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Abstract

Ticks are important vectors responsible for transmitting a wide range of diseases that
have significant impacts on both human and animal health. In Europe, the Ixodes tick is
especially remarkable for its ability to spread pathogens such as Borrelia, the bacterium
that causes Lyme disease, and the tick-borne encephalitis virus (TBEV), which can lead
to serious neurological infections. Building on the results of our previous research involv-
ing co-infection with Borrelia afzelii and TBEV in C3H mice, this study aimed to further
investigate the interactions between these two pathogens, focusing on the timing of in-
fection and examining mRNA cytokine levels in the brain and spleen of both single- and
co-infected mice and their possible link to the clinical outcome. The results revealed
that the timing of infection significantly influenced the immune response, highlighting
the complex interactions between B. afzelii and TBEV. B. afzelii infection can influence
TBEV dynamics, either amplifying or suppressing its effects depending on the timing of
infection. In addition, this study helps to better understand how the immune system re-
acts when both TBEV and B. afzelii infect a host under different conditions. It sheds light
on how these pathogens interact and affect disease progression.
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Introduction

Ticks are a significant group of arthropod vectors, known for the wide range of pathogens they
carry and their serious impact on both human and animal health (Jongejan & Uilenberg, 2004). In
Europe, Ixodes ricinus stands out as the most important due to its extensive presence across
various ecosystems and its ability to transmit numerous microorganisms. These include Borrelia
burgdorferi s.l. (the bacterium responsible for Lyme disease) and the virus that causes tick-borne
encephalitis (TBEV) (de la Fuente et al., 2017). Adding to the challenges posed by tick-borne
diseases, is the frequent occurrence of co-infections, where a single host is infected with multiple
pathogens at the same time. In Europe, tick-borne co-infections often involve combinations of
pathogens such as B. burgdorferi s.l., Anaplasma phagocytophilum, and Babesia microti (Rocha
et al.,, 2022). Other common pairings include B. burgdorferi s.l. with A. phagocytophilum or A.
phagocytophilum with Rickettsia species (Rocha et al., 2022).

Co-infections involve not only two bacteria or a combination of a bacterium and a parasite, but
can also include viruses, such as TBEV. Importantly, a significant proportion of individuals with
tick-borne co-infections, such as those with TBEV and/or B. afzelii, experience more pronounced
symptoms. However, the link between co-infection and severe clinical outcome is still unclear, as
suggested by several studies (Dumic et al., 2021; Moniuszko et al., 2014; Wormser et al., 2019).
The overlapping symptoms and different incubation periods of each pathogen further complicate
diagnosis and testing, making it difficult to accurately identify infections. For this reason, it is crucial
to understand the impact of co-infections, which requires a deeper understanding gained through
advanced animal models (Porcelli et al., 2024a).

Human co-infections with TBEV and B. burgdorferi s.l. have been documented in Europe and
Asia, although most reports consist of individual cases or small series in which the precise timing
of infection is difficult to establish, as many diagnoses rely on serology rather than synchronous
pathogen detection. In a classic Slovenian series of acute lymphocytic meningitis, patients showed
laboratory evidence of concomitant TBEV and B. burgdorferi s.l. infection and frequently presented
initially with typical TBE symptoms followed by Lyme manifestations during follow-up, a pattern
consistent with simultaneous or closely timed acquisition from a single tick bite (Cimperman et al.,
1998). Similarly, a Latvian cohort of infected patients with TBEV and B. burgdorferi s.l. described
overlapping neurological presentations dominated by meningitis or meningoencephalitis,
emphasizing the need to test for both pathogens following tick exposure in endemic areas (Logina
et al., 2006) . Individual case reports provide additional evidence of likely near-simultaneous
infections. These include patients with severe meningoencephalitis who showed parallel rises in
serum IgG levels against both TBEV and B. burgdorferi s.l., suggesting that both infections
occurred around the same time following a single exposure (Boyer et al., 2018, 2022; Ostapchuk
et al., 2023). Across studies, true concurrent clinical co-disease appears uncommon compared to
serological co-exposure, and a recent systematic review concluded that many TBE patients who
are Borrelia-seropositive likely represent prior exposure rather than active dual infection at
presentation. Regarding disease severity, the same review found no consistent evidence that co-
infected patients experience systematically worse outcomes than those with single infections,
although additive clinical pictures such as erythema migrans accompanied by high fever or
neuroborreliosis overlapping with confirmed TBE were observed in a subset. Finally, co-detections
of TBEV and B. burgdorferi s.l. in questing [. ricinus ticks support the biological plausibility of
simultaneous human exposure within a single season, providing an ecological context for the
clinical observations (Boyer et al., 2022; Oechslin et al., 2017; Wail} et al., 2024).

Co-infection experiments in mouse models have shown that when mice are infected with two
pathogens, their immune response is altered. This can lead to higher bacterial loads, longer
persistence of infection and worse disease outcomes (Holden et al., 2005; Thomas et al., 2001;
Zeidner et al., 2000). Holden’s study in mice showed that co-infection with B. burgdorferi s.s. did
not increase levels of A. phagocytophilum in the bloodstream, but did alter the immune response,
reducing antibody levels against A. phagocytophilum (Holden et al., 2005). This finding is
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consistent with previous research by Zeidner et al. (2000) who also found changes in cytokine
profiles, suggesting that co-infections may involve immunomodulatory mechanisms (Holden et al.,
2005; Zeidner et al., 2000). In addition, Thomas et al. (2001) observed that mice infected with both
B. burgdorferi s.s. and A. phagocytophilum had lower levels of key immune signals such as IFN-
Y, IL-12 and TNF-qa, but higher levels of IL-6 compared to those infected with B. burgdorferi s.s.
alone (Thomas et al., 2001). Moreover, macrophages from co-infected mice had reduced
expression of the IFN-y receptor, further suggesting that co-infection disrupts the immune
response.

Previous work in our laboratory established co-infection models in C3H mice with B. afzelii and
TBEV, showing that the outcome varied depending on the time of infection.
Indeed, clinical signs associated with TBEV infection were more prominent in mice infected with
TBEV 9 days after B. afzelii primo-infection compared to mice infected with TBEV 21 days after B.
afzelii infection (Porcelli et al., 2024b).

A second experiment in mice with the same pathogens and same kinetics of TBEV and B.
afzelii infections was performed to understand how the immune system reacts to infection and to
better understand the interactions between the pathogens and the host immune system. Therefore,
the present study investigated the mRNA cytokine expression levels in brain and spleen of C3H
mice infected with B. afzelii and then TBEV 9 days or 21 days post bacterial infection or co-infected
simultaneously with both pathogens and compared them to those in mice with single infections.
This study participates in understanding the role of the host immune system in the interactions
between B. afzelii and TBEV, offering insight into a situation that can realistically occur in nature
and in human cases.

Materials and methods

Ethics statement

In vivo experiments were performed at the Animal Facility of the Laboratory for Animal Health
of the French Agency for Food, Environmental and Occupational Health & Safety (ANSES),
Maisons-Alfort, France, according to French and International Guiding Principles for Biomedical
Research Involving Animals (2012). The present research was conducted in compliance with all
relevant European Union guidelines for work with animals and with the French national law
guidelines on the use of experimental animals and the protection of animals against cruelty.
Experimental protocols were approved by the ANSES-ENVA-UPEC Ethics Committee for Animal
Experimentation (Approval Numbers: APAFIS #35511-2022022111197802 v2, Date of agreement
2022/04/14; APAFI1S#31496-2021051213296446 v3; Date of agreement 2021/06/18).

Mice and Housing Conditions

Six-week-old female C3H/HeN (C3H) mice were obtained from Charles River Laboratories
(France). The mice were maintained in groups of six, or five for the TBEV infection group, in plastic
cages with wood-chip bedding, fed ad libitum, and kept in standardized conditions (21°C, 12-hour
light/12-hour dark photoperiod) ANSES in Maisons-Alfort, France. Each mouse was identified with
a subcutaneous microchip (Biolog Tiny, 1,4 x 8 mm; Biolog-Animal, France) for precise tracking
throughout the study, and they were monitored twice daily to document and report any deviations
from normal behavior or signs of health decline. Animal housing and handling took place under
Biosafety level 3** (BSL3**) conditions.

Bacterial culture

Low passage of B. afzelii CB43 (Stépanova-Tresova et al., 2000) was started from glycerol
stocks and grown in Barbour-Stoenner-Kelly (BSK)-H (Sigma-Aldrich, St. Louis, MO, USA)
medium with 6% rabbit serum at 33°C for 7 days after being started from glycerol stocks
(Pospisilova et al., 2019). This strain (CB43) was initially isolated from one questing female /.
ricinus collected in the Czech Republic in 1998 (St&panova-Tresova et al., 2000).
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Viral culture

The TBEYV strain Hypr (2.3x108 PFU/mL) was used for animal infections. This strain was initially
isolated from human blood, in Czech Republic, in 1953 (Wallner et al., 1996). In laboratory, TBEV
Hypr was passaged four times in suckling mice brains and twice in Vero E6 cells, before being
passaged tree times in our laboratory and used in the experiments (Yasumura & Kawakita, 1963;
Migné et al., 2022).

Experimental infection of mice

After a one-week acclimatization period, 40 mice were divided into six study groups: mice
infected only with B. afzelii (n = 6, called “B. afzeli’), another group infected only with TBEV (n =
10, called “TBEV”) and two “super-infection” groups, where mice were first infected with B. afzelii
and later exposed to TBEV, after the immune system has started responding to B. afzelii. Super-
infection refers to a condition in which an organism is sequentially infected with two different
pathogens, where the second infection occurs after the immune system has started responding to
the first one. In the “Super-infection 21” group (n = 6, called “S21”), mice were infected with B.
afzelii followed by TBEV after 21 days, whereas in the “Super-infection 9” group (n = 6, called
“S9”), the second infection occurred earlier, just 9 days after the initial B. afzelii infection.
Additionally, there was a co-infection group (n = 6, called “Co-inf.”), in which mice were infected
with both pathogens simultaneously and a negative control group (n = 6, called “Neg”) where mice
received BSK-H medium (Figure 1). Mice were infected with B. afzelii (Figure 1) with 1x10¢
spirochetes of the CB43 strain, in BSK-H medium, administered by a combination of subcutaneous
(100 pL) and intraperitoneal (150 uL) injections. The subcutaneous dose was obtained by diluting
a stock suspension of 20x107 spirochetes/mL 1:10 to achieve the final concentration of 1x10°
spirochetes in 100 pL (Porcelli et al., 2024b; Wu-Chuang et al., 2023). In the TBEV group, mice
were infected by subcutaneous injection of 100 pyL of a diluted Hypr strain virus suspension
containing 1x10%? PFU/mouse. The inoculum was prepared by performing serial 1:10 dilutions of
the original stock (2.3x10° PFU/mL) in DMEM to reach a final concentration of 1x10® PFU/mL. This
applies for all groups (simply infected or super infected at 21 or 9 days) except Neg mice which
received 100 pL of BSK-H medium subcutaneously. Over 14-day post-TBEV infection (p.t.i.)
observation period, TBEV-specific clinical signs such as ruffled fur, hunched posture, paralysis and
mortality were documented for each mouse. In case of severe clinical signs of TBEV observed,
mice were euthanized before the endpoint of the study to prevent mRNA degradation. At the
endpoint, brain and spleen were gathered and stored at - 80°C until further use (Figure 1).

Blood sample collection and preparation

Blood samples (50 uL) were collected from each mouse on days 0, 5, 8, and 10 p.t.i. through
retro-orbital sampling from all experimental groups in sterile tubes containing 30 uL EDTA. The
entire anticoagulated blood sample (80uL) was added to 350 pL of lysis buffer (RA1) and 3.5 pyL
of B-mercaptoethanol in tubes, following the NucleoSpin® RNA extract Il kit instructions (Macherey
Nagel, Germany). These tubes were then frozen at -80°C until RNA extraction.

RNA extraction

RNA was isolated from the entire anticoagulated blood samples (80 uL) using the NucleoSpin®
RNA extract Il kit (Macherey Nagel, Germany) following the manufacturer’s instructions. The eluted
RNA samples (40uL) were stored at -80°C.
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Figure 1 - Schematic representation of the experimental procedure. Infection of
C3H mice at different time points. B. afzelii: mice infected with 1x10° spirochetes of
B. afzeliilmouse (n = 6), TBEV: mice infected with 1x10? PFU/mouse (n = 10), Neg:
mice inoculated with 100 pyL of BSK-H medium (n = 6), S21: mice infected with B.
afzelii followed by TBEV after day 21 (n = 6) (same doses as single infection), S9:
mice infected with B. afzelii followed by TBEV after 9 days (n = 6) (same doses as
single infection), Co-inf: mice infected simultaneously with B. afzelii and TBEV (n =
6) (same doses as single infection). TBEV infection was monitored by real-time RT-
PCR on blood samples collected on days 0, 5, 8, and 10 p.t.i and mice still alive
were sacrificed on day 14 p.t.i to collect organs (brain and spleen). Organs (brain
and spleen) were tested for mRNA expression levels of inflammatory cytokines
using RT-gPCR.

Real-time RT-PCR for TBEV detection in the blood and in the brain

Real-time RT-PCR was carried out on blood and brain samples utilizing the LightCycler® 480
RNA Master Hydrolysis Probes kit (Roche Diagnostics, Germany) following the manufacturer’s
guidelines. The real-time RT-PCR reaction volume was 20 L, consisting of 7.4 uL of LightCycler®
480 RNA Master Hydrolysis Probes, 8.05 yL of water, 1.3 pL of activator, 2 uL of primers and
probes for detecting mRNA B. afzelii or RNA TBEV (Table 1), and 2 uL of RNA template.

The real-time RT-PCR settings consisted of a reverse transcription step at 63°C for 3 min,
followed by a denaturation step at 95°C for 30 seconds, 45 successive cycles at 95°C for 10
seconds, 60°C for 30 seconds, and 72°C for 1 seconds, and a final cooling step at 40°C for 30
seconds. The LightCycler® 480 Software (Roche Diagnostics, Germany) was used to acquire and
analyze the data.

Table 1 - Oligonucleotide primers used to detect tick-borne pathogens.
Target Gene

Species Primer Sequence (5" — 3) (Size [bp]) Reference

Borrelia afzelii Bo_af fla_F GGAGCAAATCAAGATGAAGCAAT Flagellin (fla) (Michelet et
Bo_af fla_R TGAGCACCCTCTTGAACAGG (116) al., 2014)
Bo_af_fla_P TGCAGCCTGAGCAGCTTGAGCTCC

Tick-borne TBE Euro F TCCTTGAGCTTGACAAGACAG Envelope protein (Gondard et

encephalitis virus TBE Euro R TGTTTCCATGGCAGAGCCAG (E) al., 2018)

European subtype TBE Euro P TGGAACACCTTCCAACGGCTTGGCA (91)
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RNA extraction from organs

The MagMAXTM mirVanaTM Total RNA Isolation Kit (Thermo Fisher Scientific, France) was
used for mouse tissue RNA extraction. The tissues (/2 brain, ¥z spleen) were immersed in 1.5 mL
of RNAlater solution (Thermo Fisher Scientific, France), incubated overnight at 4°C and then stored
at -80°C before performing an RNA extraction. The tissue was then removed from the RNAlater
solution with sterile tweezers, the excess RNAlater solution was quickly blotted off with tissue
paper and the sample was then immersed in RNA Isolation Lysis Solution. To determine the
amount of lysis solution required to homogenize the tissue, a ratio of 1:20 was used for brain tissue
and 1:40 for spleen tissue. For the brain tissue, 1.2 g was mixed with 2 mL of lysis buffer and 14
uL of B-mercaptoethanol. For the spleen tissue, 1.7 g was mixed with 2.6 mL of lysis buffer and 18
uL of B -mercaptoethanol. Three crushing cycles (20 seconds) were performed using a six-bead
stainless steel FastPrep-24™ 5G tissue homogenizer (MP Biomedicals, USA), followed by a 2-
minute centrifugation at 14,000 g. The resulting supernatant was vortexed and 100 pyL were
transferred to a separate well of a KingFisher™ 96 Deep-Well Plate. For splenic tissue, an
additional 10 pL of chloroform was added to each well. The plate was then covered and shaken at
1,150 rpm for 5 minutes. Then 100 yL of isopropanol were added, and the plate was covered and
shaken at 950 rpm for 2 minutes. Next, 20 uL of the prepared Binding Beads Mix were added and
the plate was shaken for 5 minutes at 950 rpm.

Subsequently, the plate was washed using the KingFisher™ Flex 96 Deep-well Head Magnetic
Particle Processor as follow: first, 150 yL of Wash Solution | and then 150 pL of Wash Solution Il
were added to the plate. After treating the beads with 50 uL Turbo DNase, 50 yL Rebinding Buffer
were added to facilitate RNA binding to the beads. Then 100 pL of isopropanol were added to
precipitate the RNA. The beads with bound RNA were washed with the Wash Solution Il to remove
contaminants and the RNA was eluted from the beads using 100 uL of Elution Buffer (supplied
with the kit). RNA was quantified by a Nanodrop. The eluted RNA was stored at -80 °C before
further use.

Cytokine expression in organs

Multiple cytokines mRNA expressions were determined with a cytokine array (Mouse
Inflammatory Cytokines & Receptors RT2 Profiler PCR Array, Qiagen, France) (Arikawa et al.,
2011.; Karadjian et al., 2017) accordingly to the manufacturer’s instructions, first on brain pooled
RNA extracts and then on spleen pooled RNA extracts from TBEV-infected mice within each
infection scenario group.

In order to remove genomic DNA from pooled RNA extracts, a genomic DNA elimination mix
(consisting of 2 uL of Buffer GE, 0.5 ug of total RNA and variable RNase free-water) was prepared
for a total volume of 10 pL. The genomic DNA elimination mix was incubated for 5 min at 42°C,
then placed immediately on ice for at least 1 min. Then, the reverse transcription mix was prepared
following the manufacturer’s instructions. The 10 uL reverse transcription mix were then combined
with 10 pL of the genomic DNA elimination mix and the samples were incubated at 42°C for 15
minutes followed by a 95°C incubation step for 5 minutes. The resulting cDNA was used for Real-
Time PCR with the RT2 Profiler PCR Array. A total of 102 uL of the first-strand cDNA were mixed
with 1350 pL of 2x RT2 SYBR Green gPCR Master Mix and 1248 uL of RNase-free water.

The gPCR was performed on a LightCycler® 480 (Roche, France) according to the RT2 Profiler
PCR Array instructions with the following steps: an initial step at 95°C for 10 minutes, then 40
cycles at 95°C for 15 seconds and 60°C for 1 minute and a final cooling step at 40°C for 10
seconds. Each array included five housekeeping genes (Actb, B2m, Gapdh, Gusb, Hsp90ab1) for
data normalization. The microarray data were normalized against these housekeeping genes by
calculating the AACt for each gene of interest. Fold changes in gene expression, scatterplots, and
heatmaps were analyzed and generated using the RT2 PCR Array Data Analysis Software Web
Tool (https://dataanalysiS9.qgiagen.com/pcr).

Peer Community Journal, Vol. 5 (2025), article e131 https://doi.org/10.24072/pcjournal 660


https://dataanalysis2.qiagen.com/pcr
https://doi.org/10.24072/pcjournal.660

Stefania Porcelli et al. 7

Real-time quantitative RT-gPCR analysis of single gene expression using QuantiTect
Primer Assays

Reverse Transcription

Reverse transcription was performed using the QuantiTect Reverse Transcription Kit (Qiagen,
France) on all brain and spleen RNA extracts from infected and uninfected TBEV mice.

The samples contained 0.2 ug of RNA and were treated for genomic DNA elimination according
to the manufacturer’s instructions prior to reverse transcription. For reverse transcription, 1 pL of
Quantiscript Reverse Transcriptase, 4 uL of Quantiscript RT Buffer 5x and 1 yL of RT primer mix
were added to the total 14 uL genomic DNA elimination reaction with a total volume of 20 uL. The
samples were then incubated at 42°C for 15 minutes and 95°C for 3 minutes to inactivate the
Quantiscript Reverse Transcriptase. The cDNA samples were stored at -20°C until real-time gPCR.

RT-qPCR analysis

For the quantitative RT-gPCR using the QuantiNova SYBR Green PCR Kit (Qiagen, France),
the following bioinformatically validated QuantiTect primers from Qiagen were used: TNFa
(Mm_Tnf), IFNy (Mm_Ifng_1_SG), IL-1a (Mm_l1a_1_SG), IL-4 (Mm_ll4_1_SG), IL-6
(Mm_lI6_1_SG), IL-10 (Mm_lI10_1_SG), IP10/CXCL10 (Mm_Cxcl10_1_SG), CXCR3
(Mm_CXCR3_1_SG), CCL5-RANTES (Mm_Ccl5_2_SG).

The reaction mix consisted of 10 pL of 2x QuantiNova SYBR Green PCR Master Mix, 2 L of
10X Quantitect Primers, 6 pL of RNase-free water and 2 pL of cDNA, giving a total reaction volume
of 20 pL. Mouse beta-actin was used as a housekeeping gene. The amplification protocol
consisted of an initial step at 95°C for 2 minutes, followed by 45 cycles of denaturation at 95°C for
5 seconds, annealing/extension at 60°C for 10 seconds and a final cooling step at 40°C for 10
seconds using the LightCycler® 480 instrument. Quantification of gene expression was performed
using the comparative AACT method, with results reported as fold difference relative to the
housekeeping gene. To calculate the fold change, the CT of the housekeeping gene was
subtracted from the CT of the target gene to obtain the ACT. The change in expression of the
normalized target gene was expressed as 2*-AACT, where AACT = ACT samples - ACT controls,
as previously described (Livak & Schmittgen, 2001).

Statistical analysis

Survival analysis was performed using the Kaplan-Meier survival curve and the log-rank
Mantel-Cox test to compare differences in survival times of infected mice. Since the Shapiro-Wilk
test indicated that the data did not follow a normal distribution, all subsequent analyses were
conducted using non-parametric t-tests, specifically the Kruskal-Wallis test with Dunn’s multiple
comparisons test. Statistical analyses were performed using GraphPad Prism 10 (GraphPad
Software, Inc., USA); p-values < 0.05 were considered statistically significant.

Results

This study focused on analyzing the mechanisms of the host immune response upon infections
by several pathogens, which can be transmitted by ticks simultaneously or subsequently. We
investigated the genes involved in immune cell recruitment and cytokine upregulation under
different infection scenarios, which have been described previously and followed for this specific
study (Porcelli et al., 2024b). In the described infection scenarios (Figure 1), some mice did not
develop clinical signs in our TBEV and B. afzelii model, therefore, real-time RT-PCR was
performed to identify infected mice and non-infected mice (i.e. no clinical signs observed). Then,
we focused our study on the expression of 84 key inflammation-related genes on pooled brain and
pooled spleen RNA extracts by RT-PCR confirmed TBEV infected mice, using the RT2 Profiler
PCR array. Finally, we confirmed the microarray results analyzing selected cytokines mRNA
expressions for each mouse across different infection groups.

Peer Community Journal, Vol. 5 (2025), article e131 https://doi.org/10.24072/pcjournal 660


https://doi.org/10.24072/pcjournal.660

8 Stefania Porcelli et al.

Increased TBEV severity and mortality in S21 and S9 infection groups

Distinct clinical manifestations typical of TBEV infection, such as ruffled hair, hunched posture
and paralysis (Palus et al., 2013) occurred in the TBEV, S21, S9 and co-inf. groups. Among the
TBEV-infected mice in the TBEV group, eight out of ten did not show any TBEV clinical signs, while
two out of ten showed all the clinical signs. In the S21 group, all six mice showed all the clinical
signs of TBEV, while four out of six mice in the S9 group and three out of six mice in the co-infected
group also exhibited all the clinical signs of TBEV (Table 2).

Survival was followed throughout the study, but to prevent mRNA degradation, mice were
sacrificed when severe TBEV clinical signs appeared. Consequently, all mice in the negative
control and B. afzelii groups, as well as those without clinical signs in the different infection groups,
survived until the end of the experiment (14 days p.t.i.). Following TBEV infection, mortality rates
were as follows: 100% of mice in the S21 group, 66% in the S9 group, 50% in the co-infected
group and 20% in the TBEV group. Specifically, in the S21 group, all six mice died 10 days p.t.i.
Mortality in the S9 group occurred between nine and 11 days p.t.i., while in the co-inf. group, three
mice died between day eight and eleven p.t.i. Finally, in the TBEV group, two out of ten mice died
at nine and 10 days p.t.i. Survival analysis using the log-rank Mantel-Cox test revealed significant
differences between the Neg and S21 groups (p < 0.005), as well as between the Neg and S9
groups (p < 0.05) (Figure 2).

Table 2 - Clinical signs of C3H-infected mice with Borrelia afzelii and TBEV.

No clinical signs Ruffled hair Hunched posture Paralysis
Negative control (Neg) 6/6* 0/6 0/6 0/6
B. afzelii single infection 6/6 0/6 0/6 0/6
TBEYV single infection 8/10 2/10 2/10 2/10
Super-infection 21 (S21) 0/6 6/6 6/6 6/6
Super-infection 9 (S9) 2/6 4/6 4/6 4/6
Co-infection (Co-Inf) 3/6 3/6 3/6 3/6

* The ratio of mice exhibiting clinical signs/ total number of tested mice.

__ 100 ———— & W Bapel
§ \ il 2k Negative control
= NN =
£ : @ @ TBEV
E QR ~¥- Super-infection 21
w
b~ Super-infection 9
S 50 @ ® gl
g \ @ Co-infection
=
15)
2
[5)
(=¥
0 I T I I i I I I 1

T T T 1
01 2 3 456 7 8 910111213 14
Days post TBEV infection

Figure 2 - Survival curve of C3H infected mice with B. afzelii and TBEV under
different conditions. The mice were exposed to different infection scenarios. TBEV:
102 PFU (n = 10); Borrelia afzelii: 10° spirochetes (n = 6); S21: mice infected with B.
afzelii followed by TBEV after 21 days (n = 6); S9: mice infected with B. afzelii
followed by TBEV after 9 days (n = 6); Co-inf: mice infected with B. afzelii and TBEV
simultaneously (n = 6); and one negative control group inoculated with BSK-H
medium (n = 6). On day 14, all remaining mice alive were euthanized for the purpose
of the study. Log-rank Mantel-Cox test revealed significant differences in survival
between the Neg and S21 groups (p < 0.005), and between the Neg and S9 groups
(p < 0.05).
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Superinfection and co-infection lead to higher levels of TBEV RNA in the blood and brain, and
the occasional detection of B. afzelii mRNA in the brain

To assess the presence of TBEV and B. afzelii in infected mice, viral RNA was detected in the
blood, while both TBEV RNA and B. afzelii mRNA were analyzed in brain tissue.

TBEV RNA detection in the blood showed that in the TBEV group, 2/10 (20%) mice had blood
infection at five and eight days p.t.i. In the S21 group, all mice had detectable TBEV RNA in the
blood at five and eight days p.t.i. In the S9 group, 4/6 (66%) mice tested positive for TBEV RNA in
the blood at five and eight days p.t.i. In the co-infection group, TBEV RNA was detected in the
blood of 3/6 (50%) mice at five and eight days p.t.i. (Table 3). These results are consistent with
TBEV-positive animals being the ones showing clinical signs of TBEV in the different infection
scenarios (Table 2).

Table 3 - TBEV RNA detection in the blood of C3H-infected mice by real-time RT-

PCR.
Days post TBEV infection DO D5 D8 D10
Negative control 0/6* 0/6 0/6 0/6
B. afzelii single infection 0/6 0/6 0/6 0/6
TBEYV single infection 0/10 2/10 2/10 0/8
Super-infection 21 0/6 6/6 6/6 nd
Super-infection 9 0/6 4/6 4/6 0/2
Co-infection 0/6 3/6 3/6 0/3

*The number of positive mice/number of tested mice. D=days; nd: no data.

During the 14-days observation period following TBEV infection, severe clinical signs prompted
euthanasia of the mice prior to the study endpoint. This approach prevented mRNA degradation
and allowed evaluation of TBEV RNA and B. afzelii mRNA infection in the brains of C3H mice.
Table 4 shows the proportion of mice tested positive among those analyzed for brain infection
under different conditions.

The detection of TBEV in the brain supported the findings in the blood: only 2/10 (20%) mice
in the TBEV infection, all six mice in the S21 group, 4/6 (66%) in the S9 group and 3/6 (50%) in
the co-inf. group tested positive for TBEV. In addition, B. afzeli mRNA was detected in two mice
from the B. afzelii group, one mouse from the S9 group and four mice from the co-inf. group (Table
4).

Table 4 - Detection of C3H-infected mice with Borrelia afzelii and TBEV in the
brain by Real-Time RT-PCR

Brain
TBEV RNA B. afzelii mRNA

Negative control 0/6* 0/6
B. afzelii single infection - 2/6
TBEYV single infection 2/10 -

Super-infection 21 6/6 0/6
Super-infection 9 4/6 1/6
Co-infection 3/6 4/6

*The number of positive mice/number of tested mice.

Inflammatory cytokine expression levels in brain and spleen are upregulated in super-
infected and co-infected groups

Brain and spleen samples were collected from mice in each infection scenario, with six mice
per group selected based on the presence of TBEV-positive blood and symptomatic manifestation,
except for the TBEV group, which consisted of two infected mice. The aim was to investigate the
mRNA levels of chemokines, cytokines, interleukins and their receptors involved in the
inflammatory response in both brain and spleen.
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For the initial cytokine analysis, brain pooled RNA extracts and then spleen pooled RNA
extracts from TBEV-infected mice within each infection scenario group were used to assess the
expression of 84 key genes associated with the inflammatory response, normalized to the levels
of five housekeeping genes (Actb, B2m, Gapdh, Gusb, Hsp90ab1). The heat maps represent the
mRNA levels of chemokines, cytokines, interleukins and their receptors involved in the
inflammatory response in the RNA extracts from the brains and spleens (Figure 3A and 3B).

In the pooled RNA extracts from brains, the mice in the S21, S9, and co-infection groups had
upregulated gene expression compared to the B. afzeliiand TBEV alone infection groups. Notably,
levels of mMRNA CXCL-9, CXCL-10, CXCL-11, CXCL-13, IFN-y, TNF-qa, IL1-rn, CCL-2, CCL-3,
CCL-4, CCL-5, CCL-7, CCL-8 and CCL-12 were upregulated (Figure 3A). Moreover, within the
S21 group, mRNA levels of CXCL-1, CXCL-10, CXCL-9, CXCL-11 and CCL-12 were notably
elevated compared to the S9 and co-inf. groups. Additionally, CXCL-13 mRNA levels were
upregulated in the S9 group, with subsequent expression observed in the S9 and co-inf. groups.
These results indicate a strong inflammatory response in the mouse brain when infected with TBEV
followed by B. afzelii infection after 21 days.

In contrast, the level of cytokines mRNA in the pooled RNA extracts from spleens showed a
lower maximum fold change (up to 14-fold) (Figure 3B) compared to the brain pooled RNA extracts,
which had a maximum fold change of 1555-fold. Similarly, in the spleen pooled RNA extracts,
MRNA levels of CXCL-10, CXCL-9, CXCL-11, CXCL-13, IFN-y, TNF-a, IL-1-rn, CCL-12, CCL-2,
CCL-3, CCL-4, CCL-5, CCL-7 and CCL-8 were upregulated in the S21, S9 and co-inf. groups
compared to the TBEV and B. afzelii groups, suggesting an increase in the expression of these
genes associated with a strong inflammatory or immune response to TBEV and B. afzelii infection
(Figure 3B).

To confirm the previous results obtained during the examination of 84 key genes involved in
the inflammatory response first on pooled TBEV-infected brain and then on spleen samples RNA
extracts, an analysis of selected cytokines mMRNA expression was performed for each mouse
across different infection groups. In Figures 4 and 5, the mRNA expression levels of various
cytokines in the brain and spleen of the mice have been categorized according to the severity of
their clinical signs per group (severe and with no clinical signs). Based on the microarray results
of the brain, and to compare the results with those reported in the literature, the mRNA levels of a
broad range of cytokines (TNF-a, IFN-y, IL-1a, IL-10), the chemokine CCL-5 (RANTES), the
interferon-y inducible protein-10 (IP-10/CXCL-10) and its receptor CXCR3 were quantified in the
brain of C3H mice by RT-qgPCR and normalized to the levels of the housekeeping gene beta-actin
mRNA. The dynamics of changes in cytokine/chemokine mMRNA expression were investigated
between eight and eleven days p.t.i., corresponding to the time of death of the mice. The results
showed an upregulation of mMRNA levels for IL-10, CXCL-10, CXCR3, CCL-5 (RANTES), TNF-q,
IFN-y and IL-1ain the S21, S9 and co-infection groups compared to the B. afzeliiand TBEV groups
in mice with severe clinical signs. Specifically, for IL-10 (Figure 4A), mRNA exhibited significantly
upregulated expression in mice with severe clinical signs, with the highest expression observed in
the S21 group, followed by the S9 group. CXCL-10 (Figure 4B) and IFN-y (Figure 4F) mRNA levels
were significantly elevated in the brains of mice with severe clinical signs in the S9 and in the S21
groups, respectively. These fold changes were ten times higher than the mRNA levels of IL-10,
CCL-5, TNF-a and IL-1a observed in the same groups. In addition, mRNA levels of the CXCL-10
receptor CXCR3 (Figure 4C) were upregulated in mice with severe clinical signs in the S9, S21,
TBEV and co-inf. groups. Similar observations were noted for CCL-5 (Figure 4D) and TNF-a
(Figure 4E) mRNA levels. Specifically, mice with severe clinical signs in the S21, S9 and co-inf.
groups had higher levels of CCL-5 mRNA than those in the TBEV, B. afzelii and negative groups.
Mice with severe clinical signs in the S9, S21 and co-inf. groups showed higher levels of TNF-a
compared with those in the TBEV, B. afzelii and negative groups. Furthermore, elevated IL-1a
MRNA levels (Figure 4G) were observed in mice with severe clinical signs in the S9, co-inf. and
S21 groups, whereas lower levels were observed in mice with severe clinical signs in the TBEV
group. However, IL-1a mRNA (Figure 4G) levels in mice infected with B. afzelii were higher than
levels in mice with severe clinical signs in the TBEV group. Interestingly, the increase in CXCL10
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and IFN-y mRNA levels correlated with the severity of clinical signs and mortality in TBEV-infected
mice from the S21 and S9 groups (Figure 2, Table 2).
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Figure 3 - Heat map analysis of cytokines mRNA levels in brain (panel A) and
spleen (panel B) samples. The heat maps illustrate the differential expression levels
of 84 key genes mediating the inflammatory response in TBEV-infected brain and
spleen samples, including chemokines, cytokines, interleukins and their receptors.
The quantification of the cytokine mRNA in the various infection groups is expressed
in fold change compared to the levels of cytokine mRNA found in the Neg. group
(no infection).

Similarly, to confirm the microarray results in the spleen and to compare the results with those
reported in the literature, the mRNA expression levels of a wide range of cytokines (TNF-a, IFN-y,
IL-4, IL-6, and IL-10), as well as interferon-y inducible protein-10 (IP-10/CXCL-10), were quantified
in the spleens of C3H mice using RT-qPCR and normalized to the levels of the housekeeping gene
beta-actin mRNA. The dynamics of changes in cytokine/chemokine mRNA expression were
investigated between eight- and eleven-days post-infection, corresponding to the time of death of
the mice. Although the fold changes in the spleen were lower than fold changes in the brain
samples, the level of CXCL-10 (Figure 5F) mRNA was highest in mice with severe clinical signs in
the S9 group. Similarly, IFN-y (Figure 5E) mRNA levels were higher in mice with severe clinical
signs in the S9, co-infection and S21 groups. In addition, TNF-a mRNA levels (Figure 5D) were
upregulated in mice with severe clinical signs in the S9 and co-infection groups. In contrast, IL-10
(Figure 5A) mRNA levels were higher in the TBEV, S21, S9 and co-inf. groups of mice with severe
clinical signs. An interesting finding was the IL-4 mRNA (Figure 5C) in the B. afzelii group, which
was the only cytokine to show higher levels, compared to IL-10, IL-6, TNF-a, IFN-y and CXCL-10
in the B. afzelii group. This increase in IL-4 mRNA is consistent with the Th2 profile characteristic
of extracellular bacterial infections. However, IL-4 mRNA levels were also upregulated in the S9
and co-inf. groups of mice with severe clinical signs. For IL-6 mRNA (Figure 5B), levels were
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highest in the co-inf. group of mice with severe clinical signs, followed by the S21, TBEV and S9

groups.
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Figure 4 - Cytokines and chemokines levels were quantified in the brain of C3H
mice co-infected with B. afzelii and TBEV under different conditions. Neg: n = 6; B.
afzelii: n = 6; TBEV severe clinical signs: n = 2; TBEV no severe clinical signs n =
8; S21 severe clinical signs: n = 6; S9 severe clinical signs n = 4; S9 no severe
clinical signs n = 2; Co-inf. severe clinical signs: n = 3; Co-inf. no severe clinical
signs: n = 3. IL-10 (A), CXCL-10 (B), CXCR3 (C), CCL-5 (D), TNF-a (E), IFN-y (F)
and IL-1a (G) mRNA levels were quantified by real-time RT-gPCR and normalized
to the mRNA levels of the housekeeping gene beta-actin. Of note, in the S21 group,
all mice were TBEV-positive with severe clinical signs, hence the absence of a «S21
with no clinical signs» group on the graphs. Data are presented as mean + standard
deviation of fold change in mRNA levels compared to uninfected control mice.
Kruskal- Wallis test with Dunn’s multiple comparisons test *p < 0.05.

Discussion

In our study using co-infection models of TBEV and B. afzelii in C3H mice, the immune
responses induced by both pathogens were investigated, and disease severity worsened when
TBEYV followed B. afzelii infection. In nature, TBEV is transmitted almost immediately during the
tick bite through the saliva of infected /. ricinus, whereas B. afzelii requires a much longer feeding
period, typically 24 to 48 hours, before transmission occurs (Cook, 2014; Labuda et al., 1993). The
different timing of infection in our design reflects these dynamics, reproducing realistic exposure
scenarios observed in the field.

Analysis of mMRNA profiles revealed increased CXCL-10, IFN-y and other cytokines mRNA
levels in the brain, indicating a robust inflammation. In the spleen, IFN-y mRNA was upregulated
in severe clinical sign groups, while IL-4 mRNA levels increased in response to B. afzelii infection.
Building on our previous established co-infection models with TBEV and B. afzelii (Porcelli et al.,
2024b) the experiment was repeated to examine immune responses to both pathogens in C3H
mice, which can co-exist in humans after a tick bite (Boyer et al., 2018; Moniuszko et al., 2014).
To address age-related susceptibility, TBEV single-infection mice were increased to 10 to ensure
sufficient disease for reliable comparisons; in our previous experiment, two of five 8-week-old C3H
mice remained negative in the TBEV single infection, suggesting lower susceptibility at this age
(Porcelli et al., 2023; Porcelli et al., 2024b).
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Figure 5 - Cytokines and chemokines levels were quantified in the spleen of C3H
mice co-infected with B. afzelii and TBEV under different conditions. Neg: n = 6; B.
afzelii: n = 6; TBEV severe clinical signs: n = 2; TBEV no severe clinical signs n =
8; S21 severe clinical signs: n = 6; S9 severe clinical signs n = 4; S9 no severe
clinical signs n = 2; Co-inf. severe clinical signs: n = 3; Co-inf. no severe clinical
signs: n = 3. IL-10 (A), IL-6 (B), IL-4 (C), TNF-a (D), IFN-y (E) and CXCL-10 (F)
MRNA levels were quantified by real-time RT and normalized to the mRNA levels
of the housekeeping gene beta-actin. Of note, in the S21 group, all mice were TBEV-
positive with severe clinical signs, hence the absence of a «S21 with no clinical
signs» group on the graphs. Data are presented as mean + standard deviation of

fold change in mMRNA levels compared to uninfected control mice. Kruskal-Wallis
test with Dunn’s multiple comparisons test *p < 0.05, **p < 0.005.

In particular, the mechanisms of the immune were analyzed through genes involved in cell
recruitment and cytokine regulation across infection scenarios.

The spleen is one of the major organs of peripheral immunity, and the central nervous system
(CNS) is the main target of TBEV, B. burgdorferi s.s. and B. garinii (Casselli et al., 2021; Rupprecht
et al., 2008; Rizek et al., 2011). Therefore, identifying immune response-related genes associated
with TBEV and B. afzelii in the spleen and brain of infected mice may help us understand the
immune mechanisms involved in their pathogenesis. To this end, the mRNA expression profiles of
84 key genes were analyzed in bulk and confirmed in each TBEV-positive mouse by RT-qPCR for
selected genes that emerged as interesting from the heatmaps.

Consistent with prior work (Porcelli et al., 2024b) , co-infection timing was critical: TBEV at 21
or 9 days after B. afzelii worsened clinical signs, correlating with strong inflammation marked by
high IFN-y and IL-10 in S21 and S9 groups. A high IFN-y response in severe cases was expected
but contrasts with some bacterial co-infections where IFN-y is lower (Thomas et al., 2001; Zeidner
et al., 2000). Parallel IL-10 upregulation likely reflects a feedback loop limiting damage during acute
infection but potentially impairing clearance when persistent, as seen in Toxoplasma gondii,
influenza, HIV, hepatitis B, and Leishmania; here, the IFN-y/IL-10 surge suggests a balance
between viral control and avoiding cytokine storm (Carlini et al., 2023), similar to patterns in
Plasmodium yoelii with elevated IFN-y, TNF-a, and IL-10 (Karadjian et al., 2014).

Fewer deaths were observed in the co-inf. group infected simultaneously, but recovery could
not be assessed at the end of the experiment, since they were euthanized when severe clinical
signs occurred, to prevent mMRNA degradation. As hypothesized (Porcelli et al., 2024b), eight-week
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age may influence TBEV kinetics, since only two of ten TBEV mice developed severe signs (Clark
et al., 2012) aligning with evidence that age shapes antiviral immunity and disease severity (Brien
et al., 2009; Clark et al., 2012; Hirsch et al., 1970; Jackson et al., 2017). For example, juvenile
mice are highly susceptible to neurotropic flaviviruses such as Japanese encephalitis virus and
TBEV due to immature neurons, while older mice (>18 months) also show heightened risk. Adults
mice, on the other hand, typically need higher doses, reflecting receptor expression and extra-
CNS replication increasing viremia and neuroinvasion (Prandovszky et al., 2008).

In addition, beyond age, prior B. afzelii infection (S21, S9) may alter responses to subsequent
TBEV, exacerbating severity, as CNS cytokine and chemokine accumulation may accentuate
progression of TBEV-related encephalitis instead of restricting viral replication (Bardina & Lim,
2012; Biswas et al., 2010; Palus et al., 2013; Shirato et al., 2004).

As observed, co-infections can worsen disease (Krause et al., 1996) through enhancement or
suppression between pathogens (Homer et al., 2000). Here, B. afzelii followed by TBEV at days
21 and 9, or concurrently exacerbated the clinical signs of TBEV, with elevated pro- and anti-
inflammatory mediators in brain linked to tissue damage and mortality; synergy likely in S21/S9
and antagonism in co-inf., consistent with documented interactions (Beaty et al., 1983; Kent et al.,
2010; Moro et al., 2002; Muturi & Bara, 2015, Pesko & Mores, 2009).

In the mRNA profiling arrays, CXCL-9, CXCL-10, CXCL-11, CXCL-13, IFN-y, TNF-qa, IL1a, and
CCL-2, CCL-3, CCL-4, CCL-5, CCL-7, CCL-8 and CCL-12 chemokines were upregulated in brains
of S21, S9, and co-inf. mice, indicating strong inflammation. CXCL10 and IFN-y were prominently
increased, especially with severe signs, matching Pokorna Formanova et al., (2019) showing
CXCL10 escalation during TBEV neuroinvasion. Although kinetics were not measured, this pattern
was evident at endpoint; excessive CNS CXCL10 can be harmful (Palus et al., 2013; Sasseville et
al., 1996; Sui et al., 2006) via cytotoxic T-cell recruitment and neuronal toxicity (Marle et al., 2004),
and is elevated in human TBE cerebrospinal fluid (CSF). Given co-infection, B. afzelii brain
colonization cannot be excluded despite few positive detections (Table 4); B. burgdorferi s.s. can
colonize brain (Greenmyer et al., 2018), though mechanisms of neuroinflammation remain unclear.

Subsequently, IL-1a and CXCL13 mRNA levels were examined as potential LNB biomarkers,
given LNB manifestations and emerging CSF diagnostics (Hyténen et al., 2008; Hytonen et al.,
2014; Picha et al., 2016). In Pietikdinen, CXCL13 and IL-1a best tracked treatment response in
LNB co-infected with TBE (Pietikainen et al., 2016). Interestingly here, IL-1a was highest in S9,
then co-inf., S21, and B. afzelii. Of note, the active form of IL-1a, known as IL-1B can induce
CXCL13 production via IL1-RI receptor and NF-kB, also promoting IL-6 and TNF-a, both
upregulated. Additionally, CXCL13 mRNA expression was highest in S9, then S21 and co-inf.
groups; Another possible activation pathway is through TLR4 signaling. A recent study by Akoolo
et al., found that TLR2/TLR4 signaling can drive inflammation even in the absence of the usual
TLR4-specific LPS from B. burgdorferi (Akoolo et al., 2021).

Interestingly, CXCL10 and CXCR3 mRNA were significantly upregulated in severe groups
(S21, S9, co-inf.), implicating them in neuroinflammation during TBEV and B. afzelii; parallels in
West Nile Virus (WNV) show neuron-derived CXCL10 and CXCR3-linked T-cell recruitment (Lim
and Murphy, 2011; Shrestha et al., 2006) which can also damage tissue (Zhang et al., 2008).
Concurrently, C3H mice also showed elevated mRNA levels of CCL5-RANTES, recruiting diverse
immune cells and potentially contributing to brain damage in TBE (Zhang et al., 2016; Zheng et
al., 2018); with CXCL10, these mediators facilitate neuronal injury (Pokorna Formanova et al.,
2019). Spatial transcriptomics of brain could localize inflammatory foci and link cellular interactions
to severe outcomes.

Given the roles of CXCL10 across diseases, including vitiligo and mycoplasma infections, it is
important to investigate its contribution to the pathogenesis of co-infection (Aulakh et al., 2024;
Zou et al., 2025). One approach that could be tested is the modulation of the IFN-y/CXCL10 axis
using JAK/STAT1 inhibitors or CXCR3 antagonists. Ruxolitinib has been shown to reduce serum
levels of CXCL10 and provide clinical benefits in the treatment of vitiligo (Passeron et al., 2024).

In the spleen, IFN-y mRNA was upregulated only in mice with severe signs in S21, S9, and co-
inf., not in severe TBEV or B. afzelii alone. IL-4 mRNA levels were upregulated in severe S9, co-
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inf., and B. afzelii versus TBEV and S21, echoing tick-transmitted B. burgdorferi s.s.- A.
phagocytophilum co-infection that suppressed IL-2/IFN-y and promoted splenic IL-4 (Zeidner et
al., 1997). In addition, mRNA levels of IL-6, which can bias toward Th2 (Diehl et al., 2000; Rincén
et al., 1997), were upregulated in the S21, S9, co-inf. and TBEV groups in mice with severe clinical
signs.

In conclusion, tackling the complexities of tick-borne diseases requires a well-rounded
approach to their study, diagnosis, and treatment. By deepening our knowledge of tick-borne
diseases and the dynamics of co-infections, this study adds valuable insight into how pathogens
interact with their hosts and stresses the need for further research in both ticks and their animal
hosts.
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