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ABSTRACT

Introduction: In spite of antiviral treatment,
herpes simplex encephalitis (HSE) remains
associated with a poor prognosis and often
results in neurological impairment. The B cell
response in HSE is poorly understood. The
objective of this study was to identify, in a
patient with HSE, B cell clones in cerebrospinal
fluid (CSF) cells and peripheral blood mononu-
clear cells (PBMCs) that expanded between two
different time points during the course of
infection.
Methods: CSF cells and PBMCs were sampled
from a HSE patient at two time points 5 days

apart. B cells were analyzed using single-cell
immune profiling (CSF cells) and conventional
deep immune repertoire sequencing (PBMCs).
Results: We identified CSF B cell clones that
expanded from time 1 to time 2. Some of these
B cell clones could also be found in the
peripheral blood. We also report the corre-
sponding B cell receptor (BCR) sequences.
Conclusion: In our patient, HSE resulted in an
intrathecal B cell response with expanding CSF
clones. We report the B cell receptor sequences
of several expanding and dominating clones;
these sequences can be used to create recombi-
nant antibodies. Even though the antigen
specificity of these expanding clones is
unknown, our findings suggest that an adaptive
immune response in the central nervous system
contributes to repelling herpes simplex virus
infection in the brain.
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Key Summary Points

A single case report on intrathecally
expanding B cell clones in a 28-year-old
female patient with herpes simplex
encephalitis is provided.

We report the B cell receptor sequences of
expanding and dominating B cell clones
in the cerebrospinal fluid.

These findings can be used for further
studies and may potentially lead to the
generation of neutralizing recombinant
antibodies.

INTRODUCTION

Herpes simplex encephalitis (HSE) caused by
herpes simplex virus (HSV) represents 5–15% of
all infectious encephalitis cases [1]. HSE results
in inflammation and necrosis, mostly in the
medial-temporal lobes and orbital-frontal
regions of the brain [2]. It has been postulated
that the infection of the brain originates from a
latent infection of the trigeminal ganglion or
through infiltration via the nose [3]. Under
antiviral therapy, mortality is about 20–30%,
and residual neurological impairment persists
in 38–56% of patients [4].

T cells, B cells, and other leukocytes were
found in parenchymal and meningeal infiltrates
[5], and the T cell immune response has been
studied [6]. For instance, analysis of the T cell
repertoire in murine trigeminal ganglia infected
with HSV-1 revealed that the most widely rec-
ognized epitope was viral glycoprotein B (gB
498–505) [3].

B cell studies showed a persistent intrathecal
presence of specific IgG many years after HSE or
in spite of negative PCR results during acute
infection [7, 8]. A specific IgG index demon-
strated intrathecal production of HSV-1 IgG,
which persisted two years after clinical onset
[9]. Similarly, HSV-1-specific oligoclonal IgG
bands were found in the cerebrospinal fluid
(CSF). However, in this study, and in contrast to

the previously cited study, they persisted in the
CSF for only a limited period of time, but they
persisted longer in the serum [10].

B cell repertoire sequencing has been per-
formed in various forms of autoimmune neu-
rological disorders, such as multiple sclerosis
and anti-N-methyl-D-aspartate receptor
encephalitis [11, 12], but, to our knowledge, not
in HSE. Studies of viral encephalitis caused by
other viruses have shown the potential of
investigating the B cell repertoire in these dis-
eases. For example, single-cell analysis by
microengraving and next-generation sequenc-
ing (NGS) of peripheral blood mononuclear
cells (PBMCs) from West Nile virus (WNV)
encephalitis patients identified WNV-specific
neutralizing antibodies [13]. A recent report
that used NGS for peripheral blood B cell
receptor (BCR) and T cell receptor (TCR) analy-
sis of patients with multiple sclerosis on
immunosuppressive therapy who developed
progressive multifocal leukoencephalopathy
(PML) caused by the John Cunningham (JC)
virus showed that no JCV-related specific T- and
B-cell expansions were mounted at the time of
PML [14]. This may be related to the oppor-
tunistic nature of PML, which occurs in
immunosuppressed hosts.

The objective of this study was to analyze the
B cell repertoire from a patient with HSE at two
different time points. We found clonal expan-
sion in the CSF, suggesting an intrathecal
immune response.

METHODS

We investigated the B cell repertoire of a patient
with HSE who was treated in the Department of
Neurology at Technical University of Munich
School of Medicine university hospital in 2009.
All patient-related data were extracted from the
electronic record. CSF and PBMC samples were
collected and frozen in liquid nitrogen in 2009
and analyzed between 2019 and 2021. The
patient’s agreement and consent to participate
and for publication were obtained within the
framework of the Biobank of the Department of
Neurology as part of the Joint Biobank Munich
in the framework of the German Biobank Node.
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This study was approved by the local ethics
committee (Ethics Committee of the TUM
School of Medicine, Munich, Germany); refer-
ence number 58/19 S. This study was performed
in accordance with the Helsinki Declaration of
1964 and its later amendments.

Description of the Case

The 28-year-old female patient presented with
headache, fevers, behavioral changes, decreased
consciousness, and left hemiparesis for three
days. The cranial MRI showed a T2/FLAIR
hyperintensity, particularly in the right tempo-
ral lobe with leptomeningeal gadolinium
enhancement (Fig. 1). The initial CSF analysis
showed pleocytosis (292 cells/ll); HSV-1 was
detected in the CSF by PCR (411,000 genome
equivalents/ml). No CSF cells were collected
from this initial lumbar puncture. The patient
was initially treated with acyclovir 750 mg i.v.
every 8 h. After mild clinical improvement, the
patient developed a vertical gaze palsy 5 days
after the beginning of treatment. An epileptic
seizure occurred and was treated with leve-
tiracetam. Electroencephalography showed iso-
lated sharp waves in the right hemisphere, and
a follow-up MRI showed an expansion of FLAIR
hyperintensity in the right temporal and

parietal lobe. The second CSF analysis, 5 days
after the first lumbar puncture, showed 338
cells/ll and an increased viral load (1.4 Mio.
genome equivalents/ml). Assuming acyclovir
resistance, treatment was changed to foscarnet
40 mg/kg bodyweight i.v. every 8 h, which led
to partial recovery with a residual headache and
vertical gaze palsy within 7 days. A third CSF
analysis 5 days after the second showed reduced
pleocytosis (76 cells/ll), and no HSV genes were
detected by PCR. The patient was discharged
13 days after the last lumbar puncture for
rehabilitation in her home country. CSF cell
pellets and PBMCs extracted from peripheral
blood samples at the second lumbar puncture
(first time point, t1) and at the third lumbar
puncture (second time point, t2) were stored in
liquid nitrogen for further analysis.

Design

CSF cells at t1 and t2 were analyzed using a
single-cell immune profiling technology.
PBMCs at t1 and t2 were analyzed using a con-
ventional immune profiling approach featuring
bulk sequencing of immunoglobulin (Ig) heavy
chains. We determined the expanding CSF B
cell clones and the overlap with the peripheral
blood B cell repertoire.

Fig. 1 Cerebral MRI of a patient with HSE. Initial MRI was obtained 1 day after hospitalization, with T2/FLAIR (A) and
gadolinium contrast-enhanced T1-weighted sequences (B). This image was taken from the patient’s electronic files
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Single-Cell BCR Sequencing of CSF
Samples

After thawing and washing the cryopreserved t1
and t2 CSF samples, a single-cell suspension was
prepared using the 109 Genomics Sample
Preparation protocol (CG00039, Rev C). Cell
count and viability were measured using an
automated cell counter (Cellometer Auto 2000,
Nexcelom Bioscience), and the volume was
adjusted to obtain 1 9 106 cells/ml. Cells were
loaded onto a 109 Genomics Chromium chip
per the manufacturer’s recommendations, with
a targeted cell recovery of 1 9 104 cells. Reverse
transcription and library preparation was per-
formed using the 109 Genomics Chromium
Single Cell Immune Profiling (v1) kit, following
the 109 Genomics protocol (CG000086, Rev J).
After quantitative PCR-based library quantifica-
tion using primers targeting the p5 and p7
(p5: AATGATACGGCGACCACCGAGAT,
p7: CAAGCAGAAGACGGCATACGA) regions of
Illumina adapters and KAPA Library Quantifi-
cation Standards (KK4903, Kappy Biosystems),
single-cell BCR V(D)J libraries were prepared
using the MiSeq Reagent Kit v2 (300-Cycles,
Illumina) and sequenced on a Miseq sequencing
platform (Miseq Control Software, version
2.6.2., Illumina) with paired-end reads
(151 9 151 bp).

Bulk BCR Sequencing of PBMCs

PBMC samples from t1 and t2 were thawed and
RNA was extracted using the RNeasy� Mini Kit
(Qiagen). cDNA libraries were prepared using
the Takara SMARTer� Human BCR IgG IgM
H/K/L Profiling Kit (Takara) according to the
manufacturer’s protocol. Following quantifica-
tion using quantitative PCR, the library was
prepared using the MiSeq Reagent Kit v3 (600-
Cycles, Illumina) sequenced on a Miseq plat-
form (Illumina) with paired-end reads
(301 9 301 bp).

Bioinformatics

The CSF B cell libraries (single-cell data) were
processed using Cell Ranger (v3.1.0,

109 Genomics) and aligned with human V(D)J
reference (vdj_GRCh38_alts_ensembl-3.1.0-
3.1.0). The libraries of PBMC samples (bulk
sequencing data) were processed with Immune
Profiler, modifying the external library to use
the latest version of the tool mixcr-3.0.12. Only
productive full-length sequences were consid-
ered for analysis. After quality filtering (ex-
cluding wrong cell types and clonotypes with
no V-gene match), we focused only on paired
chains. Overlapping B cell clonotypes (based on
the same complementary determining region
(CDR) 3 nucleotide sequence) between t1 and t2
were selected. We created new clonal groups
using a hamming distance of B 1 between
CDR3 amino acid sequences and V and J gene
identity. We selected the most expanded clones
(based on the ratio t2/t1) using the percentage
instead of the cell count to correct for sample
size bias. Full-length sequences of the chains
were extracted from the 109 data and re-ana-
lyzed using the IMGT HighVQuest online tool
[15].

RESULTS

Analysis of Overlap in B Cell Repertoires
Reveals Greater Temporal Changes in CSF
Compared to PBMCs

We looked for B cell clones based on the CDR3
nucleotide sequence (Fig. 2). In the CSF sample
from t1 (1964 B cells) we found 1354 clones,
and in the CSF sample from t2 (333 cells) we
found 260 clones. Among the clones in these
two groups, 76 (4.9% of all clones found in CSF)
overlapped between t1 and t2. In the PBMCs
from t1 (2476 B cells) we found 329 clones, and
at t2 (1867 B cells) there were 340 clones.
Among the clones in these two groups, 127
(23.4% of all clones in PBMCs) overlapped. This
suggests a greater change over time (5 days) in
the CSF than in PBMCs. However, it has to be
taken into consideration that we applied dif-
ferent sequencing techniques for CSF and
PBMC samples, which may represent a limita-
tion. Moreover, upon comparing CSF and
PBMCs, we found 71 overlapping clones at t1
(4.4% of all clones; 3.6% overlap of CSF B cells
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with peripheral B cells) and 14 overlapping
clones at t2 (2.4% of clones; 4.2% overlap of CSF
B cells with peripheral B cells).

Identification of Clonal Groups That
Expanded from t1 to t2

We created clonal groups using a hamming
distance of B 1 between CDR3 amino acid
sequences. We focused on the clonal groups
that showed the greatest expansion based on
the ratio between t2 and t1 (Fig. 3). Since the
cell counts at t1 (n = 1964 cells) and t2 (n = 333
cells) were different, we calculated the ratio as
the percentage of cells in one clonal group at t2
in relation to the percentage of cells in the same
clonal group at t1. We found 87 clonal groups
with a ratio above 1 (i.e., expanding clonal
groups) and 4 clonal groups with a ratio below
1. Expanding clonal groups of CSF B cells sug-
gest an ongoing intrathecal B cell response
between t1 and t2. The mean expansion ratio

was 4.7 and the median of the expansion ratio
was 5.9. Among 87 clonal groups with expan-
sion ratios C 1, we found 16 that overlapped
with the BCR repertoire of PBMCs. The CDR3
amino acid sequences of a selection of inter-
esting clonal groups are shown in Table 1,
including information about isotype and V(D)J
gene usage. This selection includes the six
clones with the highest expansion ratio (11.8),
two clones (nos. 6 and 8) with a high expansion
ratio that were present in a high amount of B
cells, and two clones (nos. 141 and 53) that were
also a dominant presence in B cells but had
lower expansion ratios. This table also shows
two clones (nos. 14 and 25) with high expan-
sion ratios that overlapped with PBMCs, and
clone no. 2, which was present in a high per-
centage of the cells at both t1 and t2, but pre-
sented a limited expansion ratio.
Supplementary Table 1 provides the full
nucleotide sequences of CDR3 for all the clo-
nes/clonal groups with expansion ratios C 1.

Fig. 2 Analysis of overlap in B cell repertoires. Venn
diagrams showing the overlapping B cell clones based on
the CDR3 nucleotide sequence in CSF cells at t1 versus t2

(A), in PBMCs at t1 versus t2 (B), as well as in CSF cells
at t1 versus PBMCs at t1 (C), and in CSF cells at t2 versus
PBMCs at t2 (D)
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DISCUSSION

It is known that an intrathecal humoral
immune response, represented by CSF HSV-1
specific oligoclonal bands and an elevated IgG
index, occurs in and after HSE [9]. Utilizing a
single-cell-based B cell repertoire sequencing
approach, we complemented these previous
findings by demonstrating an expansion of B
cell clones in the CSF in the acute and early
recovery phase in a case of HSE. We provide the
nucleotide sequences of these expanded B cell
clones, which can be used for further studies.

We obtained two CSF cell samples 5 days
apart from a patient with HSV-1 encephalitis
with presumed acyclovir resistance, who recov-
ered after switching to foscarnet therapy. The
first sample (taken at t1) was obtained after the
patient had worsened clinically while being
treated with acyclovir during the acute phase of
the infection. At this time, 8 days after the first
symptoms occurred, the adaptive immune
response was assumed to be at an early stage
[16]. The second sample (taken at t2) was
obtained when the patient had already begun to
recover, with the adaptive immune response
presumably fully active. Unfortunately, no CSF
cells could be preserved from the initial diag-
nostic CSF puncture. The CSF cell count
decreased from t1 to t2, as did the HSV CSF viral

load, reflecting the clinical improvement.
Importantly, several B cell clones that were
found in the CSF repertoires of both samples
expanded from t1 to t2. This suggests an
intrathecal B cell response, presumably against
HSV-1. Our findings contribute to our under-
standing of the adaptive immune response
against HSV-1 infection of the central nervous
system (CNS). Potentially, high-affinity virus-
neutralizing antibodies with therapeutic
potential may be identified using this approach.

Besides the fact that it is a report of a single
case, an obvious limitation of our study is that
we do not know the specificity of the expanded
B cell clones. Our findings need to be confirmed
in other patients, and specificity towards HSV-1
should be established. Another open question
remains whether any putative HSV-1-specific B
cells produce neutralizing antibodies.

While CSF samples were analyzed by single-
cell sequencing, bulk Ig heavy-chain sequenc-
ing was utilized for PBMCs. Although sequence
information on the Ig heavy-chain VDJ region is
generally sufficient to unequivocally determine
B cell clones [17], we are missing information
regarding the respective Ig light chain in
PBMCs.

Our analysis comparing B cell repertoires
from the CSF versus the peripheral blood on the
one hand and from t1 versus t2 on the other

Fig. 3 Identification of CSF clonal groups that expanded
from t1 to t2. B cell clonal groups are ranked according to
the ratio of expansion between t2 (gray bars) and t1 (black
bars). This figure shows the percentage of cells representing
one clonal group among all the cells at t1 or t2; the clonal
group ID is the number below the bars. The ratio (number
above each clonal group) was calculated as the percentage of
cells representing one clonal group among all CSF cells at

t2 in relation to the percentage of cells representing the
same clonal group among all CSF cells at t1. Due to the
large number of clonal groups, and for clarity, we only
include a selection of clonal groups in the figure: those
with the top seven ratios and those that overlapped with
PBMCs. Clonal groups that overlapped between CSF and
PBMCs are marked with an asterisk (*)
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hand demonstrated a relatively small overlap
between the respective conditions. Rather than
reflecting dramatic differences between the
peripheral and CNS immune compartments or
dramatic changes over a short period of time
(5 days) within them, this is likely due to the
sampling of only a small fraction of the entire
PBMC or CSF cell pool at t1 and t2. We specu-
late that the B cell clones that do overlap
include the most prevalent clones overall. In
the CSF, during an immune response against
HSV-1, these presumably include B cells specific
for HSV-1. Similarities between the B cell
repertoires at t1 and t2 were larger in PBMCs
than in the CSF, suggesting a substantial and
rapid intrathecal immune response during HSE.

CONCLUSION

We have demonstrated intrathecal expansion of
B cell clones in a case of HSE and provided the
BCR sequences of the expanding clones. These
sequences may be used to create recombinant
antibodies and prove HSV specificity.
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