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ABSTRACT

Borna disease virus 1 (BoDV-1) was just recently shown to cause predominantly fatal encephalitis in humans. Despite its
rarity, bornavirus encephalitis (BVE) can be considered a model disease for encephalitic infections caused by neurotropic
viruses and understanding its pathomechanism is of utmost relevance. Aim of this study was to compare the extent and
distribution pattern of cerebral inflammation with the clinical course of disease, and individual therapeutic procedures.
For this, autoptic brain material from seven patients with fatal BVE was included in this study. Tissue was stained
immunohistochemically for pan-lymphocytic marker CD45, the nucleoprotein of BoDV-1, as well as glial marker GFAP
and microglial marker Iba1. Sections were digitalized and counted for CD45-positive and BoDV-1-positive cells. For
GFAP and Iba1l, a semiquantitative score was determined. Furthermore, detailed information about the individual
clinical course and therapy were retrieved and summarized in a standardized way. Analysis of the distribution of
lymphocytes shows interindividual patterns. In contrast, when looking at the BoDV-1-positive glial cells and neurons,
a massive viral involvement in the brain stem was noticeable. Three of the seven patients received early high-dose
steroids, which led to a significantly lower lymphocytic infiltration of the central nervous tissue and a longer survival
compared to the patients who were treated with steroids later in the course of disease. This study highlights the
potential importance of early high-dose immunosuppressive therapy in BVE. Our findings hint at a promising
treatment option which should be corroborated in future observational or prospective therapy studies.

ABBREVIATIONS: BoDV-1: Borna disease virus 1; BVE: bornavirus encephalitis; Cb: cerebellum; CNS: central nervous
system; FL: frontal lobe; GFAP: glial fibrillary acid protein; Hc: hippocampus; Iba1: ionized calcium-binding adapter
molecule 1; Ibal,.: general activation of microglial cells; Ibal,.q: formation of microglial nodules; IL: insula; Me:
mesencephalon; Mo: medulla oblongata; OL: occipital lobe; pASS: per average of 10 screenshots; pateany: patients
treated with early high dose steroid shot; patj.e: patients treated with late or none high dose steroid shot; Po: pons;
So: stria olfactoria; Str: striatum
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Introduction
large proportion of the severe to fatal encephalitis

cases of unknown cause in the virus-endemic areas,
which includes eastern and southern parts of Germany
[4]. Nevertheless, the disease is extremely rare with up
to date around 50 confirmed cases [5]. Despite this

Encephalitis caused by infection with Borna disease
virus 1 (BoDV-1) is usually fatal in a wide range of
mammals and as shown in 2018, also in humans
[1,2]. Retrospective studies showed that some for-

merly etiologically unclear cases of encephalitis
could be attributed to an infection with BoDV-1
resulting in bornavirus encephalitis (BVE) [3,4]. It
can be assumed that BoDV-1 could account for a

rarity, understanding the pathomechanisms of BVE
is of utmost relevance, as it can be considered a
model disease for other encephalitic infections caused
by neurotropic viruses.
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Studies on the virus reservoir have shown that at
least the bicoloured white-toothed shrew (Crocidura
leucodon) forms the natural reservoir of BoDV-1
[6-9]. Transmission to animal dead-end hosts, such as
horses and sheep, is thought to occur from the environ-
ment via the olfactory pathway into the central nervous
system (CNS) [9-11]. In humans, the only known risk
factor so far is living at the edge of a settlement or as
a stand-alone position close to nature in virus-endemic
areas [12]. The transmission event itself is still unknown,
but the olfactory pathway may play a role [13].

Due to an insufficient awareness of the disease, the
diagnosis is often significantly delayed [14]. In
addition, given the rareness of the disease, there are
no evidence-based, specific therapy options, yet. The
virus itself is non-cytolytic and tissue destruction is
mediated by an immunopathogenic host response, at
least by a CD8-T cell response [15, 16]. Experimental
studies in rodents successfully aimed to show that
immunosuppressive therapy can inhibit or prevent
the T cell-mediated immunopathology [17-20]. In
addition to T cells, local astrocytes might also play a
role in promoting a pro-inflammatory state in the
human brain in BVE [21]. Immunosuppression was
therefore seen as a possible key element in any suc-
cessful treatment attempt [21]. Circumstantial initial
evidence exists showing that individuals with BoDV-
1 encephalitis and iatrogenic immunosuppression
had a tendency to live longer than non-immunosup-
pressed patients [2, 4]. More recent observations in a
young boy with BVE and very early immunosuppres-
sive therapy in addition to virostatic treatment under-
scored this hypothesis as he achieved significant
clinical improvement and prolonged survival [13].

The aim of our study was to corroborate these
findings through a thorough histomorphological analy-
sis of BVE brains focusing on the degree of inflammatory
infiltration, as well as glial and microglial activation in
correlation to the clinical course and therapy regime.

Material and methods
Material

Autopsy material of seven patients (P1-P7) with
confirmed BVE during 2013 and 2022 were included
in this study. Their mean age of onset was 43 years

Table 1. Regions available for histomorphological analysis.

(median: 43 years; range: 12-74 years). Reports of
P1, P2 and P6 were already included in earlier studies
[22, 23] dealing with a general description of human
BVE and an analysis of the magnet resonance imaging
of BVE, respectively. For the purpose of comparability,
ten regions (frontal lobe (FL), occipital lobe (OL),
striatum (Str), hippocampus (Hc), insula (IL), mesen-
cephalon (Me), pons (Po), medulla oblongata (Mo),
cerebellum (Cb) and stria olfactoria (So)) were chosen
(Table 1). The study was approved by the local ethics
committees of the Technical University of Munich
(number 577/19 S) and the Ludwig-Maximilians-Uni-
versity as the responsible ethics committee for the
Augsburg University Hospital (number 23-0267).
Clinical data on the clinical course and therapy was
retrieved from the patient records. The focus of our
correlation with histology was on the outcome as a
result of the disease and corresponding therapy. The
time of death was defined as the end point and demon-
strated in the histopathological correlate at this point.

Immunohistochemistry

For immunohistochemistry, 2 pm thick slides were
dried at room temperature for 30 min. After epitope
uncovering in pH 6.0 citrate buffer at 95°C for
30 min and H,O, incubation, the slides were incu-
bated with the primary antibody (anti-CD45: mono-
clonal, mouse, dilution 1:250; clone 2B11 & PD7/26;
DCS, Germany) overnight at 4°C. Biotinylated sec-
ondary anti-mouse IgG (Vector Laboratories, USA)
in a dilution of 1:400, followed by ABC reagent (Vec-
tor Laboratories, USA) were incubated for 30 min
each. Subsequently, DAB reagent was added. BoDV-
1 nucleoprotein was detected by immunohistochemis-
try using the monoclonal Bo18 antibody for an estab-
lished avidin-biotin complex technique, as described
earlier [3, 24-26]. The immunohistochemistry for the
glial fibrillary acid protein (GFAP) and the ionized cal-
cium-binding adapter molecule 1 (Ibal) was per-
formed using a fully automated staining system
(BOND-III; Leica Biosystems, Wetzlar, Germany).
The slides were incubated with primary antibodies
anti-GFAP (monoclonal, rabbit, dilution 1:500; Cell
Marque, USA) and anti-Ibal (polyclonal, mouse,
dilution 1:1000; Fuyjifilm Wako, Japan). The BOND

Patient ID FL oL Str Hc IL Me Po Mo Cb So
P1 + + + + + + +

P2 + + + (+)* + + + +

P3 + + (4)** (+)* +

P4 + + (+)* + (+)* (+)* +

P5 + + + (+)* + +

P6 + + + + + + (+)* (+)*
P7 + + + + + (+)* +

P8 + + + + + + + + +

(+) means that this region was only available for a portion of stains with (+)* meaning available for Bo18 and CD45 immunohistochemistry and (+)**

meaning available for GFAP and Ibal immunohistochemistry.



Polymer Refine Detection Kit (Leica Biosystems,
Germany) was used for antibody detection and coun-
terstaining. For all immunostainings, counterstaining
with haematoxylin was conducted. Positive controls
served as quality assurance.

Image analysis

The immunohistochemically Bo18- and CD45-stained
slides were digitalized using the Leica Aperio AT2 scan-
ner. The images were recorded at a magnification of up
to 200x and uploaded to the Aperio eSlides Manager.
For each slide, 10 screenshots of 924 x 638 pixels equiv-
alent with 925 x 640 um and therefore 0.6 mm? each
were taken at 200x magnification. The screenshots of
CD45 immunohistochemistry were analysed using the
image processing program Image] (National Institutes
of Health and University of Wisconsin). Various par-
ameters, including brightness, saturation and hue as
well as cell size and circularity were adjusted for optimal
automatic detection of CD45-positive inflammatory
cells. For quality assurance, regular manual recounts
were carried out on a random basis. For each slide,
the average of the 10 screenshots was calculated. The
information number of lymphocytes per average of 10
screenshots (pASS) was used to evaluate the lympho-
cyte count. Due to interindividual variations in colour
contrast of BoDV-1 immunohistochemistry, which
were presumably caused by different degree of cell pro-
cess infection, automated analysis was not possible.
Therefore, both, positive and negative glial cells and
neurons were counted manually. Again, the mean of
the 10 screenshots was calculated.

For the immunohistochemistry of GFAP and Ibal, a
semiquantitative score ranging from 0 to 5 adapted from
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previous publications, was determined using a standard
light microscope (BX51, Olympus, Japan; with 0=no
glial or microglial, respectively, activation; 1=very
mild activation; 2 = mild activation; 3 = moderate acti-
vation; 4 =strong activation; 5= extensive activation)
[3, 27-29]. For Ibal, two scores were estimated, one
assessing the general activation (Ibal,.) and the other
assessing the formation of microglial nodules (Ibal,oqg).

Examples for all immunohistochemical stains can
be seen in Figure 1.

Statistical analysis

Statistical analysis was carried out using IBM SPSS
Statistics (version 27.0). Since the data from the
patient collective is not normally distributed, the non-
parametric Mann-Whitney U test was used when ana-
lysing two variables. For the comparison of more than
two variables, the Kruskal-Wallis-H test was per-
formed. Correlations were analysed using the Spear-
man’s rho test. For all tests, statistical significance
was defined as p < 0.05.

Results

Descriptive analysis of clinical courses of
bornavirus encephalitis and individual therapy
regimen

For this descriptive analysis, the onset of symptoms
was chosen as the uniform starting point of the dis-
ease. Initially, all patients showed non-specific flu-
like symptoms with high fever. Symptoms varied indi-
vidually, but most complained of fatigue, cough, head-
ache, dizziness, apathy and confusion. Later on,

Figure 1. Examples for the immunohistochemical stains. (a) shows Bo18 immunohistochemistry for BoDV-1 nucleoprotein with
Bo18-positive astrocytes (scale bar: 50 pm). In (b), an example of CD45 immunohistochemistry for lymphocytes is given (scale bar:
50 um). (c) shows GFAP-positive reactive astrocytes (scale bar: 50 um). In (d), microglial activation is demonstrated by lbal immu-
nohistochemistry. Note the formation of microglial nodules (white arrows; scale bar: 200 pm).
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patients showed neurological symptoms, including a
significant reduction in vigilance, as well as disorienta-
tion, ataxia, hallucinations, seizures and progressive
loss of brain stem function. On average, patients
were hospitalized on day 9 (range: day 5-14) after
symptom onset. The patients developed their first sei-
zure on average on day 12 (range: day 6-20). On day
13 (range: day 6- 19), most patients required protec-
tive intubation. Finally, all patients showed a persist-
ent deep coma with electroencephalographic signs of
severe encephalopathy, and in some cases, symptoms
of increased intracranial pressure resulting in tonsillar
herniation with central regulation failure. On average,
the patients died 30 days (range 23-40; 95% CI [25.6,
35.1]; median: 30 days) after onset of symptoms.
Regarding the individual therapy regimen, P1 was
excluded from the analysis, because of a whole different
setting of infection. This patient was infected through
an organ transplant, as reported before [2, 23], and to
avoid transplant rejection, treated with immunosup-
pressive therapy from the beginning. For the following
analysis, timing and dose of immunosuppressive medi-
cations were taken into account. The most frequently
used immunosuppression during the clinical course
was a steroid shot for suspected autoimmune encepha-
litis with high doses of methylprednisolone, which was
given in five of the six patients (P2, P3, P5, P6 and P7)

over 5 days followed by low dose steroid therapy over
several days (Figure 2). In two patients (P2 and P3),
the dose was 1 g per day, in one patient (P7), 0.5 g
per day. For P5 and P6, the dose was not documented.

Regarding antiviral therapy, six patients (P2-P7)
were treated with acyclovir due to clinically suspected
encephalitis caused by herpes simplex virus in the
meantime. It was administered on average 9.67 days
(median = 9) after symptom onset for an average dur-
ation of 6.17 days (median = 6).

Therapy with antivirals ribavirin or favipiravir,
for which antiviral activity against BoDV-1 was
shown in experimental studies [16,30], were not admi-
nistered in P1-P6 due to an only retrospective diagno-
sis of BVE. In one case (P7), favipiravir was
administered at a very late stage on day 23-27 after
symptom onset.

Spatial quantitative assessment of lymphocytes
and BoDV-1-infected cells

The distribution pattern of lymphocytic infiltration of
the CNS, as well as of the BoDV-1-infected neuronal
and glial cells was evaluated in a quantitatively matter;
GFAP and Ibal positivity for glial and microglial,
respectively, activation was assessed semiquantita-
tively. The results show interindividual patterns,

All immunosuppressive treatment
discontinued 1 week before death

P [ v, &
o L J
P2 | | 5
p3 | .
0 o0 w2 2w Na ke
_ absolute number of
P4 | = - CD45-positive
> lymphocytes pMSS
= steroid shot
P5 @ )
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= tacrolimus
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l > [ =celosn
I = protective intubation
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Figure 2. Overview of the correlation between timepoint of immunosuppression and extent of inflammation in the brain. Of note,
P1 represents an interesting, but completely different setting of infection (infected organ transplant) and also dissimilar treatment
situation with immunosuppression from the start to avoid a rejection reaction. Day 13 is marked as threshold for the grouping into

patearly and patlate-



especially regarding the CD45-positive cell distri-
bution. In patients P2 and P3, the hippocampus
showed the most significant inflammation (6.6 and
16.2 lymphocytes pASS). In P3, P4 and P5, the occipi-
tal cortex was particularly affected (9.6, 28.9 and 40.0
lymphocytes pASS). P1 shows the focus of inflam-
mation in the frontal cortex (71.7 lymphocytes
pASS), and in P6 and P7, this is in the brain stem
(on average 25.5 and 34.1 lymphocytes pASS). The
remaining regions appear more as a diffuse pattern.
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The different lymphocytic distribution patterns can
be seen graphically in Figure 3.

In contrast, when looking at the BoDV-1-positive
glial cells and neurons, it is noticeable that in the
human cases in this study there is massive viral invol-
vement in the brain stem. As a limitation, some of
these regions have not been preserved in P3 and P7.
Of note, regarding P1 and P4, the more caudal, the
more involved an anatomical region is. The medulla
oblongata in particular stands out. In P2 and P4,
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Figure 3. Distribution of BoDV-1-positive cells and lymphocytes. Demonstrated is the amount of BoDV-1-positive cells (left) and
absolute number of CD45-positive lymphocytes pMSS (right) for all seven patients. Shaded in yellow is P1 as exeption regarding
the setting of infection. Below, pat.,q, are shaded in green, followed by pat,, shaded in red.
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over 20% of the total cell number (median 23%) in the
medulla oblongata is infected and therefore signifi-
cantly affected. In addition, P2 has to be particularly
emphasized, showing the heaviest infected brain. P2
is the patient who survived the longest (40 days after
the onset of symptoms), when excluding the iatrogeni-
cally infected P1. A strong involvement of the hippo-
campus with 37% and the striatum with 34% of
BoDV-1-positive cells can be seen. Furthermore, the
brain stem shows also many BoDV-1-positive cells
(medulla oblongata 23%, pons 25%, mesencephalon
21% BoDV-1-positive cells). The least infected region
on average is the cerebellum with 1.4% BoDV-1-posi-
tive cells (median 0.4%).

The strongest glial activation represented by GFAP
positivity is seen in the insula (mean score 4.00). In
contrast, the stria olfactoria and the striatum are the
least affected regions (mean scores 0.00 and 1.86,
respectively). Of note, again, an interindividual vari-
ation of the region with the strongest glial activation
can be seen. For P2, for instance, an extensive glial
activation (according to a score 5) is seen in the occi-
pital lobe. In P1 and P3, the cerebellum is the region
with the most glial activation; in P6 the insula.

A similar interindividual variety is demonstrated
for the microglial activation. In average, the mesence-
phalon shows the strongest microglial activation
(Ibalge,, mean score 4.00), whereas the most micro-
glial nodules can be seen in the frontal lobe (Ibal,q,
mean score 2.83). For both scores, the stria olfactoria
is the region of least microglial activation (mean
score 0 each), but is of limited informative value as
the location was available for only one patient. Further
regions of least microglial activation are the striatum,
the hippocampus, the medulla oblongata and the
insula (mean score 3,00 each) and for microglial
nodules the pons (mean score 2.00).

Furthermore, we performed correlation analyses
for each parameters (Table 2). A significant negative
correlation between the amount of lymphocytes and
the scores for GFAP and Ibal,, can be seen (r=
—0.314 and p=0.038 for GFAP; r=—0.358 and p =
0.017 for GFAP). Additionally, GFAP and Ibl,
show a highly significant positive correlation (r=
0.413 and p=0.005). Hardly surprising, a highly

Table 2. Summary of the results of the correlation analyses.

Parameter Bo18 CD45 GFAP Ibal,e Ibal,oq
Bo18 r 0.054 —0.091 0.158 —0.034
p 0.717 0.556 0.307 0.825
CD45 r 0.054 —-0.314 —0.358 —0.124
p 0.717 0.038 0.017 0.423
GFAP r —0.091 —0.314 0.413 0.056
p 0.556 0.038 0.005 0.713
Ibal,e r 0158  —0.358  0.413 0.580
p 0.307 0.017 0.005 <0.001
Ibal,,y r —0034 —0.124 0.056 0.580
p 0.825 0.423 0.713 <0.001

Significant correlations are written in bold.

significant positive correlation between Ibal,. and
Ibal,oq is seen (r=0.580 and p=<0.001). Interest-
ingly, no correlation between BoDV-1-positive cells
and lymphocytic count or glial/microglial activation
is observed.

Early high dose immunosuppression shows
significant effects on the degree of
inflammation

Interindividual differences in the neuropathological
correlate were particularly evident when comparing
patients treated early with high dose immunosuppres-
sion (pate,y) to patients without immunosuppressive
therapy or with immunosuppressive therapy applied
late in the course of the disease (patj,.). Again, P1
was excluded from this analysis due to a completely
different infection mechanism. In paten, (P2, P3,
and P6), the high dose steroid shots were given early
(on day 13 after symptom onset; Figure 2 and 4(a)).
For equal group size of pate,i, and pati, a high
dose steroid shot on day 13 was chosen as cut-off
point. Furthermore, this is an obvious cut-off due to
the fact that three patients which equals the half of
the study population received their high-dose steroid
on this point. In the three patients, an average of 6.9
lymphocytes pASS (median 5.1 lymphocytes pASS)
was found across all regions. In contrast, P4 (Figure 4
(b)), who had not received any immunosuppressive
therapy, as well as P5 and P7, who had received a late
steroid shot on day 20 and 16, respectively, the latter
with a lower dose of 500 mg intravenously per day, a
clearly higher infiltration with lymphocytes was found
(mean 19.1 lymphocytes pASS; median 16.1 lympho-
cytes pASS). This effect is highly significant when all
data points for both groups (ergo all locations; n =20
for both, pate,y and paty) are taken into account
(p<0.001). Even if this is a balanced distribution
between the two groups, for some patients within a
group, more locations are available compared to others,
so a distortion cannot be excluded. When using the
means for lymphocytic counts per patient, also a clear
difference between the two groups is seen, which is
not significant, though (p = 0.100).

In P4, over 15 lymphocytes pASS per region were
detected in almost all regions, with 28.9 lymphocytes
pASS in the occipital cortex. In P5, an average of
21.9 pASS lymphocytes were also counted in almost
all regions. Also in this case, the occipital cortex was
significantly affected with 40,0 lymphocytes pASS. In
P7, an average of 19.5 pASS lymphocytes was counted;
the pons and medulla oblongata were particularly
affected with 322 and 35.9, respectively, pASS
lymphocytes.

P1, a case of BoDV-1 infection through an infected
kidney transplant [2], represents a special situation. As
mentioned above, this patient was not included in our
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P2 Initial symptoms Initial MRI sion of sy Progress MRI Final stage
Flu-like symptoms, Extensive medullary Vigilance reduction, Worsening, edema- Persitent deep coma,
fever, headache and changes with accentu- seizures, tachypnea, tous swelling, diffus- severe encephalopathy,
body aches, apathetic, ation parietoocipital, reduced respiratory drive ion disturbance burst suppression type 1
dizziness corpus callosum and basal ganglia,
pyramidal tract exten- thalamus on both
ding into brainstem sides and pons
Inpatient treatment/
other events protective intubation
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Figure 4. Exemplary comparison of the clinical course and treatment between a patient of group pate.ny (P2; a) and a patient of

group patjate (P4, b)

cohort analysis. The patient received tacrolimus up to
3 months before the onset of symptoms and was
switched to ciclosporin and prednisolone from day
34 after the onset of symptoms, due to the assumption
of tacrolimus-induced Guillain-Barré syndrome to
prednisolone. Five days ante mortem, all therapeutic
agents except the analgetic medication were discontin-
ued due to a change to a palliative therapy concept.

Immunohistochemical staining for CD45 revealed
massive lymphocyte infestation in almost all brain
regions. A possible explanation for this is the reactiva-
tion of the immune system. On average, 50.3 pASS
lymphocytes were counted. The frontal cortex was
the most affected region with 71.7 pASS lymphocytes.
The illustration of the courses of disease of all
patients can be found in Supplementary Figure 1.
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Early high dose immunosuppression shows
clear effects regarding length of survival

Interestingly, the survival of pat,;, was extended in
contrast to patyy. (Figure 5). Accordingly, pate,q, sur-
vived 33 days after the onset of symptoms on average
(95% confidence interval (CI) [25.1, 40.9]; median 33
days). In contrast, paty survived 6 days shorter
with a mean of 27.7 days after onset of symptoms
(95% CI [23.0, 32.4]; median 29 days). This difference
in survival duration is not significant, though (p=
0.197).

Substantial clinical improvement after early steroid
shot was described for one of the patients of group
patearry (P6). The 13-year-old patient received high
doses of methylprednisolone from day 13 to day 17
after the onset of symptoms, followed by tapering
therapy. From day 14, the patient’s condition wor-
sened with the need for non-invasive ventilation. On
day 17, the fifth day of high-dose steroid therapy,
the patient was breathing spontaneously again and
could be supported with an oxygen mask until day
19. Clinically, there was minimal improvement in
findings with eye opening and a hint of a handshake.
Nevertheless, protective intubation was carried out
on day 19 due to the increasing lack of protective
reflexes and substantial secretion. On day 23, the
patient was extubated due to the onset of a cough.
The cough reflex and cough were still inadequate, so
the patient had to be reintubated two days later.
This case shows that clinical improvement can be
possible through early high-dose steroid therapy.

Discussion

BVE, only recently discovered in humans, is a devas-
tating lymphocytic sclerosing panencephalitis that is
fatal in most cases [3, 4]. Up to date, essential
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information of risk factors, transmission setting, por-
tal of virus entry and viral distribution mechanisms
are lacking. In our analysis, a particularly intense pres-
ence of BoDV-1-positive cells was noticeable in the
brain stem, mainly in the medulla oblongata. This
observation had also been made in a magnet reson-
ance imaging — histology correlation study [22] and
might indicate further portals of viral entry, besides
the assumed olfactory pathway [10, 11, 13, 31]. The
gustatory tract with its afferent fibres from three cra-
nial nerves (facial, glossopharyngeal and vagus
nerve) and its connection via the nucleus tracti soli-
tarii in the brain stem, would be of particular interest,
for instance. For patient 1, who was iatrogenically
infected via an infectious organ transplant [2], an
ascending infection via peripheral nerves and spinal
cord to the brain is assumed. Whether a peripheral
entry portal is possible in a natural setting, e.g. by con-
tamination of wounds with infectious material, is a
subject of debate.

Interestingly, no correlation between the lympho-
cytic count and amount of BoDV-1-positive cells
was observed in our study. This could be explained
through different local cell compositions in distinctive
stages of inflammation. In regions where the virus has
only recently entered, the strong lymphocytic reaction
might still be lacking in contrast to regions which have
been infected longer. In contrast to reports in animals,
where a circumscribed virus presence has been shown
[32, 33], there is a broad virus distribution covering
almost every region of the human brain. An obvious
explanation for this constellation could be the signifi-
cantly longer survival time of human patients due to
intensive care and immunosuppressive treatment.
Studies characterizing the lymphocytic population
and immunological processes by, e.g. transcriptomic
analyses in correlation with the viral load would help
to evaluate this hypothesis. Also, the lacking

patearly
L patlate

0 10

20
Survival duration in days

30 40

Figure 5. Survival analysis showing an evident, though no significant, shorter survival of pat;,.c compared to pate,py.



correlation of BoDV-1-positive signal and lymphocy-
tic count could be purely artificial due to the immuno-
suppressive therapy. Another explanation for this
aspect could lie in the usage of the antibody Bol8
for the assessment of BoDV-1. Bol8 is a broadly
applied and well established antibody. It is directed
against the nucleoprotein of BoDV-1 [24]. Even unli-
kely, it cannot be fully excluded that in some cells, only
the epitopes of the viral phosphoprotein, but not the
nucleoprotein are expressed. In this case, Bol8
would not mark these cells as BoDV-1-positive.

The cytotoxicity of BoDV-1 infection is mediated at
least by virus-induced CD8-positive T lymphocytes
[34-36]. However, also brain astrocytes as additional
source of pro-inflammatory mediators might likely
play a role in human infections [13, 21]. In the present
study, we could show that patients treated with early
high-dose steroids had a longer survival and a signifi-
cantly reduced number of lymphocytes in their brains.
Even if there is a balanced distribution of included
numbers of regions between pate,y, and patiye, for
some patients, more locations were available com-
pared to others, so a distortion cannot be excluded.
When using the means for lymphocytic counts per
patient, also a clear, but not significant, difference
between the two groups was seen.

Clinically, mild symptom improvement after
steroid therapy was only described for P6. In a recently
published report, it was shown in a 7-year-old patient
that early (seven days after onset of symptoms) and
strong immunosuppressive and virostatic therapy
could temporarily lead to significant clinical improve-
ment [13]. The clinical and neuropathological findings
of that study suggested that early immunosuppressive
therapy could improve symptoms and influence survi-
val in humans, and thus, appeared to be an important
key factor in its treatment. Nevertheless, a specific
antiviral treatment is also needed, as the virus estab-
lishes a persistent infection. As for that, individual
experimental therapy with the synthetic guanidine
nucleobase favipiravir and guanosine analogue riba-
virin has been attempted [16,19]. However, it is cur-
rently still questionable to what extent antiviral
therapy can really help to achieve an actual effect in
vivo on such a neurotropic virus as BoDV-1, which
also has a high affinity for intranuclear residence
within the neurons. One possibility is that some
kind of latency of the virus could be triggered and
thus, the disease could be contained.

Nevertheless, the prognosis of BVE is still extremely
poor and there is an urgent need for an effective
therapy or prophylaxis such as vaccination. A life-
long therapy with the mentioned antivirals in combi-
nation with extensive immunosuppressive, however, is
not feasible due to the high risk of complications,
including opportunistic infections for immunosup-
pression, and e.g. haemolytic anaemia for ribavirin
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[13], besides other adverse effects. Furthermore, per-
manent immunosuppression could lead to a broader
distribution of BoDV-1, also including non-nervous
tissue with the possibility of virus shedding [13],
which would be very difficult to deal with at this
point. In fact, there is a first report of virus shedding
in a human in the form of viral RNA detection in
tear fluid and saliva by PCR [13]. The potential loss
of viral neurotropism as result of immunosuppression
was also shown in an experimental study analysing
BoDV-1-infected rats treated with cyclosporin A. In
the twentieth century, vaccination of horses and
sheep was common in endemic areas. Due to concerns
regarding adverse effects because of insufficient
attenuation of the BoDV-1 live vaccines and the sim-
ultaneous decrease in horse population, the vaccines
were abolished [37]. Recent experimental studies
showed that vaccination against BoDV-1 is possible
with sufficient doses and schemes that include at
least three vaccinations. A high antigen dose stimu-
lated strong T cell responses which eliminate the
virus and induce neutralizing antibodies. In an exper-
imental setting, intracerebral injection of BoDV-1 was
the most effective way to protect from Borna disease
[37]. With the fatal infections in humans, vaccination
studies might rise up again, especially considering the
current lack of potent therapeutics for this fatal
disease.

Limitations of our study include the autopsy setting
representing the final stage of disease after life-
prolonging procedures. A correlation between clinical
symptoms and the distribution pattern of neuropatho-
logical changes would be very desirable, but is unfor-
tunately difficult to implement due to the limitations
of the autopsy setting. Correlations with MRI or
PET imaging at different stages of the disease would
help for addressing this aspect. Furthermore, the
cohort of seven patients is small, owing to the rareness
of BVE. In addition, the role of antiviral treatment was
collected, but not included in our analysis. Also, the
documentation of the clinical courses and treatments
varied due to the fact that patients were treated in
different centres and in a time frame of nine years.
Furthermore, the length of survival after intubation
might not reflect the natural course of the disease,
but is likely to be biased by time-varying decision
and consulting processes with the patients’ relatives.
This aspect must be taken into account when consid-
ering the result of our survival analysis.

Nevertheless, this study is a first correlation
between clinical data and thorough histomorphologi-
cal quantitative analysis with clear results that could
assist for future decision making for the therapy of
patients with BVE.

Concludingly, we corroborate recent clinical obser-
vations of prolonged patient survival under immuno-
suppressive therapy with a detailed histomorphological
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study assessing intensity of brain tissue inflammation.
Immunosuppressive therapy might thus be an essential
therapy pillar in the treatment of BVE. There is an
urgent need for future studies evaluating viral suppres-
sion with a combination therapy of immunosuppression
and specific antiviral drugs.
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