.
Co-infections involving both B. burgdorferi (s.s.) and A. phagocytophilum
are frequently observed in humans, pets, wildlife, and ticks, but our
understanding of the mechanisms and ecological aspects of such
co-infections remains limited compared with single-agent infections
(Nieto and Foley, 2009).

Accurately estimating the prevalence of multiple infections versus
single infections is difficult due to limited case reports. It is unclear
whether multiple infections worsen disease compared with single in-
fections such as the TBE virus or Borrelia. This knowledge gap hinders
medical care, especially in patients with both TBE and Borrelia in-
fections. There is an urgent need to study how these organisms interact
in ticks, and their impact on host health after transmission (Broker,
2012). Indeed, on the one hand, serological evidence of exposure does
not necessarily mean co-infection of vertebrate hosts, which are often
reported in the literature as seropositive but not PCR-positive. For this
reason, it is important to note that being seropositive does not neces-
sarily mean that the hosts had both diseases at the same time (Nieto and
Foley, 2009). On the other hand, it is crucial to understand that the
detection of pathogens in ticks found to be co-infected through molec-
ular techniques does not necessarily indicate that the pathogens are
alive in the tick. Indeed, recent research using molecular techniques has
shown that 50% of infected ticks are co-infected with multiple patho-
gens (Moutailler et al., 2016), but does not confirm whether these
pathogens are alive in the tick at the same time. Nowadays there is a
large common misuse of the term “co-infection”, which is often incor-
rectly applied in cases that are more accurately described as “co-de-
tection” or “co-exposure”. It is therefore important to define the
meaning of co-infection, co-exposure, and co-detection. Co-infection
specifically refers to the active growth and proliferation of multiple
pathogens within a host, potentially worsening the severity or duration
of the diseases involved. In contrast, co-exposure indicates that a host
has encountered multiple pathogens, as evidenced by the presence of
antibodies, without implying an active infection. Co-detection, on the
other hand, simply involves the identification of DNA or proteins from
different pathogens through molecular techniques, without confirming
whether these pathogens are alive or causing an active infection
(Table 1). By clearly defining each term, the aim of this literature-based
review is not simply to list co-infections, but to distinguish studies that
present co-infections with tick-borne pathogens (TBPs) and other path-
ogens from those that describe co-detection or co-exposure scenarios.

Table 1
Definitions for various interpretations of co-infection, co-exposure, and co-
detection.

Term Definition

Co-infection Co-infection refers to the simultaneous development and
proliferation of multiple pathogens within the host, which may
exacerbate the severity and duration of one or both diseases (Segen,
2011).

Co-exposure is defined as the presence of antibodies to multiple
pathogens in a host, which may occur as a result of simultaneous or
sequential exposure.

Co-detection occurs when DNA/proteins of different pathogens are
identified or detected by molecular techniques without knowing if
the pathogens are alive or dead.

Co-exposure

Co-detection
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This distinction is crucial to ensure clarity and accuracy in discussions
about TBPs interactions within hosts. In addition, given the increasing
incidence of co-infection in ticks and vertebrate hosts, this review will
also assess the need to develop and study laboratory models in which
conditions can be precisely controlled. With careful consideration, these
models can be instrumental in elucidating the complex interactions
between TBPs in both ticks and vertebrate hosts.

2. Materials and methods
2.1. Literature search process

To differentiate studies documenting cases of co-infections in ticks
and vertebrate hosts from cases of co-detection or co-exposure, we
applied the Preferred Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA) checklist (Liberati et al., 2009) (Supplementary
Table S1).

The systematic review included all studies that focused on co-
infection and TBPs. The search process for our research was carried
out using articles that were available between 1981 and December 2022.
Specifically, electronic searches on the Scopus and PubMed databases
using the search terms “co-infection” AND “tick-borne pathogens” were
conducted. The “Article title, Abstract, Keywords” option to collect all
papers that contained the search terms in their title, abstract or key-
words were used. The collected information was screened and extracted
by the same person (SP), and the papers were listed in Mendeley soft-
ware after removing duplicates.

2.2. Selection process

The selected studies were based on the following inclusion criteria:
journal articles written in English and focusing on co-infection in TBPs.
Therefore, all studies on co-infection in animals, ticks, humans, and
laboratory animals were considered. The exclusion criteria included
papers focusing only on serology and/or molecular detection by DNA in
ticks and vertebrate hosts (this criterion applies to the final screening to
distinguish between direct and indirect evidence, but was not consid-
ered during the initial selection process), papers written in a language
other than English, review articles, short communications, surveys or
reports except those discussing human co-infections, irrelevant papers
on the subject, and papers that are currently inaccessible.

The selection process for the studies involved three steps. First, the
title and abstract were screened, excluding papers with irrelevant titles
and identifying those of legitimate interest. Next, the selected papers
were thoroughly read, distinguishing between ‘direct’ and ‘indirect’

Table 2
Criteria used to classify papers on co-infection in animals and humans as
providing either direct or indirect evidence.

Diagnostic assays Clinical Co-infection classification
findings
consistent
with TBDs
Molecular Serology Yes No Direct Indirect
techniques tests evidence evidence
v v v
v v v
v v v v
v v v v
v v v
v v v

Notes: Direct observation of pathogens by microscopy or microbiological bio-
assays cultures, without relying on the above criteria, provides direct evidence
and confirms active co-infection. The ticks in the table indicate the presence of
diagnostic tests, clinical findings, or evidence related to TBDs, with each tick
corresponding to specific categories of assays, findings, or evidence types.
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Table 3
Criteria used to classify papers on co-infection in ticks as providing either direct
or indirect evidence. Structured.

Molecular techniques Co-infection classification

DNA detection RNA/mRNA detection Direct evidence Indirect evidence

v v

evidence of co-infections. Different criteria were used to categorize co-
infection papers as providing direct or indirect evidence (Table 2).
Direct evidence papers were defined as those identified as co-infection,
while those providing indirect evidence were cases of co-detection or co-
exposure. Co-infections were considered to be direct evidence in animals
and humans when papers used diagnostic tests, such as molecular
techniques and/or serological tests, in conjunction with a clinical ex-
amination. Conversely, papers on animals and humans that used only
diagnostic tests without a clinical examination were classified as
providing indirect evidence of co-detection or co-exposure. In contrast,
direct observation of pathogens by microscopy or microbiological bio-
assays cultures, without relying on the above criteria, provides direct
evidence and confirms active co-infection. In addition, papers on co-
infection in ticks were considered direct evidence if they used RNA or
mRNA detection methods, alongside microbiological cultures.
Conversely, papers that relied solely on DNA detection in ticks were
classified as indirect evidence (Table 3).

Both direct and indirect evidence were considered eligible in the
review, but only articles considered to report ‘direct’ evidence were
analyzed in detail. Articles classified as reporting indirect evidence were
consulted to get a general idea of the number of articles available in the
literature and to understand the limitations of these studies.

2.3. Data collection process

The different papers were collected in an Excel sheet designed to
systematically record the information. The papers were categorized
based on their titles, authors, and whether they provided ‘direct’ or
‘indirect’ evidence in different areas, including the section “Co-infection
in animals and ticks”, “Co-infection in humans”, and “Co-infection in
laboratory animal models and artificial infection of ticks”.

Additional information regarding examples with more details on
indirect and direct evidence for each section was compiled into indi-
vidual tables (Supplementary Table S2).

3. Results
3.1. Study selection

The searches on PubMed and Scopus returned 936 records. At the
end of the selection process, 37 remained for the analysis. Of these, 14
papers focus on co-infection in humans, 6 on co-infection in animals,
and 17 on co-infection in laboratory animal models (Fig. 1).

3.2. Co-infection in animals and ticks

Among the 426 papers evaluated for their eligibility, only six pro-
vided direct evidence of co-infection in animals, while 207 provided
indirect evidence in animals and 145 in ticks in a natural environment.
Despite the use of ticks to monitor TBPs, all 145 cases related to ticks
were indirect, with no direct evidence of co-infection found. This lack of
direct evidence makes it difficult to assess the prevalence of co-infection
in ticks in the natural environment. In addition, only two papers in the
literature used the term “co-detection” when looking for co-infection of
TBPs in ticks (Holden et al., 2006; Beristain-Ruiz et al., 2022), high-
lighting the frequent inappropriate use of the term “co-infection” to
describe cases of co-detection, and further emphasizing the lack of direct
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evidence of co-infection.

In this section, only the six papers on real co-infection are analyzed to
assess the challenges and impact of co-infection for animals in their
natural environment (Table 4).

3.2.1. Challenges in diagnosing animal co-infections

The six papers classified as cases of co-infection in animals have
highlighted that the main challenge in treating and preventing the
possible consequences of co-infection in animals is to establish the
correct diagnosis. Yet diagnosis can be complicated by several limita-
tions, including incomplete medical records due to data being collected
by different clinicians, leading to gaps such as missing data, and po-
tential oversights during brief skin examinations. The lack of a control
group can make comparisons difficult, and not all known pathogens are
tested, which may lead to missed co-infections. In addition, other in-
fections or diseases may influence the results, and the inclusion of cases
from different regions and time periods may introduce variability in the
results (Bouzouraa et al., 2016).

The optimal approach would be to use molecular and serological
techniques in addition to clinical examinations for early and accurate
diagnosis to facilitate appropriate treatment. Kordick et al. (1999), used
serological and molecular techniques to reveal that dogs in the Walker
Hound kennel could be co-infected with multiple TBPs. Indeed, dogs
sero-reactive to Ehrlichia canis antigen were found to be co-infected with
multiple Ehrlichia species by PCR analysis of blood samples. In addition,
the study by Al-Hosary et al. (2020) which involved co-infection of cattle
and buffalo with piroplasms and other Anaplasmataceae through clin-
ical examination and diagnostic methods (Table 4), highlighted differ-
ences in sensitivity between different detection methods, including
Giemsa-stained blood smears, PCR-based techniques, ELISA, reverse
line blot, and real-time PCR. While ELISA showed high sensitivity but
low specificity due to its reliance on antibody detection, the reverse line
blot showed high sensitivity and specificity. Real-time PCR proved to be
the most sensitive assay for the detection of Anaplasma marginale,
especially in carrier states, revealing co-infections of A. marginale and
pathogens such as Theileria annulata, Babesia bovis, Babesia bigemina,
Babesia occultans, and Anaplasma platys in both cattle and buffaloes.
Specifically, co-infection with T. annulata was observed in 49 cattle
(15.9%), while co-infections with Ba. bovis, Ba. bigemina, and Ba.
occultans were detected in 18 (5.8%), 2 (0.7%), and 1 (0.3%) cattle,
respectively. Additionally, co-infection with A. marginale and A. platys
was found in 26 cattle (8.4%). Among buffaloes, co-infection with
A. marginale and T. annulata was recorded in 1 buffalo (1.18%), with Ba.
bigemina - in 2 buffaloes (2.35%), and with A. platys - in 4 buffaloes
(4.71%) (Al-Hosary et al., 2020).

3.2.2. Impact on the severity of symptoms in animal co-infection

Finally, given all the diagnostic challenges mentioned above, con-
flicting results have been reported on the actual impact of co-infection
on the severity of symptoms in animals. For instance, one study
showed that dogs with clinical leishmaniasis (Table 4) were significantly
more susceptible (12 times more) to being co-infected with E. canis than
healthy dogs. Moreover, they could exhibit severe clinical and hema-
tological signs beyond those seen with a single infection. Unfortunately,
the exact mechanisms underlying the synergistic effect of these co-
infections remain poorly understood (Attipa et al., 2018). In addition,
viral and bacterial infections can sometimes predispose animals to
subsequent infections with TBPs, thus increasing the complexity of
clinical presentations of co-infections. For example, one study showed
that cattle with lumpy skin disease, along with clinical signs of babesi-
osis and anaplasmosis, had higher rates of hemoprotozoal infection,
resulting in more severe outcomes (Abas et al., 2021). Conversely,
another study found that out of 28 dogs that tested positive for A. platys
both clinically and via PCR, 13 were co-infected with at least one other
vector-borne pathogen. Among these 13 co-infected dogs, one was
infected with A. platys, E. canis, and Babesia spp., while the remaining 12
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Table 4

Identification

Eligibility Screening

Included

Records identified (n =936)
PubMed (n=617)
Scopus (n=319)

Keywords: co-infection
and tick-borne pathogens

Records screened based
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248 duplicates removed

Records excluded
(n=262)

Reason 1: Papers written in languages other than
English: 4
Reason 2: review articles: 39

on the title + abstract |~ ] e
(n=688) Reason 3: short communications, surveys, or
reports except those discussinghuman co-
infections: 9
Reason 4: papers not inherent to the subject: 203
Reason 5: papers notavailable: 7
Full-text articles considered as ‘indirect’
evidence*
— (n=389)
Full-textarticles
assessed foreligibility Papers on co-infection in nature: 352
(n=426) Papers on co-infection in humans: 37
Full-text articles considered as ‘direct’ evidence
. Papers on co-infection in nature: 6
Papers on co-infection in humans: 14
Papers on co-infection in the laboratory: 17
v
Studies included in the
review
(n=37) o .
* Indirect evidence articles were consulted to assess

the available literature and study limitations

Fig. 1. PRISMA flowchart for selecting articles to review in line with the diagram according to Liberati et al. (2009).

Summary of co-infection studies presenting direct evidence. All reported co-infection studies included clinical examinations.

Reference Country No. of samples Animal Diagnostic method
evaluated species
Abas et al. Egypt 670 Cattle/ ~Molecular: RT-qPCR to confirm FMD and LSD;
(2021) buffalo ~Examination of blood samples (blood smears) for Babesia spp., Theileria spp., and Anaplasma spp.;
»Lymph node biopsy examination: Theileria spp.
Andersson et al. Sweden 71 Cattle >Molecular: Real-time PCR
(2017)
Al-Hosary et al. Egypt 394 Cattle/ ~Microscopical examination;
(2020) buffalo ~Serological tests: ELISA for detection of antibodies of A. marginale;
~Molecular: Real-time PCR: A. marginale; RLB + PCRs: Theileria spp., Babesia spp., Anaplasma spp.,
Ehrlichia spp., Rickettsia spp. and Midichloria mitochondrii;
>Blood smears
Attipa et al. Cyprus 50 with clinical Dogs >Molecular: qPCR + ELISA: Leishmania infantum; PCR: Ehrlichia/Anaplasma. spp., Babesia spp.,
(2018) leishmaniosis Hepatozoon spp.
Kordick et al. USA 27 Dogs »Serological: Microimmunofluorescence test for antibodies against Ehrlichia canis, Ehrlichia
(1999) chaffeensis Ark, Ehrlichia equi NY, Rickettsia rickettsii Domino, Babesia canis, Bartonella vinsonii
subspecies berkhoffii 93-CO-1;
>Molecular: PCR for the detection of Ehrlichia canis, Babesia canis, Rickettsia spp., Bartonella spp.
Bouzouraa et al. Mediterranean 28 Dogs »Molecular: Multiplex PCR for the detection of Ehrlichia canis, Anaplasma platys, Anaplasma
(2016) Basin phagocytophilum, Babesia spp., Theileria spp., Hepatozoon spp., and/or Leishmania spp.
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were co-infected with one additional vector-borne pathogen. This
included E. canis (2 dogs), Leishmania spp., Babesia vogeli (1 dog), and
Hepatozoon spp. (5 dogs) (Bouzouraa et al., 2016).

However, this did not significantly affect the clinical presentation of
A. platys, supposing that the severity of A. platys may be influenced by
factors such as concurrent diseases, genetic factors, immune status, and
the physical condition of individual dogs (Bouzouraa et al., 2016).
Furthermore, even in 18% of cattle diagnosed by clinical signs with
babebiosis and co-infected with A. phagocytophilum confirmed by PCR,
there was no increased mortality, suggesting that the co-infection did
not exacerbate disease severity (Andersson et al., 2017). Nevertheless, to
effectively manage and prevent the potential impact of co-infection on
disease severity, the first task is to establish an appropriate diagnosis
(Al-Hosary et al., 2020; Abas et al., 2021).

In conclusion, ticks are important vectors of multiple pathogens,
posing risks to both animals and humans (Backus et al., 2022). Although
direct evidence of co-infection in animals is limited, and no direct evi-
dence was found in ticks in the reviewed papers due to the detection of
DNA rather than RNA/mRNA, numerous cases of indirect evidence
highlight the complexity of diagnosing and managing these
co-infections. Accurate diagnosis requires a combination of molecular
and serological methods, in addition to clinical examination, due to the
various diagnostic challenges described above. Moreover, the impact of
co-infections on disease severity in animals remains unclear, with
studies showing conflicting results. This scenario also applies to human
health, where co-infections can similarly complicate diagnosis and
treatment.

Table 5
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3.3. Co-infection in humans

A single tick carrying multiple pathogens, several simultaneous tick
bites, or two successive tick bites occurring closely in time, each trans-
mitting a different pathogen, can cause co-infection in humans
(Belongia, 2002). Among the 426 papers reviewed, a total of 51 papers
recorded co-infection in humans, 14 presenting direct evidence and 37 -
indirect evidence. In this section, only 14 papers of co-infection
(Table 5) are analyzed to assess the challenges and impact of
co-infection in humans. In the review of these papers, the criteria given
by European guidelines or by the CDC were used to define confirmed
cases of TBE, HGA, and LD (Supplementary Table S3). However, most of
the 37 indirect papers reviewed described cases of co-detection or
co-exposure.

3.3.1. Overlap of clinical signs

Diagnosing TBDs is challenging enough on its own, but when mul-
tiple infections occur together, it becomes even more complicated. The
presence of co-infections - whether bacterial, viral, or both - can make
the initial clinical presentation following a tick bite more confusing and
difficult to identify compared to those in single infections. These over-
lapping symptoms can lead to delays and difficulties in making an ac-
curate diagnosis based on clinical presentation only and underline the
need for laboratory testing for TBPs (Diallo et al., 2017; Boyer et al.,
2018; Dunaj et al., 2018; Gegotek et al., 2022). For example, in Poland
infections and co-infections were investigated in patients hospitalized
with non-specific symptoms after tick bites. They found no significant

Summary of co-infection studies in humans presenting direct evidence. All reported co-infection studies included clinical examinations.

Reference Country  No. of samples

evaluated

Diagnostic method

Borawski et al. (2019) Poland 704

~Serological: Antibodies against Rickettsia, TBE, Borrelia burgdorferi;

»Molecular: PCR: Rickettsia spp. Borrelia burgdorferi, Anaplasma phagocytophilum

»Serological: Detection of anti-TBEv IgG in paired sera + presence of anti-TBEv IgM in the first serum (ECDC

confirmed TBE case criteria);
~ELISA + Western Blot: Borrelia burgdorferi (s.L.)

~Malaria rapid diagnostic test for Plasmodium falciparum;

»Blood smear: Borrelia + Plasmodium falciparum

~Serological: IFA for Anaplasma phagocytophilum and Ehrlichia chaffeensis;

~Molecular: real-time PCR, nested PCR for Anaplasma phagocytophilum and Ehrlichia chaffeensis

»Serological: Borrelia burgdorferi detection of anti-IgM and anti-IgG in serum; detection of IgM in CSF and

plaque reduction neutralization test against POWV;
»Molecular: PCR for Borrelia burgdorferi in CSF

~Serological: ELISA, Western blot for Borrelia burgdorferi (s.L) and/or TBEV on serum and CSF;

~Molecular: PCR for Borrelia burgdorferi (s.L), Anaplasma phagocytophilum and Babesia spp.;
»Blood smear: Anaplasma phagocytophilum spp. and Babesia spp.

»TBE diagnosed according the European Academy of Neurology;

»Lyme disease and Lyme neuroborreliosis diagnosed according to Stanek et al., (2011)
~HGA diagnosed according to the case definition by Dahlgren et al., (2015) (see Supplementary Table S3)

~TBE diagnosed according the European Academy of Neurology;

»Lyme disease and Lyme neuroborreliosis diagnosed according to Stanek et al., (2011) (see Supplementary

~Serological: IFA on serum for TBE, Borrelia burgdorferi, Rickettsia heilongjiangensis, Anaplasma

~Molecular: Nested PCR for Borrelia burgdorferi, Rickettsia spp., Babesia spp.;
»Blood smear: Anaplasma phagocytophilum spp., Babesia spp.

»Serological: IFA for antibodies detection against Anaplasma phagocytophilum; ELISA for anti-Borrelia
burgdorferi (s.1.) antibodies and TBEV antibodies;

~Molecular: PCR for Anaplasma phagocytophilum, Babesia spp., Borrelia burgdorferi (s.L), Bartonella spp.,
Coxiella burnetii, “Candidatus Neoehrlichia mikurensis™;

»Serological: ELISA for anti-Borrelia burgdorferi (s.1.) antibodies and TBEV antibodies on serum and CSF;
~Molecular: PCR for Anaplasma phagocytophilum, Babesia spp., Borrelia burgdorferi (s.L);

»Blood smear for Anaplasma phagocytophilum, Babesia spp.

~Serological: ELISA for antibodies of B. burgdorferi (s.L);

~Molecular: Multiplex qPCR for the detection of Borrelia burgdorferi (s.L.), Babesia microti

»Eritema migrans skin biopsy;

~Molecular: PCR for Rickettsia spp., duplex qPCR for Borrelia burgdorferi (s.1.)

Boyer et al. (2018) France 1
Diallo et al. (2017) Senegal 1
Dong et al. (2013) China 30
Dumic et al. (2021) USA 1
Dunaj et al. (2018) Poland 118
Gegotek et al. (2022) Poland 21
Groth et al. (2022) Poland 22
Table S3)
Liu et al. (2019) China 180
phagocytophilum;
Moniuszko-Malinowska et al. Poland 120
(2021)
»Blood smear
Moniuszko et al. (2014) Poland 110
Primus et al. (2018) USA 192
Tijsse-Klasen et al. (2013) Croatia 1
Wormser et al. (2019) USA 52

~Serological: IFA for antibodies to Anaplasma phagocytophilum, Babesia microti, Babesia miyamotoi, POWV;
~Molecular: PCR for the dection of Babesia microti;
»Blood smear for Anaplasma phagocytophilum, Babesia microti
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differences in symptoms between patients with and without confirmed
infections. Co-infections, mainly with B. burgdorferi (s.l) and
A. phagocytophilum, were observed in some cases. The most prevalent
co-infection was between B. burgdorferi (s.L) and A. phagocytophilum,
occurring in 4.2% (5/118) of the instances (Dunaj et al., 2018). In
Europe, many TBE patients were co-infected with Borrelia spp. (27% or
30/110), A. phagocytophilum (10.9% or 12/110), and Babesia spp. (0.9%
or 1/110), with triple co-infections occurring in 2.7% (3/110) of pa-
tients (Moniuszko et al., 2014).

A first French case of co-infection with TBEV and B. burgdorferi (s.L),
was a document by Boyer et al. (2018), where the patient exhibited
symptoms of both TBE and Lyme borreliosis, making diagnosis chal-
lenging due to the overlapping clinical manifestations and highlighting
the difficulties physicians face in accurately distinguishing between such
illnesses only relying on clinical presentation. Normally, TBE progresses
from an initial viral-like phase to a second phase of neurological
symptoms, but the patient did not progress to the second phase, making
clinical diagnosis difficult. Additionally, a tick bite lesion did not show
erythema migrans, a common sign of LD. However, laboratory tests
confirmed TBE (meeting the ECDC criteria for a TBE case) with the
anti-TBEv IgG in paired sera and the presence of anti-TBEv IgM in the
first serum and despite a positive PCR test for B. burgdorferi (s.L),
following initial presentation, the patient remained asymptomatic for
six years without antibiotic treatment, suggesting spontaneous recovery
and improvement without specific intervention (Boyer et al., 2018).

Another challenge is when a patient’s symptoms suggest only one
infection, but there are actually multiple infections. For example, a pa-
tient infected with B. afzelii had skin lesions typical of LD, but no
symptoms of a coexisting Rickettsia infection (Tijsse-Klasen et al., 2013).
This situation can easily lead to a missed infection. In addition, in re-
gions such as West Africa, the overlap between diseases such as
tick-borne relapsing fever (TBRF) and malaria can make it particularly
difficult to diagnose co-infections. Often, physicians focus on the more
common disease, such as malaria, and overlook the presence of TBRF,
which can lead to inappropriate treatment. Even though TBRF is com-
mon, it is often overshadowed by malaria, leading to underreporting
(Diallo et al., 2017).

All of these studies highlight the need for greater awareness
regarding the frequency of co-infections by TBPs and for exploring the
presence of multiple infections in patients with TBDs or exposed to TBPs.

3.3.2. Diagnostic approach using serology and molecular methods

Given the challenges of diagnosing co-infections solely on clinical
presentation, especially when symptoms are ambiguous, and antibodies
are not yet detectable, advanced diagnostic techniques are essential.
PCR tests, which identify pathogen DNA, have proven effective in the
early detection of diseases such as LD and TBE (Moniuszko et al., 2014).
For example, Dong et al. (2013) developed a duplex real-time PCR assay
in China to analyze DNA from blood samples of patients with human
granulocytic anaplasmosis and human monocytic ehrlichiosis during the
acute phase. This assay, confirmed by serological testing showing a
4-fold increase in IgG titer in both acute and convalescent serum sam-
ples, demonstrated superior efficiency and sensitivity compared to
nested PCR. It excelled in the acute detection and differentiation of these
emerging TBPs (A. phagocytophilum and Ehrlichia chaffeensis). This
advancement offers significant potential for improving detection in
various sample types, particularly for timely screening of clinical sam-
ples from patients with undiagnosed febrile illness and field samples
from endemic areas (Dong et al., 2013).

Similarly, researchers have developed methods such as multiplex
qPCR, which allows the simultaneous detection of multiple infections
even before the immune system has responded (Primus et al., 2018).
Such techniques are critical for early detection and timely treatment,
improving the management of infections.

Newer methods, such as the analysis of blood lipids and proteins, are
also showing promise. Research suggests that individuals infected with
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TBE alone have different blood lipid and protein profiles than those with
co-infections (TBE + LD). These differential profiles could pave the way
for the development of new, more sensitive diagnostic tools tailored to
the complexities of co-infections (Gggotek et al., 2022; Groth et al.,
2022) as well as for personalized treatment strategies for patients with
multiple infections.

Despite these advances, the impact of co-infections on symptom
severity remains uncertain. Multiple infection studies show contrasted
effects on diseases severity (Dunaj et al., 2018; Wormser et al., 2019;
Dumic et al., 2021). For example, a study in Poland found high levels of
anti-Rickettsia antibodies among local residents. In particular, eight
patients were co-infected with B. burgdorferi and TBEV and presented
with symptoms such as erythema migrans, neuroborreliosis, and
musculoskeletal problems. Interestingly, despite the known presence of
rickettsiae in the environment, Rickettsia spp. DNA was not detected in
540 patients hospitalized after tick bites, raising questions about the
rarity of reported symptomatic cases. However, despite this high sero-
prevalence, symptomatic infections with Rickettsia spp. remain rare in
the region, highlighting a discrepancy between exposure and clinical
manifestation that warrants further investigation (Borawski et al.,
2019). In addition, research by Moniuszko-Malinowska et al. (2021)
suggests that co-infection with A. phagocytophilum and either
B. burgdorferi (s.1) or TBEV may indicate interactions between these
pathogens that could influence clinical presentation. Their findings
indicate that no severe cases of the disease were observed, and that
symptoms vary between single infections and co-infections, implying
that the pathogens might influence each other. Specifically, among 120
patients with A. phagocytophilum infection, 20 (16.7%) were also
infected with TBEV, 1 (0.83%) with Babesia spp. and 40 (33.3%) with
B. burgdorferi (s.L) (Moniuszko-Malinowska et al., 2021).

To address these uncertainties, laboratory animal models could offer
valuable insights into how co-infections interact to influence disease
severity. Such research may be crucial for advancing our understanding
of co-infections and improving the diagnosis and treatment of
individuals.

3.4. The role of laboratory animals and artificial infection of ticks in
studying co-infection

In order to understand the impact of co-infection on the severity of
symptoms and the interaction between TBPs in ticks and vertebrate
hosts, laboratory animals have been essential. Various animals, from
mice to larger species such as dogs, can be infected for research purposes
(Table 6).

3.4.1. Dogs as a model for natural co-infection scenarios

Dogs are particularly valuable in co-infection studies because they
often encounter multiple pathogens in regions with high vector diversity
and are exposed to the same pathogens as their owners.

As described above, co-infected dogs in natural environments may
present with unusually severe or atypical clinical signs. This makes them
an ideal model for studying complex disease interactions.

In a study by Gaunt et al. (2010), experimental co-infections with
A. platys and E. canis demonstrated that co-infection in dogs led to more
severe anemia and thrombocytopenia than infection with a single
pathogen. The study highlights how co-infection can alter the dynamics
of the disease, demonstrating how this results in prolonged infection and
more severe clinical outcomes (Gaunt et al., 2010).

3.4.2. Insights on co-infection dynamics from mouse models

Several in vivo laboratory studies have used different strains of mice
to investigate the consequences of co-infection with Borrelia spp. and
A. phagocytophilum or Babesia spp., to extrapolate these findings to
consider explanations for the similar natural reservoirs, vectors and
geographical distribution of these pathogens, and for differences in
disease severity (Thomas et al., 2001; Moro et al., 2002; Coleman et al.,
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Table 6

Summary of animal laboratory models and artificial infection of ticks to investigate TBDs.
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References

Co-infection agents

Infectious dose

Animal model

Objective

Akoolo et al.

B. burgdorferi + Ba.

Ba. microti: 10* infected RBCs/mouse i.p.;

(2021) microti B. burgdorferi: 10° spirochetes s.c.
Djokic et al., B. burgdorferi + Ba. Ba. microti: 10* infected RBCs/mouse i.p.;
2019 microti B. burgdorferi: 10° spirochetes s.c.
Djokic et al. B. burgdorferi + Ba. Ba. microti: 10* infected RBCs/mouse i.p.;
(2018) microti B. burgdorferi: 10° spirochetes s.c.
Gaunt et al. A. platys + E. canis A. platys: blood from a splenectomized dog that
(2010) had been injected with the A. platys isolate 10
days earlier;
E. canis isolate: blood from another dog in
Louisiana exhibiting symptoms such as fever and
thrombocytopenia
Genné et al. B. afzelii strains NE4049 Infection of mice by tick bite using I. ricinus
(2021) + Fin-Jyv-A3 nymphs
Genné et al. B. afzelii strains NE4049 Infection of mice by tick bite using I. ricinus
(2018) + Fin-Jyv-A3 nymphs
Hart et al. B. burgdorferi + POWV B. burgdorferi: 3x108 cells/ml;
(2022) POWV: 2.32x10° FFU/ml

Paulsen et al.

TBEV +

TBEV: 6.5x10° FFU/ml;

(2019) A. phagocytophilum A. phagocytophilum: 10° infected cells
Rynkiewicz B. burgdorferi BL206 + Infection of mice by tick bite using I. ricinus
et al. (2017) LG734 nymphs
Sallay et al. R. helvetica + B. afzelii R. helvetica: 8x10* i.p.;
(2017) B. afzelii: 10° spirochetes s.c.
Thomas et al. B. burgdorferi + B. burgdorferi: 10° intradermal;
(2001) A. phagocytophilum A. phagocytophilum: 100 pl of HGE-infected C3H-
scid blood i.p.
Zafar et al. Ba. microti + Ba. rodhaini  Ba. microti: 107 infected RBCs i.p.;
(2022) Ba. rodhaini: 107 infected RBCs i.p.
Coleman et al. Ba. microti + B. burgdorferi: 10° spirochetes s.c.;
(2005) B. burgdorferi Ba. microti: 10° infected RBCs/0.2 ml i.p.
Holden et al. B. burgdorferi + B. burgdorferi: 10° spirochetes s.c.;
(2005) A. phagocytophilum A. phagocytophilum: blood from infected SCID
mice
Moro et al. B. burgdorferi + Ba. B. burgdorferi: 10* spirochetes s.c.;
(2002) microti Ba. microti: 107 Ba. microti-infected hamster RBCs
Zeidner et al. B. burgdorferi + Infection of mice by tick bite
(2000) A. phagocytophilum
Maaz et al. H. polygyrus + B. afzelii H. polygyrus: 250 L3 larvae via oral gavage;
(2016) B. afzelii-infected I. ricinus nymphs

C3H/HeN mice; C3H/
HeJ mice

C3H/HeJ mice
C3H/HeN mice

Dogs

BALB/c mice
BALB/c mice

Adult ticks (capillary
feeding)

Lambs
C3H/HeNCr1 mice

C3H/N and BALB/c
mice
C3H/HeN mice

BALB/c mice

BALB/c and C3H/HeN
mice

C3H/HeN and C3H/
Smn.Clcr-scid mice

BALB/c and C3H/HeJ
mice
C3H/HeJ mice

C57BL/6JRj, BALB/c/
cJRj, and C3H/HeNRj
mice

Examine TLR4 signaling in B. burgdorferi and Ba.
microti infections

Evaluate spleen responses and Ba. microti effects on
B. burgdorferi clearance

Evaluate co-infection’s effect on splenic response and
parasitemia in C3H mice

Assess co-infection’s impact on blood, infection
duration, and doxycycline treatment in dogs

Investigate B. afzelii strain interactions, tissue
abundance, and tick transmission

Test B. burgdorferi strain competition in rodents and
ticks

Model unfed, questing adult ticks after blood
digestion and molting to study pathogen interactions
at this transmission stage

Study effects of TBEV and A. phagocytophilum co-
infection in lambs

Compare transmission between genotypes, assess
host-to-tick transmission, and model persistence
Identify animal model and evaluate bacterial co-
infection transmission

Investigated B. burgdorferi and A. phagocytophilum
agent effects on infection, transmission, and Lyme
arthritis

Highlighted importance of studying acute co-
infections and immune dynamics

Compared co-infection effects on parasitemia,
splenomegaly, and Lyme disease severity
Determine the effect of A. phagocytophilum on
subsequent B. burgdorferi infection

Investigate co-infection’s synergistic pathogenic
effects using a mouse model

Determine if human granulocytic ehrlichiosis co-
infection induces a Th2 cytokine response in mice
Investigate nematode-tick co-infection effects on
immune responses and transmission

Abbreviations: RBCs, red blood cells; i.p., intraperitoneal; s.c., subcutaneous.

2005; Holden et al., 2005). Studies in susceptible C3H mice co-infected
with combinations of Ba. microti, B. burgdorferi, and A. phagocytophilum
have provided important insights into the impact of vertebrate
co-infection on important factors such as transmission, pathogenicity,
and the influence of pathogen populations on the host immune response,
thereby affecting disease outcomes. The most commonly used mouse
strains for bacterial-parasite co-infection experiments are BALB/c and
C3H/HeN or C3H/HelJ.

In co-infection models, the interaction between B. burgdorferi and Ba.
microti in C3H mice demonstrates a noteworthy escalation in spirochete
levels across various organs. This simultaneous infection not only pro-
longs and exacerbates inflammatory LD manifestations due to Ba.
microti-induced immunosuppression but also leads to a significant rise in
spirochete burden (Djokic et al., 2018, Djokic et al., 2019). Furthermore,
Toll-like receptor 4 (TLR4) has been shown to indirectly influence the
immune response and pathology during B. burgdorferi infection. In
C3H/HeJ mice lacking functional TLR4, there was increased TLR2
signaling due to the abundance of lipoproteins on the surface of spiro-
chetes. This led to a more pronounced inflammatory response in
B. burgdorferi-infected and co-infected C3H/HeJ mice compared to
C3H/HeN mice. In fact, C3H/HeJ mice co-infected with Ba. microti
developed more severe inflammatory arthritis than those infected with
either pathogen alone (Akoolo et al., 2021).

Moreover, the dynamics of spirochete-parasite interactions also
result in a reduction of splenic B and T cells, lower antibody levels, and

impaired humoral immunity, compared with those infected with
B. burgdorferi alone, highlighting the role of innate immune receptors in
modulating disease severity during co-infection (Djokic et al., 2019;
Akoolo et al., 2021).

However, conflicting results exists. For example, Coleman et al.
(2005) and Moro et al. (2002) reported that co-infection with babesiosis
and LD pathogens did not result in significant changes or increased
disease severity in certain mouse strains, such as C3H/HeN and BALB/c.

Indeed, this suggests that the impact of co-infection can vary
significantly depending on the host’s genetic background and the spe-
cific pathogens involved.

3.4.3. Immune responses in co-infected mice with TBPs and parasites

As the impact of co-infection has been described in animals and
humans, understanding how pathogens interact with each other and
with the host immune system is critical to elucidating disease severity in
mouse models. These complex dynamics not only influence the course of
individual infections but also significantly alter overall clinical out-
comes. For example, co-infection with A. phagocytophilum and
B. burgdorferi (s.s.) exacerbate Lyme arthritis and has shown notable
immune profile changes in mice. These changes include proliferation of
splenic B and CD4 T cells, but a decrease in CD8 T cells, illustrating shifts
in immune cell populations. This immune shift is accompanied by
increased levels of IL-4 and decreased levels of IFN-y and IL-2 cytokines.
Co-infection also results in increased pathogen loads of both
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A. phagocytophilum and B. burgdorferi (s.s.), increasing the severity of
Lyme arthritis compared to single infections (Thomas et al., 2001).
Further, co-infection leads to decreased levels of IL-12, IFN-y, and
TNF-a, increased IL-6 production, and suppressed macrophage activa-
tion. Interestingly, while the Lyme spirochete load increased in various
tissues of co-infected mice, the A. phagocytophilum load remained un-
affected (Holden et al., 2005).

Co-infection not only with TBPs but also with parasites can affect
host immunity, which in turn can alter the outcome of infection. In a
mouse model involving co-infection with Ba. microti and Ba. rodhaini, it
was shown that Ba. microti influenced the immune response against Ba.
rodhaini, leading to mouse survival in some cases. Indeed, Ba. rodhaini
infects human red blood cells and rodents, being lethal to mice. Babesia
microti, on the other hand, while a major cause of human and animal
babesiosis, causes a self-limiting disease in mice that resolves over time
(Zafar et al., 2022).

Another example involves co-infections with intestinal nematodes,
particularly Heligmosomoides polygyrus and I ricinus ticks in wild Apo-
demus mice. These mice serve as reservoir hosts for TBDs in Europe,
making them a relevant model for studying natural co-infection sce-
narios. Laboratory experiments showed that while co-infection induced
strong systemic Th2 immune responses, it did not alter local immune
responses to ticks or affect tick-feeding success (Maaz et al., 2016). This
suggests that certain immune responses may be compartmentalized,
meaning that changes do not necessarily translate into local effects at the
site of infection.

3.5. Strain-specific competition among pathogens and their
epidemiological implications

Competitive interactions between different strains of the same
pathogen can influence disease transmission and severity. For instance,
in experiments with B. afzelii strains Fin-Jyv-A3 and NE4049, it was
observed that NE4049 had a greater capacity for tissue infection, sug-
gesting higher invasiveness. This competition led to a significant
reduction in the tissue infection prevalence of Fin-Jyv-A3, illustrating
how pathogen competition can affect strain-specific transmission
(Genné et al., 2018). Further studies emphasize that competition be-
tween strains impacts not only their abundance in rodent tissues but also
their transmission to ticks, thereby influencing the overall epidemiology
of B. burgdorferi strains in natural environments (Genné et al., 2021).
These findings underscore the complexity of pathogen interactions
within a host and their broader ecological implications.

3.6. Viral-bacterial co-infections in sheep and ticks: Emerging models

Reviewing the literature, it was noted that more studies investigated
bacteria-bacteria co-infections (Thomas et al., 2001; Holden et al., 2005;
Gaunt et al., 2010; Rynkiewicz et al., 2017; Genné et al., 2018, 2021) or
bacteria-parasites interactions (Moro et al., 2002; Coleman et al., 2005;
Maaz et al., 2016; Sallay et al., 2017; Djokic et al., 2018; Djokic et al.,
2019; Akoolo et al., 2021). Additionally, some models explore
viral-bacterial interactions in sheep and ticks but not in mice (Paulsen
etal., 2019; Hart et al., 2022). However, no models have been found that
investigate virus-parasites interactions.

For instance, co-infection of sheep with A. phagocytophilum and TBEV
resulted in significantly higher TBEV titers than in single infections. This
suggests that bacterial co-infection can enhance viral replication and
immune response, although the mechanisms remain unclear (Paulsen
et al., 2019). Similarly, a laboratory model using adult ticks co-infected
with B. burgdorferi and POWV (Powassan virus) found that the presence
of B. burgdorferi increased POWYV replication in the tick midgut (Hart
et al., 2022).

To summarize, laboratory animal models provide valuable insights
into the complexity of TBDs. Studies of co-infections in laboratory ani-
mals reveal multiple interactions between pathogens that affect disease
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severity and immune response dynamics. While some co-infections are
shown to exacerbate symptoms, others show no significant changes.
However, there is a need for additional laboratory animal and tick
models, especially to understand the complex interaction between TBPs
in ticks and vertebrate hosts, to improve our knowledge in this area and
to develop effective disease prevention strategies.

4. Discussion

The aim of this review was to distinguish studies that were consid-
ered to be real TBP co-infections according to the criteria mentioned
above (Tables 2 and 3) from the co-infection or co-exposure studies
described, in order to synthesize current knowledge on real TBP co-
infections.

According to our criteria, articles on co-infection in vector-borne
diseases were divided into direct and indirect evidence. A total of 426
papers were reviewed and 389 cases of indirect evidence documented,
divided into 207 papers on animals, 145 on ticks, and 37 cases of indi-
rect evidence for humans. In contrast, 20 papers provided direct evi-
dence: six on co-infection in animals; and 14 on co-infection in humans
(Fig. 1). Nevertheless, despite attempting to make the bibliographic
search as thorough as possible, some articles may not have been
included. At the end of this review, we observed that there were very few
papers addressing co-infections in vertebrate hosts, which raises the
question of whether these were in fact co-infections or merely cases of
co-exposure or co-detection. Moreover, the polysemy of the term “co-
infection” made it difficult to accurately interpret studies of co-infection
scenarios. Therefore, this review proposes definitions for co-infection,
co-exposure, and co-detection (Table 1). Although co-infections of
TBPs are now well recognized and routinely considered in various
studies (Michelet et al., 2014; Moutailler et al., 2016), co-infection,
co-detection and co-exposure should not be used as interchangeable
words in order to gain clarity in future studies. It is fundamental to use
the appropriate term, ‘“co-detection”, rather than “co-infection”.
Co-detection of pathogens by PCR in field-collected ticks and their
vertebrate hosts does not always indicate viable co-infection, which may
distort the overall understanding of the ecology and evolution
co-infection by TBPs (Gomez-Chamorro et al., 2021). Only two papers in
the literature used the term ‘“co-detection” when screening for
co-infections of TBPs in ticks (Holden et al., 2006; Beristain-Ruiz et al.,
2022), highlighting the largely inappropriate use of the term “co-in-
fection” to describe cases of co-detection or co-exposure instead.

There is a potential risk of humans and animals being infected
simultaneously with multiple pathogens from a co-infected tick,
depending on how common the pathogens are in the ticks and animal
reservoirs in the area, how long it takes the tick to transmit the patho-
gens to the host once it has started feeding, and how effectively the ticks
transmit the pathogens (Boyer et al., 2022). Therefore, to improve the
detection of real cases of co-infection, the screening for TBPs in ticks
could be based on an RNA RT-PCR rather than a DNA one. However, it is
important to note that further research is needed to determine if
non-replicating pathogens in ticks can become active during feeding and
impact detection. While no co-infections have yet been identified in ticks
(only cases of co-detection were found in the literature), a few articles
have documented co-infections in animals and humans. Indeed, several
challenges raised by the diagnosis of these co-infections in vertebrate
hosts were described to explain this scarcity.

The use only of serology for surveillance purposes has several limi-
tations, as described in different studies (Bil-Lula et al., 2015; Backus
et al., 2022). It is vital to be able to distinguish between a resolved past
exposure and an ongoing infection when interpreting serological results.
Serological tests often lack specificity and can produce false positives
due to cross-reactivity with other pathogens. For example, point-of-care
testing such as that performed in veterinary medicine (Snap 4Dx Plus
manufactured by IDEXX, for instance) cannot differentiate between
certain Anaplasma and Ehrlichia species. This may lead to incorrect
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assumptions about the presence of certain pathogens (Backus et al.,
2022). In addition, active infections may be missed due to the delay in
seroconversion. Therefore, serological tests are limited by
cross-reactivity, an inability to distinguish between primary and recur-
rent infections, and ineffectiveness during the “window period” when
antibodies are undetectable (Bil-Lula et al., 2015; Rodriguez-Alarcon
et al., 2020). In addition to the limitations of using serology alone, there
are disadvantages to relying solely on molecular detection (Bil-Lula
et al., 2015; Rodriguez-Alarcon et al., 2020). For example, dogs in the
subclinical and chronic phases may be asymptomatic, and serological
tests may show cross-reactivity and fail to distinguish between current
and past infections of E. canis. Low levels of infectious agents in the
bloodstream may result in negative PCR results from blood samples
despite the presence of the pathogen in other tissues such as the liver,
spleen, and bone marrow (Primus et al., 2018; Rodriguez-Alarcon et al.,
2020; Backus et al., 2022). Similarly, in borreliosis, testing blood sam-
ples by PCR has poor diagnostic sensitivity compared with serological
testing, as any circulating spirochetes or bacteria may be present at very
low concentrations or there may be a transient spirochetemia. This
limited detection of Borrelia spp. in whole blood samples suggests that
whole blood may not be the primary site of infection and highlights the
fact that alternative tissues or body fluids may provide more suitable
sampling options. However, real-time PCR assays have shown potential
in identifying Borrelia spp. in various body fluids and tissues, such as
cerebrospinal fluid, synovial fluid, skin biopsies, and human urine
samples (Bergmann et al., 2002; Ivacic et al., 2007). Due to its high
analytical sensitivity and specificity, real-time PCR assays could be
particularly useful for detecting B. burgdorferi (s.L) infections in local-
ized tissues (e.g. skin) or body fluids (e.g. cerebrospinal fluid, synovial
fluid) (Bil-Lula et al., 2015).

Conducting both molecular and serological tests simultaneously is
particularly important. Negative PCR results associated with positive
antibody responses indicate a subclinical or chronic stage of the disease,
or previous exposure to the pathogen (de Sousa et al., 2013). Further-
more, the best strategy for reliable diagnosis in animals and humans is to
combine molecular and serological techniques with a clinical exami-
nation to ensure appropriate treatment, as several studies have shown
(Dong et al., 2013; Moniuszko et al., 2014; Diallo et al., 2017; Boyer
et al., 2018; Dunaj et al., 2018; Borawski et al., 2019; Liu et al., 2019;
Wormser et al., 2019; Grochowska et al., 2020; Dumic et al., 2021;
Moniuszko-Malinowska et al., 2021; Gegotek et al., 2022; Groth et al.,
2022).

Finally, the impact of co-infections was analyzed, with conflicting
results. It was found that when co-infections occur, the pathogens may
either enhance or suppress each other, thereby increasing or decreasing
their pathogenic effects or, conversely, they may not have a significant
effect.

For example, latent (persistent) TBEV infection may predispose in-
dividuals to new infections from bacteria such as Borrelia, and particular
attention should be paid to treatment with tetracycline antibiotics, as
such treatment has been associated with progression of TBE and some-
times fatal outcomes, particularly due to the immunosuppressive and
neurotoxic effects of doxycycline, which may exacerbate the course of
TBE health (Kolyasnikova et al., 2022). An integrated approach that
includes investigation, diagnosis, and treatment of these different eti-
ologies is essential because the management of bacterial tick-borne in-
fections in addition to TBE remains a major challenge in modern public
health (Kolyasnikova et al., 2022).

In order to gain a deeper understanding of the interactions between
pathogens during co-infection in animals or humans, it is imperative to
develop animal models specifically designed for co-infection studies.
Previously, various animal models have been chosen to study the effects
of co-infection with B. burgdorferi (s.L), A. phagocytophilum, and Babesia
spp. These studies have used different mouse strains to investigate
transmission dynamics, pathogenicity, and the influence of pathogen
interactions on the vertebrate host's immune response, which in turn
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affects disease presentation. However, current models do not include
scenarios involving bacterial-viral co-infections. Moreover, while C3H/
N and BALB/c mice serve as reliable models for B. afzelii infection, they
may not be suitable for other models of infection. Specifically, these
mice did not develop rickettsiosis or transmit Rickettsia spp. to ticks
during feeding (Sallay et al., 2017). Moreover, there is a scarcity of
co-infected tick models, with only one model described in which adult
ticks were infected with both B. burgdorferi and POWV by capillary
feeding (Hart et al., 2022). Additional laboratory animal and tick
co-infection models are required to address the multiple possible
co-infections in vertebrate hosts and ticks. However, it is important to
interpret these findings cautiously when applying to natural conditions.
Additional research in field settings is essential to validate these results.

Ixodes ricinus, the main vector of TBPs in Europe, has a wide
geographical distribution and feeds on a variety of vertebrate hosts.
Common pathogens transmitted by I. ricinus include B. afzelii, TBEV, and
A. phagocytophilum, which infect both vertebrate hosts and ticks (de la
Fuente et al., 2017). In Europe, 3817 cases of TBE were reported in 2020
(Hills et al., 2024), while between 65,000 and 85,000 cases of LD were
reported annually until 2006 (Lindgren and Jaenson, 2006). In addition,
fewer than 300 cases of HGA were reported in Europe between 2004 and
2019 (Matei et al., 2019) due to underreporting and underestimation,
possibly due to undetected asymptomatic or mild cases, and lack of
awareness among clinicians (Lindgren and Jaenson, 2006).

Therefore, it is essential to establish co-infection models with
B. afzelii, TBEV, and A. phagocytophilum in both mice and ticks. In
addition, the setting up of new artificial co-infection models in ticks
using capillary and microinjection systems would be useful to mimic
natural tick infection and compare pathogen distribution pathways in
the tick. These studies could represent the first steps toward studying the
transmission dynamics of these pathogens from co-infected ticks to un-
infected mice and vice versa. Ultimately, such models will improve our
understanding of potential synergistic or antagonistic interactions be-
tween these pathogens and could improve prevention and TBD
management.

5. Conclusions

In conclusion, this review successfully distinguished studies that
present co-infections with tick-borne and other pathogens from those
describing co-detection or co-exposure. Of the 426 papers analyzed, only
20 provided direct evidence of co-infection, with the remainder doc-
umenting indirect evidence. The polysemy of the term “co-infection” has
contributed to inconsistencies in research, highlighting the need for
clear definitions and appropriate diagnostic criteria, as proposed in this
review. Accurate detection methods, such as RNA RT-PCR in addition to
microbiological culture, are crucial to avoid misinterpretation and bet-
ter identify cases of co-infection. Furthermore, the development of
laboratory models for animal and tick co-infections will improve our
understanding of pathogen interactions and improve diagnostic and
treatment strategies for tick-borne diseases. This research highlights the
importance of precise terminology and integrated approaches to accu-
rately study and manage co-infections in both humans and animals.
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