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Simple Summary: Autoantibodies against the metabotropic glutamate receptor 5 (mGluR5) have
been linked to Ophelia syndrome, a combination of limbic encephalitis and Hodgkin lymphoma (HL).
We studied mGluR5 expression in 57 pediatric HL and NHL by immunohistochemistry to explore the
relationship between mGluR5 antibody formation and HL. All lymphoma tissues displayed mGluR5
staining, especially HL Reed–Sternberg cells. There was no staining in age-matched healthy lymph
nodes, and we did not find GRM5 transcripts in RNA-sequencing data from normal lymphocytes.
Lower mGluR5 levels in HL correlated with younger patients and EBV-positive tumors. Cases of
paraneoplastic and neurological symptoms were found exclusively in the HL cohort. The frequent
presence of mGluR5 in lymphoma tissue suggests a possible role in tumor development. This finding
is in line with reports that glutamatergic signaling affects the outcome in other cancers. However,
further studies in larger cohorts are needed to evaluate the impact of mGluR5 on HL severity.

Abstract: Autoantibodies targeting the neuronal antigen metabotropic glutamate receptor 5 (mGluR5)
have been identified in patients with Ophelia syndrome, which describes a co-occurrence of paraneo-
plastic limbic encephalitis and Hodgkin lymphoma (HL). Little data exist regarding frequency and
function of mGluR5 in HL and its potential role in causing seropositive paraneoplastic disease. We
studied a representative cohort of pediatric HL and NHL patients (n = 57) using immunohistochem-
istry and fluorescence staining to investigate mGluR5 expression. All lymphoma tissues displayed
positive mGluR5 staining, with focus on Hodgkin–Reed–Sternberg (H-RS) cells. We did not detect
any mGluR5 staining in tumor-free lymph nodes, which is consistent with the absence of GRM5
transcripts in RNA-sequencing data from non-malignant B and T cells. The frequent presence in
pediatric lymphoma falls in line with reports of mGluR5 expression and associated tumor progression
in other malignancies. We tested for correlation with clinical features, focusing on disease progression
and neurological symptoms. Low mGluR5 expression in H-RS cells correlated with young patient
age (<15 years) and positive histology for EBV infection. Paraneoplastic or neurological symptoms
were found exclusively in HL patients. While an impact of mGluR5 on HL severity remains possible,
a prognostic value of mGluR5 expression levels requires further investigation.
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1. Introduction

The term Ophelia syndrome describes the combination of paraneoplastic limbic en-
cephalitis (PLE) with Hodgkin lymphoma (HL). The syndrome was first reported in 1982
by Dr. Ian Carr who suggested “circulating molecule-like neurotransmitters produced by
the neoplasm” as a potential cause of memory loss and hallucinations [1]. In 2011 Lancaster
et al. discovered autoantibodies against the metabotropic glutamate receptor 5 (mGluR5)
in the serum and cerebrospinal fluid (CSF) of two patients with Ophelia syndrome [2]. The
receptor, encoded by GRM5, belongs to a group of glutamate receptors normally found in
both the peripheral and central nervous system. This group subdivides into (i) mGluR1 and
mGluR5, (ii) mGluR2 and mGluR3 and (iii) mGluR4 and mGluR6–8 [3]. These receptors
are known to be involved in a variety of neurological functions including learning, memory,
pain perception and anxiety [4]. Antibodies against three of these receptors (mGluR1,
2 and 5) have been identified in patients with paraneoplastic neurological disorders [2,5,6].
In recent years, metabotropic glutamate signaling has been implicated in tumor regulation
and in cancer development of neuronal and non-neuronal origin [7]. Several in vitro studies
have specifically implicated mGluR5 in promoting tumor progression and formation [8–12].
Further experiments with mGluR5 antibodies from patients with autoimmune encephalitis
demonstrated their pathogenicity by showing a reversible reduction in receptor density in
animal models [13]. Our group was the first to show results compatible with the hypothesis
of mGluR5 as an aberrant onconeural cell surface antigen, possibly triggering an autoim-
mune response due to its expression in HL tumor cells. Inspired by a case of pediatric
Ophelia syndrome with severe mGluR5 antibody encephalitis, we provided experimental
evidence of heterogeneous mGluR5/GRM5 expression in different HL cell lines and in
tumor tissue of the index patient [8].

In the present study, we aimed (i) to confirm previous findings of mGluR5 in cultured
HL cells now in actual lymphoma tissue using a larger cohort of pediatric HL cases, (ii) to
examine the frequency and localization of the antigen and (iii) to investigate a possible
association of mGluR5 expression in tumor tissue with clinical features and disease progres-
sion. In particular, we focused on the prevalence of neurological symptoms and a history
of autoimmune or paraneoplastic disease. Furthermore, we sought to determine whether
mGluR5 is found exclusively or predominantly in HL, as most cases with paraneoplastic
mGluR5 antibodies were diagnosed with this lymphoma subtype [14]. A control group of
pediatric non-Hodgkin lymphoma (NHL) patients and additional tumor-free lymph node
samples were therefore used for comparison. Our study aims to improve the understanding
of the complex interplay between HL, autoimmune responses and its associations with
rare paraneoplastic neurological syndromes. This understanding may contribute to the
development of new diagnostic and therapeutic approaches.

2. Materials and Methods
2.1. Patients and Tissue Samples

We established clinical cohorts of pediatric HL and NHL cases by reviewing all
patients treated for lymphoma between 2008 and 2021 at the Department of Pediatric
Hematology and Oncology of the Charité—Universitätsmedizin Berlin (HL n = 56, NHL
n = 66). Formalin-fixed, paraffin-embedded, 3 µm thick tumor tissue sections were obtained
from the Department of Pathology of the Charité—Universitätsmedizin Berlin for all
cases with available biopsy material (n = 57; HL n = 29, NHL n = 28). All HL samples
were derived from lymph node tissue. The NHL sections represent a heterogeneous
histologic background (respiratory tract mucosa, lymph node, bone marrow, tonsil, skeletal
muscle and ovary). Three tissue samples were obtained from patients with a lymphoma
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relapse. We reviewed the medical histories of all included cases for clinical parameters,
symptoms and disease course with a focus on neurology and autoimmunity. As additional
controls, we acquired age-matched formalin-fixed, paraffin-embedded lymph node tissue
sections of n = 6 children with the histopathologic diagnosis of tumor-free and healthy
lymph node tissue or, in one case, lymphadenitis due to massive cholestasis. Most of
the control samples are hepatic lymph nodes (n = 4) coming from liver transplantation
operations due to biliary atresia. The remaining controls were obtained from the paracaval
or cervical area after surgery for nephroblastoma or rhabdomyosarcoma. The study was
conducted in accordance with the tenets of the Declaration of Helsinki. It involved the
use of material of human origin. The study was approved by the Ethics Committee of
Charité—Universitätsmedizin Berlin (EA2/121/17).

2.2. Immunohistochemistry with DAB for CD30 and mGluR5 on HL and NHL Tissue

For DAB staining we used the previously described formalin-fixed, paraffin-embedded
sections from HL, NHL and control patients. We performed staining with anti-mGluR5
primary antibody (1:200, Cat# PA5-33823 Invitrogen Waltham, MA, USA) on tissue sections
from each patient. In addition, all pathologically confirmed CD30-positive tumor tissue
sections (HL n = 29; NHL n = 5) were stained with anti-CD30 primary antibody (1:20,
Ber-H2, Cat# M0751, Dako, Jena, Germany). We used an automated slide staining system
(BenchMark XT, Ventana Medical Systems, Tucson, AZ, USA), performed heat-induced
epitope retrieval (Cell Conditioning 1, Ventana) and additional hematoxylin staining for cell
visualization and secondary staining with an automated DAB staining kit (Ultra View TM
Universal DAB-Kit, Roche Diagnostics (Indianapolis, IN, USA)) were used for all sections.

2.3. Analysis of RNA-Sequencing Data of Lymphocytes

To study the expression of GRM5 in non-malignant lymphatic cells as controls for
the lymphoma tissue experiments, we re-analyzed the following publicly available RNA-
sequencing datasets of isolated human B and T cells published in the Gene Expression
Omnibus repository (https://www.ncbi.nlm.nih.gov/geo/, accessed on 7 June 2024) of
the NCBI (accession numbers: GSE74102, GSE119234, GSE186010). The FASTQ files were
aligned to the human reference sequence (GRCh38.p13) using STAR v7.2.10b and quantifi-
cation was done with the StringTie v2.2.1 program on a high-performance server running
160 cores. As a quantitative measure of gene abundance, we used the FPKM values (frag-
ments per kilobase of transcript per million mapped reads). GRM5 transcripts were absent
from normal regulatory T-cells (GSE74102) that had been extracted from normal lymph
nodes (n = 10) and from follicular lymphomas (n = 12). In the normal B-cell population,
GRM5 was only expressed in memory B-cells at very low levels (FPKM = 0.179 [SD 0.412]).
It was absent in B-cells from the germinal centers, in naïve B-cells and in unswitched
memory B-cells.

2.4. Immunofluorescence Co-Staining on Tumor Tissue of HL and NHL Patients

We carried out immunofluorescence staining with primary antibodies against CD30
and mGluR5 on the formalin-fixed tumor tissue sections. For all pathologically confirmed
CD30-positive lymphoma cases, we performed a double staining. The remaining CD30-
negative tumor samples (NHL n = 23) were stained with the anti-mGluR5 primary antibody
only. In preparation for staining, we deparaffinized the tumor sections and performed stan-
dardized heat-antigen retrieval (Antigen Unmasking Solution, Citric Acid Based, H-3300,
Vector Laboratories (Newark, CA, USA)). For all washing steps and dilution of antibodies
we used 1× PBS. The sections were stored in a humid chamber during all incubation steps
and blocked for 45 min at RT using normal goat serum with bovine serum albumin. We
incubated the tissues overnight at 4 ◦C with anti-CD30 primary antibody (1:10, mono-
clonal mouse anti-human, Ber-H2, Cat# M0751, Dako, Jena, Germany) and/or anti-mGluR5
primary antibody (1:200, polyclonal rabbit anti-human IgG, Cat# PA5-33823, Invitrogen
Waltham, MA, USA). We used fluorescence-labeled conjugated antibodies for secondary
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staining and incubated the sections in the dark at RT for 2 h (mGluR5: 1:500, goat anti-
rabbit IgG Alexa-Fluor-488, Cat# A-32731, Invitrogen, Waltham, MA, USA; CD30: 1:500,
goat anti-mouse IgG1 Alexa-Fluor-568, Cat# A-21124, Invitrogen, Waltham, MA, USA).
We applied 4′,6-diamidino-2-phenylindole for nuclei staining (DAPI; 1:1000; Cat# D1306,
Invitrogen) and used Polyvinyl alcohol (Mowiol 4-88, Carl Roth, Germany) for fixation.

For image acquisition we used a THUNDER Imager DMi8 with a Leica DFC9000 GT
camera and the LAS(X) software (Leica Application Suite (X), Version 3.7.4.23463, Leica
Microsystems, Wetzlar, Germany). The imaging parameters were kept constant for all
sections and recordings. We used far-red fluorescence as a control channel to analyze
autofluorescence, known to occur in lymphoma tissues [15]. Prior to fluorescence image
recording, we evaluated the anti-CD30 DAB-stained sections to identify regions with
high numbers of CD30-positive cells to localize tumor infiltration. We recorded at least
three 2 × 2 tile-scan images per case with 16-bit resolution using an original objective lens
magnification of ×20, using all four fluorescent channels. Additionally, we recorded images
at ×100 objective lens magnification to better visualize subcellular staining. All images and
metadata were saved in the *.lif format and are available upon request.

2.5. Automated Image Analysis of Immunofluorescence Co-Staining

To analyze the colocalization and staining patterns of CD30 and mGluR5 on the
fluorescence images, we used the Fiji/ImageJ v.2.3.0/1.53 software and programmed an
automated algorithm (macro), of which the code is available in the Supplementary Materials.
We analyzed three images each from separate tile scans per lymphoma case. The selection
criteria for the images were (i) highest amount of DAPI stained nuclei over the whole
picture frame and (ii) good quality of the control channel image to evaluate and filter for
possible autofluorescence. Using binary masks by thresholding (pixel value 0 or 255; 8-bit)
to visualize and measure the staining pattern in a standardized way, we calculated the
total cell count, the percentage of CD30-positive cells, as well as the percentage of double
positive cells (CD30 AND mGluR5) per image. The parameters and sequence of image
analysis (contrast enhancement, subtraction, ROI analysis, introduction of a Gaussian
blur filter, etc.) were kept constant for all images, except for background subtraction. We
adjusted the rolling ball radius (norm = 100; adjustment 50 or 500) in a few images with
low image quality to improve segmentation of actual staining and to reduce apparent false
positive signals due to background noise.

2.6. Statistical Analysis

Image and statistical analyses were conducted with Fiji/ImageJ v.2.3.0/1.53 and IBM
SPSS Statistics v26 (New York, NY, USA). A p value of < 0.05 was considered to indicate
statistical significance. Quantitative experimental data are presented as the means ± SD of
results that had been obtained from at least three independent measurements. We used
the t-test for independent samples to calculate the significance of differences in CD30
expression and in CD30 dependent mGluR5 expression between individual tumors. Due to
a small test population of below 30 samples, we tested for normal distribution using the
Shapiro Wilk and Kolmogorov-Smirnov tests to confirm the required t-test conditions.

To analyze correlation between clinical parameters and experimental findings, we
performed the Chi-square, Fishers exact, or Mann–Whitney-U test. To evaluate possible
correlation, we used Cramers V and Pearsons R.

3. Results
3.1. Cohort Description: Diagnosis and Course of Disease in Representative Groups of Children
with HL and NHL

We examined the general patient characteristics and individual histories to gain an
overview of the composition of our cohort of pediatric lymphoma cases. Table 1 shows
the results for sex, age, staging and disease course for the HL and NHL groups. The
distribution of histologic subtypes can be found in the Supplemental Figure S1.
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Table 1. Analysis of patient and disease characteristics: comparison between the HL and NHL cohorts.
The total number of cases per cohort is provided in the first row. The parameters are depicted in
absolute numbers. Relative numbers in brackets refer to the total of the respective cohort.

HL NHL
n = 29 n = 28

Sex
female 17/29 (59%) 3/28 (11%)
male 12/29 (41%) 25/28 (89%)
Age *

mean, [range] 14.1 [5.5–17.5] 10.5 [3.0–17.8]
Staging **

I 0/29 (0%) 2/28 (7%)
II 17/29 (59%) 8/28 (29%)
III 4/29 (14%) 9/28 (32%)
IV 8/29 (27%) 9/28 (32%)

B-symptoms 11/29 (38%) 5/28 (18%)
Onset of symptoms ***

mean, [range] 4.7 [1–27] 1.9 [0.25–9]
Event free survival status

0—no event 25/29 (86%) 23/28 (82%)
1—event (relapse) 4/29 (14%) 3/28 (11%)

no data 0/29 (0%) 2/28 (7%)
Overall survival status

0—alive 28/29 (97%) 26/28 (92%)
1—succumbed to disease 1/29 (3%) 1/28 (4%)
2—died of other causes 0/29 (0%) 1/28 (4%)

Special symptoms
neurological-psychiatric 4/29 (14%) 6/28 (21%)

CNS involvement 0/4 (0%) 6/6 (100%)
paraneoplastic 3/29 (10%) 0/28 (0%)

Neurological diagnostics
EEG 21/29 (72%) 19/28 (68%)
cMRI 8/29 (27%) 11/28 (39%)
CSF 5/29 (17%) 28/28 (100%)

antineuronal antibody screening 2/29 (6%) 0/28 (0%)
* Age is presented as mean and total range of years at the time of diagnosis. ** Staging data refer to the Ann
Arbor classification for HL and the St. Jude’s classification for NHL. *** Onset of symptoms describes the
duration in months from the first recorded lymphoma related symptom to diagnosis. CNS involvement = central
nervous system involvement of the lymphoma (diagnosed by CSF and/or cMRI); EEG = electroencephalography;
cMRI = cerebral MRI; CSF = cerebral spinal fluid analysis.

In addition, the most frequently documented symptoms were lymphadenopathy, pain
and dyspnea due to tumor compression. Fever before diagnosis was described in n = 3
patients with HL and in n = 2 children with NHL. All children were treated according to
the EuroNET-PHL-C2 study for HL or the BFM registries for NHL. All patients received
first line chemotherapy. The HL cohort divides into three treatment arms reflecting the
severity of the disease at the time of diagnosis, with advanced and intermediate stage HL
each comprising 41% of patients. Radiation was used in the treatment of primary HL only
if the patients had responded inadequately to chemotherapy (n = 5). In the NHL cohort,
radiation was used in n = 2 patients. We found that three patients with HL were diagnosed
with conditions, classified as paraneoplastic by their treating physicians: one girl presented
with a clinical depression 6 months prior to HL diagnosis, one boy developed immune
thrombocytopenia (ITP) 11 months prior to the tumor diagnosis and the third child was the
index patient with mGluR5 antibody encephalitis (Ophelia syndrome).

3.1.1. HL Patients with Neurologic Symptoms and Paraneoplastic Manifestations

To evaluate lymphoma cases for their neurologic features, we reviewed symptoms,
previous diseases and specific diagnostic procedures recorded in the patients’ histories.
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The results are shown in Table 1. The aim was to study the prevalence of neurological
abnormalities in general and to evaluate whether signs of paraneoplastic neurological
disease or of mild phenotypes without full manifestation might have been missed. We
searched for documented neurological symptoms that could not be explained by tumor
infiltration and found four cases of HL. In the NHL cohort, we only saw patients with focal
neurological symptoms or with headache related to a respective tumor infiltration of the
central nervous system.

Patient 1 (female, 17 y/o, stage IV B) developed a depression 6 months before the
diagnosis of HL, which was officially classified as paraneoplastic. Depression was the
first tumor-related symptom followed by lymphadenopathy and B symptoms. All neuro-
logical diagnostic procedures such as EEG, cMRI and examination of CSF and blood for
autoantibodies, including IF staining, were without pathological findings.

Patient 2 (female, 16 y/o, stage II A) was diagnosed with a depression 2 months
before the diagnosis of HL. Symptoms included a depressed mood, emotional instability,
irritability and vertigo. Other lymphoma-related symptoms (lymphadenopathy, bone and
joint pain, hair loss) were noted 10 months earlier. No EEG, cMRI or CSF analyses were
initiated in this case. The depression was described as ongoing after treatment for HL.

Patient 3 (male, 16 y/o, stage III A) was the case of mGluR5 antibody encephalitis
presenting as Ophelia syndrome. The neurological symptoms started 27 months before
the diagnosis of HL, and included headache, visual and auditory verbal hallucinations,
photophobia, aggression, fatigue and depersonalization. The symptoms could be reduced
by immunotherapy but were still detectable at the time of the lymphoma diagnosis. Despite
regular screening for HL following the identification of mGluR5 antibodies in blood and
CSF, the tumor was found at an advanced stage. An EEG showed pathologic results during
the period of encephalitis.

Patient 4 (male, 16 y/o, stage IV B) presented with a fever before the diagnosis of HL.
During the first two days of chemotherapy, he developed additional visual and auditory
hallucinations and became disoriented. The treating physicians diagnosed a prednisolone-
induced psychosis, after excluding Herpes simplex encephalitis or CNS tumor infiltration.
A cMRI and basic CSF analysis were normal, and screening for autoantibodies was not
initiated. An EEG performed one day after the diagnosis of HL, but before the onset
of hallucinations and chemotherapy showed localized groups of slow waves in the right
frontal region, indicating a possible local brain pathology or unspecified encephalopathy [8].

None of the children with neurological symptoms (n = 10) had a recorded history of
neurological or psychiatric disease. In the remaining group of lymphoma patients, we
found one case of traumatic brain injury and multiple intracerebral hemorrhages (HL),
one child with motor tics (HL) and one patient with Louis–Bar syndrome (NHL). In
terms of diagnostic procedures, 18% (7/40) of the EEGs were classified as abnormal. Two
cases belonged to patients without neurological symptoms, CNS infiltration or correlating
pathology on cMRI. One EEG, coming from an HL patient (female, 11 years, stage II A)
showed an intermittent bifrontal dysfunction, indicating possible epileptic potentials. A
boy with T-lymphoblastic lymphoma (T-LBL) presented with a right posterior regional
dysfunction. All cMRIs with pathological results (HL n = 1, NHL n = 7) showed obvious
tumor infiltration or included signs of previously diagnosed disease. CSF analysis was
pathological only in the patient with Ophelia syndrome and in the NHL patients with CNS
infiltration (n = 6). CSF antibody screening was performed in two cases of HL.

3.1.2. Histopathological Spectrum of Entities and Association with EBV in Our Cohort

To understand the composition and analyze comparability of the biopsy samples, we
analyzed the available histologic and immunohistochemistry data.

The HL cohort (n = 29) included 28 samples of classic HL (cHL) and one sample of
nodular lymphocyte-predominant HL (NLPHL). The cHL samples can be further differ-
entiated into histologic categories. They divided into the subtypes of nodular sclerosis
(n = 20) and mixed cellularity (n = 8). The lymphocyte-rich and lymphocyte-depleted
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variants were not represented in our cohort. All cHL showed obligatory expression of
tumor necrosis factor receptor 8 (CD30) in the Hodgkin and Reed–Sternberg tumor cells
(H-RS cells). Positive staining for CD15, a frequently overexpressed antigen in HL cells, was
absent in only one case of mixed cellularity cHL. One cHL with nodular sclerosis subtype
is described to be of rare T-cell differentiation, identified by missing expression of the
transcription factor PAX-5 and positive staining for granzyme B in the H-RS cells. Tumor
cells of the nodular lymphocyte-predominant HL (NLPHL) were described as positive for
CD15 and CD30 and additionally expressed B-cell lymphoma 6 (BCL6). The tumor milieu
of all HL included cells with positive staining for CD3 or CD20, indicating the presence of
T and B lymphocytes.

The NHL cohort (n = 28) comprised 18 cases of B-cell lymphoma (18/28, 64%), in-
cluding Burkitt lymphoma (n = 13), diffuse large B-cell lymphoma (DLBCL; n = 2) and
one case each of primal mediastinal B-cell lymphoma (PMBCL), follicular lymphoma and
unspecified mature B-cell lymphoma. T-cell lymphomas in the NHL cohort (10/28, 35%)
included the entities anaplastic large cell lymphoma (ALCL; n = 3) and T-lymphoblastic
lymphoma (T-LBL; n = 7). CD30 expression was detected in n = 5 samples (ALCL n = 3,
PMBCL n = 1 and DLCB n = 1).

The histologic association of all HL with Ebstein-Barr Virus (EBV) was routinely
evaluated by testing for expression of the viral protein latent membrane protein-1 (LMP-1),
indicating latent infection. Expression in H-RS cells was documented in n = 6 cases of
HL (6/29, 21%). These children were predominantly male (5/6, 83%) and most cases
(4/6, 66%) had the histologic subtype cHL of mixed cellularity. The mean age was on
average five years younger in the EBV-positive HL cohort than in the EBV-negative cases
(10.5 vs. 15.1 years at time of diagnosis). Positive serology for EBV, indicating prior
exposure to the virus, was found in 15/29 (52%) HL patients; 6/15 (40%) subsequently
developed EBV-positive lymphoma. Among NHL samples, 19/28 (68%) were tested for
LMP-1 expression. One case of Burkitt’s lymphoma (female, 12 y/o) was EBV-positive.
Positive EBV serology was detected in 15/27 (55%) children with NHL.

3.2. Staining Results Indicating Frequent Expression of mGluR5 in Pediatric Lymphoma Tissue

Using DAB staining, we were able to confirm CD30 expression in all tissues with
previously described positivity for the receptor (n = 34). We used these results to validate
the staining protocol and tissue quality. When evaluating the sections stained with the
mGluR5 antibody, we detected DAB signal in all lymphoma samples, but noted consider-
able differences in staining patterns and intensities between tissues. We did not see any cells
with expression of mGluR5 in the control samples coming from tumor-free lymph nodes.

The CD30 staining allowed us to localize areas of tumor infiltration in the biopsy
material, as CD30 is an obligatory antigen on H-RS cells and an optional marker for NHL
tumor cells. The CD30-positive cells in cHL had the typical morphology of H-RS cells and
were present in all samples. In NLPHL, an HL entity without H-RS cells, CD30 expression
was visible in the corresponding tumor cells, called lymphocyte-predominant cells (LP
cells). The CD30-positive NHL showed a staining pattern comparable to HL in case of
DLBCL and PMBCL with individually stained tumor cells with larger cell bodies. The
ALCL samples contained large populations of homogeneous large sized cells, positive
for CD30.

When analyzing the mGluR5 results for HL tissues, we saw two groups of staining
patterns, examples of which are shown in Figure 1a,b. Most HL sections contained indi-
vidual cells with increased and contrasting staining compared to the surroundings. The
cells resembled the previously described CD30-positive H-RS tumor cells in shape, size and
localization (Figure 1a). In the minority of HL cases, we found an almost homogeneous
DAB staining signal covering the entire cell population including the tumor environment
(Figure 1b). Here, the staining results for mGluR5 did not overlap with the corresponding
CD30-stained sections, which contained clearly distinguishable H-RS cells. The mGluR5
staining signal in NHL sections (Figure 1c–f) was visible in all cases and we observed
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variations in intensity and staining pattern in between samples. These variations did not
seem to correlate with the lymphoma subtype.
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Figure 1. DAB staining of the images of HL (a,b), NHL (c–f) and control (g–i) tissues with mGluR5
antibody shows positive cells in the lymphoma sections and no specific staining in tumor free lymph
nodes. (a) Examples of HL sections with defined positive tumor cells corresponding in morphology
and localization to CD30+ H-RS cells, suggesting elevated expression of mGluR5 in H-RS cells. (b) HL
sections without individually highlighted tumor cells but with a more homogenous staining pattern.
(c–f) Examples of NHL with mGluR5+ cells and differing intensities between histological subtypes;
(c) ALCL (d) DLBCL (e) Burkitt lymphoma (f) T-LBL. (g–i) Healthy lymph node tissues from three
individual children do not show any positive staining for mGluR5 in lymphocytes. (a–f) Original
objective lens magnification was ×20 for all lymphoma images; ×5 for (g) and ×10 for (h,i). The
scale bar indicates 100 µm in all images.

The DAB staining with mGluR5 antibody of tumor-free pediatric lymph node controls
(n = 6) did not show any positive staining. In particular, lymphocytes in the cortex and
follicles displayed no trace of mGluR5 in any of the samples. Minor unspecific staining was
observed in erythrocyte-containing macrophages and lymphatic sinuses of the medulla
(Figure 1g–i).

3.3. RNA-Sequencing: No Relevant Expression of GRM5 in Non-Malignant Lymphocytes

In addition to the immunohistochemical control staining, which indicated the absence
of mGluR5 in healthy lymphatic cells, we studied gene expression levels of GRM5 in
lymphocytes via re-analysis of published RNA-sequencing data.

The expression profiles of resident lymph node B cell populations of n = 5 healthy
adults were analyzed, including (i) germinal center B cells, (ii) naïve B cells, (iii) unswitched
memory B cells and (iv) memory B cells. GRM5 was only expressed in n = 3 memory B cell
populations at irrelevant to very low levels. The following analysis of human memory
B-cells isolated from lung, lung-draining lymph nodes and peripheral blood mononuclear
cells confirmed the results of inconsistent and very low expression of GRM5 in memory
B cells in 3 of 13 samples next to missing expression in the remaining samples.
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We also did not find any GRM5 transcripts in regulatory T cells that had been isolated
from normal lymph nodes (n = 10), follicular lymphoma lymph nodes (n = 12) and reactive
lymph nodes (n = 5).

3.4. Immunofluorescence Co-Staining Analysis and Clinical Associations

Given our group’s previous findings of heterogeneous GRM5 expression in in vitro
HL cell lines, the DAB staining results confirming the presence of mGluR5 in lymphoma
tissues and the missing expression in healthy controls, we decided to further investigate
the mGluR5 staining in HRS-cells [7]. We performed immunofluorescence co-staining
of mGluR5 and CD30 in HL and CD30-positive NHL tissues, to better understand the
localization and frequency of antigen expression. Examples are shown in Figure 2.
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Figure 2. Examples of immunofluorescence co-staining with anti-CD30 and -mGluR5 antibodies on
HL and NHL tissues with corresponding DAB staining images show mGluR5 expression in CD30+
tumor cells and examples of autofluorescent signal. Numbers #1-#30 belong to HL and #31-#62 to
NHL samples. All HL sections except #10 and #17 show clearly double stained H-RS cells. The
pattern for mGluR5 in #10 and #17 is more diffuse and no (elevated) expression is seen in CD30+ cells,
both sections showed a DAB staining pattern for mGluR5 depicted in Figure 1b. #41 is an example of
a CD30+ NHL (ALCL) with a high number of CD30+ cells and visible mGluR5 staining, which does
not necessarily colocalize with CD30 in the IF images. Examples of autofluorescence are seen in #10
and #8 with multiple erythrocytes with excessive yellow staining due to exact overlap of red and
green signal. The original objective lens magnification was 20× for all images, including DAB and IF
stainings. The scale bar indicates 100 µm.

The IF staining results were comparable to the DAB staining patterns and confirmed
the presence of mGluR5 in CD30-positive H-RS cells of pediatric HL tissue. To quantify this
finding, we analyzed the images for the total number of cells, the number of CD30-positive
cells and the percentage of cells with both CD30 and mGluR5 positive signal, using an
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algorithm depicted in Figure 3. The result of absolute cell counts for all stained sections
(n = 57) HL vs. NHL can be found in Supplemental Figure S2.
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Figure 3. Image analysis of immunofluorescence co-staining: workflow visualization. The first row
depicts the analysis of the total cell count by segmentation of the individual cell bodies using the
DAPI stained nuclei. A standardized Gaussian blur filter was used to smooth out the intensities so
that each nucleus could be automatically marked using the intensity maxima values. We then created
a mask of the segmented nuclei, where each image pixel was assigned to a segment. We measured
the created areas and counted each region < 500 µm2 as an independent cell. Each cell segment was
saved as a ROI and given a serial number. The next rows show the process of thresholding for the
creation of binary masks of the CD30 and mGluR5 stainings by subtracting background staining
and autofluorescence recorded identified in control channel images. We created an overlap of the
CD30 and mGluR5 binary masks using the AND parameter to visualize the areas of co-staining. The
masks were then merged, and positive cell-segments (=including black pixels) were automatically
counted. During this process we accepted the false-positive counting of neighboring cell bodies in
case of staining overlap due to the uniformly used method. The scale bar indicates 100 µm.

To validate the specificity of the algorithm to detect CD30-positive cells, we com-
pared the mean results per tissue for percentage of CD30-positive cells and saw signifi-
cantly different values in CD30 expressing (n = 34) vs. CD30 negative (n = 23) sections
(0.200 ± 0.136 vs. 0.032 ± 0.043; p < 0.001). For further analysis of the IF images, we
excluded n = 6 (HL = 4, NHL = 2) tissue sections because of false positive analysis results
for CD30 cell counts due to high background noise that could not be removed sufficiently
by our standardized algorithm. Since the measurement of mGluR5 expression in H-RS cells
via the algorithm is dependent on the accuracy of CD30-staining detection, we decided
to exclude these images. Therefore, these sections do not take part in the subsequent
calculations as well as Figures 4 and 5.
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Figure 4. Heterogeneous numbers of CD30+ cells in HL and NHL tissues and expression of mGluR5
in CD30+ tumor cells. The x-axis shows the serial number of the tissue samples (#), where samples
#1–30 belong to HL cases (left half) and samples #31–62 belong to NHL cases (right half). In the upper
panel are the box plots depicting the image analysis results for absolute cell counts per tissue sample,
showing varying amounts of CD30+ tumor cells independent from the total cell count. The box plots in
the lower panel in light red depict the results in percent for CD30+ cells relative to the total cell count.
In light yellow, the percentage of double positive (mGluR5 and CD30) tumor cells is shown relative to
the total amount of CD30+ cells. For the NHL cases, the results are shown only for tissues with actual
CD30-expression marked by an asterisk (*). Each box plot contains the results of n = 3 independent
measurements of ×20 magnification images and the median is depicted as the center line.

The results for CD30/mGluR5 co-expression in HL and NHL cells are shown in
Figure 4. The average of CD30-stained cells per tissue was 20.7% ± 13.4% with a range
of 8.4–59.5% in CD30 positive tissues. The mean percentage of CD30-positive cells co-
expressing mGluR5 was 43.0% ± 22.2% with a range of 4.1–74.0%. There was no significant
difference between the HL and CD30-positive NHL groups for either parameter (Mann–
Whitney U-Test: percentage of CD30+ cells p = 0.095; double positivity among CD30+ cells
p = 0.408). When comparing the individual tumor cases, we found very heterogeneous
expression of both antigens and no significant correlation between the mean values of the
two parameters (Pearson r = 0.185, p = 0.335), indicating an independent expression of the
antigens in lymphoma tumor cells.

To further compare the clinical data of our lymphoma cohort with our mGluR5 staining
results, we sorted all samples by the average of double-positive tumor cells to create
subgroups. We used the average of 40% as cut-off to define a high amount of double-
positivity vs. low to no double-positivity. The difference in mean values per tissue between
the two groups was significant (p < 0.001) as shown in Figure 5. This division was ultimately
compatible with our DAB staining results, as all previously mentioned HL tissues with
diffuse or homogeneous expression of mGluR5 without elevated expression in H-RS cells
(Figure 1b) fell into the low to no double-positivity group.
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Figure 5. Sorting of image analysis results shows no correlation between CD30 and mGluR5 expres-
sion (in co-expressing lymphoma cells). We suggest the division into two groups of low and high
mGluR5 expression in CD30+ tumor cells. The left panels of the graph show the mean results per
tissue for the percentage of CD30+ cells and are sorted from highest to lowest. The right panels are
sorted by the percentage of mGluR5 expression. All column plots show the mean of the measured
parameter, the box plots include the individual measurements per tissue and indicate the minimum,
maximum and median, as well as the 25th and 75th percentiles. The right panels include the 40%
cut-off (red line) for dividing the subgroups. An inset box plot indicates a significant difference
between the means of the two groups. Considering the highly sensitive image analysis algorithm,
results of below 40% can be dismissed as low expression of the antigen. This corresponds with the
DAB staining results.

Next, we tested for a possible correlation between clinical parameters and histologic
data with mGluR5 expression in CD30-positive cells, defined by the previously defined
subgroups. These results are provided in Supplemental Table S1. There was no statistically
significant correlation between for the parameters of sex, lymphoma subtype, onset of
tumor-related symptoms and disease severity. To define disease severity, we used the
following data: tumor staging, presence of B-symptoms, intensity of chemotherapy and
use of ionizing radiation. We did not find any correlation with the incidence of relapse, the
development of neurological or paraneoplastic symptoms or the recording of pathological
EEG results.

We found significant results for the parameters histologic EBV-status and age at the
time of diagnosis. The data suggest an inverse correlation between the percentage of
mGluR5-positive H-RS cells and EBV-positive HL (p = 0.005). Second, our data indicate a
positive correlation with age at diagnosis. Accordingly, the group with low percentage of
mGluR5-positive H-RS cells was significantly younger at the time of diagnosis (p = 0.002)
with a mean age of 11.5 years. The correlation factor (Pearson r for EBV association, Cramers
V for age) indicated a moderate association for both parameters. The correlation can be
considered as statistically significant, although a causality cannot be proven.
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4. Discussion

Hodgkin lymphoma (HL) is a hematologic malignancy characterized by specific
histologic features namely the Hodgkin–Reed–Sternberg (H-RS) cells and a distinct tumor
microenvironment (TME) [16]. This malignancy shows a peak in children and young adults
and accounts for the most common type of cancer in adolescents between 15–19 years of
age [17]. HL is associated with the development of intermediate risk antibodies against
the neuronal cell surface protein mGluR5 [18]. These antibodies have direct pathogenic
potential, can cause autoimmune encephalitis and are 30–70% of cases associated with
the presence of a tumor [13,18,19]. The molecular mechanism explaining the formation
of paraneoplastic antibodies against cell surface antigens is still unknown [20]. A B-cell
mediated process is thought to be responsible for the autoimmune response, in the sense
of a systemic anticancer immune reaction, triggered by abnormally expressed neuronal
antigens. Immunohistochemical data revealed relevant protein expression of antigens
associated with paraneoplastic disease in respective cancer tissues, compatible with the
hypothesis of the cancer itself as origin for the immunization process [21]. Recently, the
first report of mGluR5 and GRM5 expression in HL cell lines provided a first step towards
understanding the nature of the association between mGluR5 antibody formation and
Ophelia syndrome on a neurobiological level [8,22]. Now, in a consecutive histological
and clinical investigation of a representative cohort of children and adolescents with
HL, we have demonstrated the frequent presence of mGluR5 in HL tumor tissue and its
lack of expression in healthy age-matched lymphatic tissues, as well as in non-malignant
B lymphocytes of adults [23,24].

In most samples, we found elevated mGluR5 DAB and IF staining in H-RS cells. Only
few samples showed homogeneous staining for mGluR5 in non-malignant inflammatory
cells of the TME, without elevated signal in tumor cells. The findings are consistent with
reports of glutamatergic signaling in the TME and differences in gene expression levels
among H-RS cell populations [25,26]. We categorized the lymphoma cases into groups
defined by high vs. low percentages of mGluR5-positive H-RS cells in order to explore
clinical correlation with respect to disease severity.

Here, we discuss (i) the potential function of mGluR5 signaling in HL and (ii) possible
implications for disease severity, including the observed association of mGluR5 expression
with EBV status and age. In addition, we elaborate on (iii) the specificity of mGluR5 in
HL and (iv) their potential pathogenicity for paraneoplastic neurological disease (PND) in
pediatric lymphoma patients.

(i) The physiological expression of mGluR5 has been described almost exclusively
in the brain, where it is centrally involved in the regulation of postsynaptic membrane
potential (for an overview of the physiological expression of mGluR5 and its associations
with other genes, see Supplemental Figures S3 and S4). Aberrant regulation of mGluR5
signaling through postsynaptic proteins has been linked to the development of mental
disorders, especially Schizophrenia and Autism Spectrum Disorder including the Fragile X
Syndrome [3]. However, glutamatergic signaling is also known to drive tumor progression
via autocrine and paracrine signaling that activates downstream pathways that are crucial
for tumorigenesis [27–29]. Metabotropic receptors have been described as the most abun-
dantly expressed glutamate signaling proteins in cancer [30]. Expression of mGluR5 has
been reported in tumors of neuronal and non-neuronal origin, including lung cancer, glioma
and renal cell carcinoma, among others [7,9,29,31]. mGluR5 in particular is described to
support tumor progression and formation through activation of mitogen-activated protein
kinase pathways (MAPK) via G protein-coupled induction of phospholipase C (PLC). The
upregulation of mGluR5 protein levels in vivo led to the development of melanoma in
transgenic mice. Further, it promoted in vitro tumor progression in multiple myeloma cells
via enhanced MAPK signaling [10,12]. Osteosarcoma and hepatocellular carcinoma cells
depend on mGluR5 for proliferation and survival by inhibition of apoptosis [11,32]. Previ-
ous research from our group linked mGluR5 upregulation in HL cell lines with increased
expression of genes involved in MAPK and phosphoinositide-3-kinase (PI3K) signaling [8].
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A tumor-promoting function of mGluR5 in HL, consistent with cited knowledge about
respective glutamatergic signaling in other cancers, seems possible [7,9,29,31].

(ii) A growing body of evidence implicates that variations in glutamate receptor ex-
pression may influence the course of malignant disease. In estrogen receptor (ER)-negative
and triple-negative breast cancer, increased expression of the receptor mGluR1, comparable
to mGluR5, is associated with a poor prognosis [33]. In oral squamous carcinoma, overex-
pression of mGluR5 correlates with improved overall survival [9]. Following our results
of frequent detection of mGluR5 in H-RS cells and studies on histologic differences in HL
acting as predictors of treatment response and outcome, we were interested in possible
associations of disease parameters with mGluR5 expression in our HL cohort [24,34].

We did not find any correlation between mGluR5 expression and parameters indicating
lymphoma aggressiveness or disease outcome. Given the size of our cohort and missing
corresponding quantitative sequencing data, our results are not sufficient to confirm or
reject such an association.

Interestingly, however, HL in adolescents and young adults (AYAs) has been described
to present more aggressively with regard to staging and the factor extra-nodal and bulky
disease as compared to HL in older adults and children below 14 years of age [35,36]. Our
frequent finding of mGluR5 comes from a cohort of mostly adolescent HL patients above
15 years of age (18/29). Therefore, elevated mGluR5 expression could be specific to this
population, potentially influencing the disease severity in this age group as HL samples of
adult patients have not been studied. Reports on biological differences regarding mutational
burden between H-RS cells of pediatric, AYA and adult HL with impact on clinical outcome
support this hypothesis [35,37]. Fittingly, we observed a positive correlation between age at
diagnosis and the percentage of H-RS cells expressing mGluR5. However, this association
is most likely indirectly attributed to the inverse correlation between mGluR5 expression in
H-RS cells and EBV-positive HL, as EBV-positive HL occurs more frequently in pediatric
patients as compared to AYA cases, which also applied to our cohort [23,24,38].

In our cohort EBV-positivity was defined histologically by the positive staining for
the viral oncoprotein LMP-1 [38]. In general, EBV-positive lymphoma is characterized by
the presence of viral RNA and protein in tumor tissue. Positive EBV antibody titers in
the blood of lymphoma patients alone as an indication of a prior or acute infection, do
not automatically imply the presence of an EBV-positive tumor [39]. Our findings of an
inverse correlation can be interpreted as an alignment with known molecular differences
between EBV-positive and -negative HL [24,38]. It has been shown that EBV-positive
H-RS cells have a significantly lower mutational load than EBV-negative cells [40]. Some
authors have explained this with the oncogenic ability of viral proteins. LMP-1 specifically
mimics activated TNF receptors causing induction of the NF-kB pathway that is crucial
for tumor progression and survival in HL. Therefore, the presence of LMP-1 and other
viral proteins in H-RS cells has been interpreted as a proxy for multiple tumor-promoting
mutations otherwise “needed” in EBV-negative HL [39]. In general, H-RS cells depend on
the constant activation of signaling pathways in order to escape apoptosis and detection
by the immune system. In particular, due to a multitude of mutations and environmental
factors the NF-kB, Pi3K, JAK-STAT and MAPK signaling pathways are over-activated and
dysregulated [16,41]. In this context, our finding of higher mGluR5 expression on H-RS
cells from EBV-negative tumors could be a hint to mGluR5 upregulation being one of many
oncogenic alterations and tumor promoting factors described in the HL subtype. This
hypothesis is generally supported by the previously described tumor-promoting effects
of mGluR5 in other cancers, including the induction of MAPK signaling, which is also
important for H-RS cell survival [12].

(iii) Another objective of our investigation was to determine whether mGluR5 ex-
pression was exclusively seen in Hodgkin lymphoma (HL) or would be present in other
lymphoma entities as well, or even in tumor-free lymphatic tissue. Our results suggest that
mGluR5 is equally present in the HL and NHL tissues of our cohort, including B cell and
T cell malignancies, but appeared to be entirely absent in healthy lymphatic cells. We did
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not see mGluR5 in tumor-free or reactive lymph nodes and found no relevant expression
of GRM5 in RNA-sequencing data sets from isolated B and T lymphocyte populations.
Interestingly, there was specifically no GRM5-expression in germinal center B cells, from
which H-RS cells originally derive.

These findings are consistent with previously published reports about extra-neural
mGluR5 expression in various cancers [42]. The fact that known oncogenic mutations of
H-RS cells are also frequently found in other hematological malignancies fits with our
finding of mGluR5 in different lymphoma subtypes—implying that we are pursuing the
hypothesis of a tumor-promoting function of mGluR5 together with a potential role in
the development of autoantibodies [16]. However, the question remains as to why the
development of mGluR5 antibodies is specifically associated with HL, given the fact that
the antigen is also present in other cancers. One explanation could be higher mGluR5
expression levels in lymphoma tissue as compared to other solid cancers. Frequent and
strong antigen expression in an abnormal environment could increase the chances of trig-
gering an immune response, namely the production of autoimmune antibodies, especially
in an immunologically active environment such as lymph nodes [43]. This response may be
additionally favored in lymphoma, as autoimmune diseases in general have been shown to
increase the susceptibility to HL and NHL, indicating a generally more activated immune
system in some lymphoma patients due to preexisting autoimmune diseases [44,45]. Still,
the hypothesis of a causal relationship between mGluR5 antibodies and mGluR5 expression
in lymphoma remains speculative and has not been proven.

(iv) Neurological symptoms are the most common type of paraneoplastic manifes-
tation in HL [46]. Paraneoplastic cerebellar degeneration (PCD) and limbic encephalitis
represent the most frequently observed forms of PND in HL patients [46,47]. Interestingly,
both have been described to be associated with pathogenic antibodies against group I
mGluRs—concerning cell surface antibody related disease [48]. Both PCD and limbic en-
cephalitis in HL (Ophelia Syndrome) are associated with mGluR5 antibodies [49]. A deeper
functional connection between HL and mGluRs remains to be elucidated, as no other cancer
entity has been so frequently associated with antibodies against these receptors.

In recent years, the number of reported cases of PND have risen significantly, pos-
sibly due to increased awareness among clinicians [50]. As PND is still considered to be
rare in HL—if compared to other cancers—we were interested in whether characteristic
symptoms were being missed in this patient cohort or whether mild phenotypes had been
overlooked [22]. Our search did not reveal any patients with neurological symptoms
meeting the diagnostic criteria for PND, except for the two patients already reported before
(Ophelia syndrome, depression) [18]. However, we did find three additional cases with
unexplained neurological abnormalities (another case of depression, one case of fever and
psychosis, one abnormal EEG with epileptic discharges) at the time of the cancer diagnosis.
Taken together, given the small size of our cohort and the analysis of only retrospective
data, this is a high prevalence. PND is generally thought to occur more frequently in
HL rather than in NHL and interestingly, we did not find any NHL patients with either
paraneoplastic disease or unexplained neurological symptoms.

Limitations

The main limitation of our study was the size of our cohort. Since the majority of
lymphoma tissue samples were not available for research at our pathology institute or at
the respective reference centers, we were only able to study mGluR5 in less than half of the
pediatric HL patients diagnosed in recent years. It is important to consider that our cohort
included only patients under 18 years of age who had been treated by pediatric oncologists.
Previously reported differences between adult, pediatric and AYA HL may also apply to
mGluR5 expression, and therefore our results cannot be generalized [34,36].
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5. Conclusions

The results presented are compatible with the hypothesis of a possible causal relation-
ship between mGluR5 antibody formation and Ophelia syndrome. We present a novel
piece of information as we demonstrated frequent expression of mGluR5 in HL tissues of
pediatric and AYA patients, while showing a lack of expression in healthy age-matched
lymph node tissue as well as normal B and T cells. A tumor-directed autoimmune response
could be triggered by the mGluR5 expression in malignant cells. Previous data on mGluR5
in H-RS cells and metabotropic glutamatergic signaling in cancer supporting tumor pro-
gression, are consistent with our findings on mGluR5 in HL and NHL. The observed
correlation between mGluR5 staining and EBV status of HL tissues along with age in our
cohort and previous research on glutamate signaling can be interpreted as a first indication
of an oncogenic function of mGluR5 in HL, which needs to be elaborated in the future.
The differential expression of mGluR5 and its potential impact on disease presentation
may be in line with reported molecular differences between adult, pediatric and AYA HL.
Therefore, further investigations including all age groups and a larger cohort of HL patients
are needed to substantiate the suspected correlations with outcome, severity and especially
neurologic symptoms. Regarding the latter, independent of our findings on mGluR5, we
observed a disequilibrium in the prevalence of paraneoplastic neurological symptoms
between HL and NHL patients. Therefore, it is important to consider the possibility of
under-recognition of PND or the presence of mild phenotypes, especially in patients with
HL. In conclusion, future studies should assess the potential of mGluR5 as an additional
prognostic or diagnostic marker for lymphoma.
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