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Summ a r y

Between 2011 and 2013, three breeders of variegated squirrels (Sciurus variegatoides) 
had encephalitis with similar clinical signs and died 2 to 4 months after onset of 
the clinical symptoms. With the use of a metagenomic approach that incorporated 
next-generation sequencing and real-time reverse-transcriptase quantitative poly-
merase chain reaction (RT-qPCR), the presence of a previously unknown bornavirus 
was detected in a contact squirrel and in brain samples from the three patients. 
Phylogenetic analyses showed that this virus, tentatively named variegated squirrel 
1 bornavirus (VSBV-1), forms a lineage separate from that of the known bornavirus 
species. (Funded by the Federal Ministry of Food and Agriculture [Germany] and 
others.)

Beginning in late 2011, three men in succession (63, 62, and 72 years 
of age) from the state of Saxony-Anhalt, Germany, had a progressive en-
cephalitis or meningoencephalitis that led to death within 2 to 4 months 

after the onset of clinical symptoms. The clinical course was characterized by 
fever, shivers, or both; progressive psychomotor slowing; confusion; unsteady gait; 
myoclonus, ocular paresis, or both; and finally, coma. All three patients had pre-
existing medical conditions (hypertension, diabetes, or obesity). In all three pa-
tients, the disease was also accompanied, at some point during the course of the 
illness, by bilateral crural-vein thrombosis, which led to pulmonary embolism in 
two patients. An analysis of the cerebrospinal fluid showed pleocytosis, and cranial 
imaging revealed edematous lesions in the cerebral cortical areas and basal ganglia 
or meninges that were increasing in size, a finding consistent with a viral infection 
(Fig. 1A and 1B). While the patients were alive, no infectious agent could be de-
tected by means of microscopic, culture, molecular, or serologic investigations of 
cerebrospinal fluid samples, biopsy samples, or serum. All three patients were 
treated in intensive care units, had to undergo mechanical ventilation, and died 
despite receiving treatment with broad antiinfective chemotherapy. Biopsy and 
postmortem analysis of the affected brain areas showed tissue edema, necrosis, 
glial activation, and lymphocyte infiltration, often as perivascular cuffing, but no 
viral inclusions or any microorganisms. Details of the characteristics of the pa-
tients, the clinical symptoms, and the results of laboratory analyses are shown in 
Table 1, and in Tables S1 and S2 in the Supplementary Appendix, available with 
the full text of this article at NEJM.org.
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All three patients were breeders of variegated 
squirrels (S. variegatoides). They were friends, had 
met privately on a regular basis, and had ex-
changed their squirrel breeding pairs on multi-
ple occasions (a detailed description is provided 
in the Supplementary Appendix). At least two of 
the patients had been scratched by their squirrels 
in the past, and one had been bitten. Because 
the initial pathogen-specific screening of a squir-
rel from the breeding population of Patient 3 
revealed no evidence of any of the tested patho-
gens (for details, see Table S3 in the Supplemen-
tary Appendix), a panel of samples from the 
squirrel was analyzed by means of metagenomic 
sequencing. All further analyses were based on 
the detection of several short sequence fragments 
with a strong similarity to Mammalian 1 bornavirus.

 Me thods

 Samples of Tissue and Body Fluids

Organ, blood, oropharyngeal-swab, and chest-
cavity fluid samples from a healthy variegated 
squirrel that had direct contact with Patient 3 
were available for the analyses. In addition, ar-
chived formalin-fixed, paraffin-embedded (FFPE) 
brain tissue from Patients 1 and 2, as well as 
fresh-frozen brain samples, cerebrospinal fluid, 
and serum from Patient 3, were tested. FFPE 
brain tissue from 10 unrelated humans (tissue 
from patients with Alzheimer’s disease, human 
immunodeficiency virus–induced encephalopathy, 
or herpes simplex virus–induced encephalitis, as 
well as normal brain tissue), materials from 
polymerase-chain-reaction (PCR)–negative var-
iegated squirrels, and a Borna disease virus 
(BoDV)–infected horse brain were used as con-
trol material.

 Metagenomics, Whole-Genome Sequencing, 
and Sequence Analysis

A metagenomic analysis of squirrel samples was 
performed in accordance with a standard work-
flow, as described elsewhere.1,2 Sequencing was 
performed with the use of a MiSeq instrument 
(Illumina). The obtained reads were analyzed 
with the use of RIEMS3 for the detection of patho-
gens and with Genome Sequencer software, 
version 2.8 (Roche), for sequence assembly. The 
complete coding sequences, as well as the nu-
cleoprotein (N) nucleotide and amino acid se-
quences, were used to analyze the evolutionary 

relationships among this newly discovered bor-
navirus, previously reported bornavirus species, 
and endogenous bornavirus-like sequences from 

Figure 1. Magnetic Resonance Imaging.

In Panel A, T2weighted transversal imaging (with a 
fluidattenuated inversion recovery [FLAIR] sequence) 
shows hyperintense lesions in the left basal ganglia 
and occipital lobe of Patient 2 (arrows). In Panel B, a 
T1weighted coronal image shows contrast enhance
ment of the meninges in Patient 3 (arrows).

A

B
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humans and squirrels (Fig. S1 in the Supplemen-
tary Appendix).

Real-Time RT-qPCR Detection

On the basis of sequences obtained from a meta-
genomic analysis of the squirrel samples, two 
independent primer–probe RT-qPCR systems 
were established, corresponding to two different 
regions within the bornavirus genome (Table S4 
in the Supplementary Appendix). Both systems 
used standard RT-qPCR reagents and cycling 
conditions and were combined with an internal 
control system, as described elsewhere.4 To rule 
out endogenous DNA sequences as the source of 
virus sequence amplification, qPCR analysis was 
also performed without reverse transcription.

Immunohistochemical Analysis

A standard staining protocol was applied with 
the use of bornavirus-specific polyclonal and 
monoclonal antibodies that recognized the viral 
proteins N, X, and phosphoprotein (P), as de-
scribed previously.5,6 A BoDV-positive horse sam-
ple and the 10 above-mentioned unrelated human 
brain-tissue samples were used as controls (Fig. 
S2A, S2B, and S3 in the Supplementary Appendix).

Indirect Immunofluorescence Assay

For the detection of bornavirus-specific IgG anti-
bodies in the serum and in the cerebrospinal 
fluid from Patient 3, a persistently BoDV-infected 
cell line was used in a standard indirect immuno-
fluorescence procedure (Fig. S4 in the Supplemen-
tary Appendix). The specificity of this serologic 
assay was confirmed through the investigation 
of 40 serum samples obtained from febrile pa-
tients; all of the samples tested negative. For 
confirmation, the serum was titrated in a vali-
dated routine immunofluorescence assay for the 
detection of bornavirus-specific antibodies.

R esult s

Metagenomic Analysis

The metagenomic analysis revealed five sequence 
fragments that had 70.3% to 81.2% identity with 
isolates of the species Mammalian 1 bornavirus in 
samples L00652 (liver, lung, and kidney) and 
L00651 (chest-cavity fluid) (Table S5 in the Sup-
plementary Appendix). Targeted screening of the 
sequencing reads from the remaining pools ad-
ditionally detected 23 reads related to Mammalian 

1 bornavirus sequences (identities between 67.6% 
and 81.7%) (Table S5 in the Supplementary Ap-
pendix). The fragments were related to both 
mammalian and avian bornavirus sequences, 
and the virus was tentatively named variegated 
squirrel 1 bornavirus (VSBV-1). Gross pathologi-
cal examination of the squirrel did not reveal 
any specific changes; histologically, however, the 
brain was found to have satellitosis and mild 
glial activation.

Real-Time RT-qPCR Analyses

With the use of two independent RT-qPCR sys-
tems, VSBV-1 RNA was found in various sample 
materials from the squirrel and in the samples 
available from all three human patients (Table 2). 
High VSBV-1 RNA loads were observed in the 
squirrel brain, heart, lung, kidney, and oropha-
ryngeal-swab samples. In contrast, in EDTA-
treated blood and chest-cavity f luid, only low 
VSBV-1 RNA loads were detected. Intermediate 
viral genome loads could be ascertained in FFPE 
brain samples from Patients 1 and 2. An analysis 
of fresh-frozen material from Patient 3 revealed 
high VSBV-1 RNA loads in the brain (Table 2). In 
all the investigations, the VSBV-1 genome could 
be detected only when assays including reverse 
transcription were used; results remained nega-
tive in assays without reverse transcription. 
Moreover, all the control materials from patients 
with unrelated brain diseases and from healthy 
persons tested negative in both PCR systems.

Whole-Genome Sequencing and Phylogenetic 
Analysis

RNA from the brain samples obtained from the 
squirrel and from Patient 3 was deep-sequenced 
to determine the viral genomes for in-depth 
analyses. Sequencing yielded two nearly identical 
complete coding sequences (8798 nucleotides; 
accession numbers LN713680 and LN713681) 
with two synonymous exchanges at positions 1857 
(amino acid 619) and 3702 (amino acid 1234) 
within the L gene. Annotation of these sequences 
revealed a canonical bornavirus genome struc-
ture (the genes encoding N, X, P, M, G, and L). 
Phylogenetic analyses of the complete coding 
sequence and N sequence showed that this novel 
bornavirus forms a distinct lineage within the 
bornavirus phylogeny in a sister relationship with 
the Mammalian 1 bornavirus lineage (Fig. 2, and 
Fig. S1 in the Supplementary Appendix). Further-
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more, previously described endogenous N-derived 
bornavirus-like sequences from squirrels8 and 
humans9 were distantly related to the previously 
unknown VSBV-1 sequences (Fig. S1 in the Sup-
plementary Appendix). The relationships in the 
time-resolved phylogeny (Fig. S5 in the Supple-
mentary Appendix), as well as the fact that the 
VSBV-1 is most closely related to BoDV of horse 
origin, imply that VSBV-1 emerged from a mam-
malian bornavirus rather than from an avian 
one. In accordance with the latest criteria pro-
posed by the International Committee for Tax-
onomy of Viruses Bornaviridae Study Group,7 on 
the basis of the phylogenetic analyses and the 
nucleotide sequence identities of less than 75% 
between this bornavirus and those of the most 
closely related classic Mammalian 1 bornavirus se-

quences, VSBV-1 can be classified as a new bor-
navirus species (Table S6 in the Supplementary 
Appendix).

Immunohistochemical Analyses

Brain-tissue sections from the squirrel and from 
Patient 1 were analyzed and showed positive im-
munostaining in nuclei, cytoplasm, and neuro-
nal and glial processes of brain cells, as well as 
in the neuropil, when polyclonal (monospecific) 
antibodies for the detection of the viral N, P, and 
X proteins were applied (Fig. 3), but not when 
the monoclonal anti-N antibody was used. Where-
as the unrelated human tissue samples and the 
control squirrel samples were negative (Fig. S2A 
and S2B in the Supplementary Appendix), the 
BoDV-positive horse brain had reaction patterns 
in the brain cells that were similar to the reac-
tion patterns in the squirrel and Patient 1 with 
all of the applied antibodies (Fig. S3 in the 
Supplementary Appendix).

Detection of Bornavirus-Specific Antibodies

Bornavirus-specific IgG antibodies were detected 
in serum and cerebrospinal fluid from Patient 3 
with the use of an indirect immunofluorescence 
assay (Fig. S4 in the Supplementary Appendix). 
In both the cerebrospinal fluid and the serum, 
bornavirus-specific IgG antibody titers (1:2560 
and 1:5120, respectively) were identified in a rou-
tine immunofluorescence assay that was validated 
for the detection of antibodies against BoDV.

Discussion

We describe the detection of a variegated squir-
rel–derived bornavirus associated with the death 
of three people. The three patients had similar 
central nervous system (CNS) symptoms and died 
of progressive meningoencephalitis or encepha-
litis; bilateral crural-vein thrombosis also devel-
oped in all three during the clinical course of 
their illness. The reason for the thrombosis re-
mains unclear. The spinal cord was not affected 
in any of the patients; all the lesions were found 
in the cortical areas, basal ganglia, or brainstem. 
All three patients were squirrel breeders and 
members of the same private squirrel-breeding 
association. Although these findings do not meet 
Koch’s postulates, the fact that the complete 
coding sequences generated from the squirrel 
and the human sample material were almost 

Origin and Sample Quantification Cycle Value†

VSBV1 Assay 6 VSBV1 Assay 10

Squirrel

EDTAtreated blood 35.7 33.0

Chestcavity fluid 32.0 28.4

Brain 13.2 13.1

Heart 12.4 14.1

Lung 13.3 13.8

Liver 18.2 18.9

Spleen 17.2 17.4

Kidney 11.0 11.7

Colon 19.1 18.5

Oropharyngeal swab 14.7 15.5

Patient 1 FFPE brain 25.9 24.0

Patient 2 FFPE brain 20.8 19.0

Patient 3

Serum 29.1 27.8

CSF 30.5 26.3

Brain 12.7 12.6

*  For a description of the reversetranscriptase quantitative polymerasechain
reaction (RTqPCR) assays, see the Supplementary Appendix. FFPE denotes 
formalinfixed and paraffinembedded, and VSBV1 variegated squirrel 1 bor
navirus.

†  Quantification cycle values denote the cycle during qPCR in which a positive 
fluorescence signal can be differentiated from the background. Low values in
dicate higher initial genome copy numbers of the target, and higher values in
dicate smaller genome copy numbers. A difference by factor of approximately 
3.3 in the value corresponds to a log10 difference in the number of genome 
copies.

Table 2. Real-Time RT-qPCR Results for Samples Obtained from the Squirrel 
and the Three Patients.*
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identical, the detection of viral RNA in the brain 
tissue of all three patients, the results of borna-
virus antigen immunostaining, the similarity of 
the clinical picture among the three patients, the 
anti-bornavirus IgG titers in the serum as well 
as in the cerebrospinal fluid of Patient 3, and the 
epidemiologic link among all three cases sup-
port VSBV-1 as the likely causative agent.

Borna disease is described mainly in associa-
tion with natural infections of horses and sheep, 
in which BoDV has a main tropism for the CNS, 
infecting neurons, astrocytes, oligodendrocytes, 
and ependymal cells.10-13 The infection is noncyto-
lytic and persistent, and in the natural hosts, 
mood, sensorium, sensibility, motility, and the 
autonomous nervous system are simultaneously 
or successively affected, with a fatal outcome in 

up to 90% of infected animals.14 BoDV-like vi-
ruses, the so-called Psittaciform 1 bornavirus and 
Passeriform 1 bornavirus, have been described in 
association with fatal proventricular dilatation 
disease, mainly in psittacine birds.6,15-17 Moreover, 
endogenous BoDV-like sequence fragments have 
already been detected in humans as well as in 
other species, including squirrels.8,9 However, on 
the basis of the PCR data (suggesting high RNA 
loads) combined with the whole-genome infor-
mation from the RNA fraction and the antibody 
response, it is unlikely that the virus sequences 
detected in this study are endogenous BoDV-like 
sequences.

In the 1990s, controversy arose regarding 
whether BoDV was a zoonotic agent responsible 
for human psychiatric disorders.14,18 However, 

Figure 2. Phylogenetic Analysis of the Members of the Bornavirus Genus, Including the Putative Variegated Squirrel 1 Bornavirus (VSBV-1) 
Species.

The phylogenetic tree was inferred on the basis of complete coding sequences with the use of the Bayesian Markov chain Monte Carlo 
method and, in parallel, the neighborjoining and maximumlikelihood methods. Statistical support of grouping from Bayesian posterior 
probabilities (clade credibilities ≥90%) and 1000 neighborjoining and maximumlikelihood bootstrap replicates (≥70%) is indicated 
with an asterisk. The taxon information includes the virus abbreviation, GenBank accession number, and year of detection. Branches are 
colored according to lineage (within the bornavirus species classification and nomenclature proposed by the International Committee 
for Taxonomy of Viruses Bornaviridae Study Group,7 with the exception of VSBV1 [tentative, unclassified bornaviruses]). The VSBV1 
 sequences generated during this study are highlighted. The scale bar represents nucleotide substitutions per site.
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Figure 3. Viral Antigen Detected by Means of Immunohistochemical Analysis.

The presence of viral antigen in the squirrel (Panels A, C, and E) and Patient 1 (Panels B, D, and F) was shown in an 
immunohistochemical analysis with the use of monospecific polyclonal antibodies against the bornavirus proteins X 
(Panels A and B), P (Panels C and D), and N (Panels E and F). Viral antigen can be seen in neurons (black arrows), 
glial cells (black arrowheads), and neuropil. Viral antigen is present in nuclei and cytoplasm.

C D

A B

P protein, squirrel  P protein, Patient 1

N protein, squirrel N protein, Patient 1E F

X protein, squirrel X protein, Patient 1
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several studies have questioned whether BoDV-
induced clinical disease actually occurs in hu-
mans,18-21 and the general consensus has been 
that it does not.14,22 In contrast, VSBV-1 is differ-
ent from the classic BoDV, and the RNA loads 
and antigen loads detected in all three human 
case patients were high, which allowed for whole-
genome sequencing and immunohistochemical 
detection. Therefore, the human infections de-
scribed in our study are quite different from 
those studied in previous investigations or re-
ferred to in previous discussions, and VSBV-1 is 
likely to be a previously unknown zoonotic 
pathogen transmitted by the variegated squirrel. 
Rodents, particularly exotic ones, are not un-
common as pets, as is reflected in the high 
number of such animals imported to Europe and 
other parts of the world.23 In our study, all three 
patients were private squirrel breeders who had 
close contact with these animals. For two of the 
patients, skin injuries due to squirrel bites and 
scratches were reported by family members. How-
ever, the route of zoonotic transmission from 
the squirrels to the patients remains uncertain. 
The high RNA load in the oropharyngeal-swab 
sample from the squirrel might support the hy-
pothesis of transmission through scratches or 
bites. The epidemiologic aspects of BoDV disease 
are not well understood either,24 and in natural 
cases, infection through the olfactory route is 
suspected.

Of note, all three patients were older than 

60 years of age and had preexisting medical con-
ditions, which may have conferred a predisposi-
tion to clinical infection with this unusual agent. 
BoDV has been detected in shrews, which might 
be also able to transmit the virus to other 
hosts.25-27 In addition, it remains to be elucidated 
whether VSBV-1 was carried by the squirrels 
when they were imported from Latin America or 
whether it originated from other small mam-
mals that had contact with the breeding facility.

In conclusion, VSBV-1, a zoonotic bornavirus 
from a variegated squirrel, was associated with 
three fatal CNS infections in humans. Further 
studies, including seroepidemiologic and molecu-
lar studies in putative animal reservoirs and hu-
man patients, in particular those with unexplained 
encephalitis or meningoencephalitis, are needed.
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