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No evidence for active viral
infection in unicentric and
idiopathic multicentric Castleman
disease by Viral-Track analysis
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Pedro Horna?, Michael V. Gonzalez'™ & David C. Fajgenbaum®**

Castleman disease (CD) is a rare hematologic disorder characterized by pathologic lymph node changes
and a range of symptoms due to excessive cytokine production. While uncontrolled infection with
human herpesvirus-8 (HHV-8) is responsible for the cytokine storm in a portion of multicentric CD
(HHV-8-associated MCD) cases, the etiology of unicentric CD (UCD) and HHV-8-negative/idiopathic
MCD (iMCD) is unknown. Several hypotheses have been proposed regarding the pathogenesis of

UCD and iMCD, including occult infection given the precedent established by HHV-8 infection. To
investigate potential active infections in UCD and iMCD, we implemented Viral-Track, a computational
method that identifies viral nRNA sequences from next-generation sequencing data. We applied Viral-
Track to short sequencing reads from a cohort of UCD (n=22), iMCD (n=19), and controls (n=86). While
viral sequences for several unusual viruses were identified in individual CD patients, sequences for the
same virus were not found across multiple CD patients or they were not specific to CD samples and
were also found in non-CD samples. These results suggest that active viral infection is unlikely to be a
pathological driver of UCD or iMCD.
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Castleman disease (CD) comprises a group of inflammatory conditions characterized by enlarged lymph nodes
with characteristic histopathological features and a wide range of symptomatology and disease burden. Unicentric
CD (UCD) is characterized by a solitary enlarged lymph node with undetectable or mild symptoms; however, in
rare cases, UCD can lead to paraneoplastic pemphigus, which is often fatal"-2. Multicentric CD (MCD) involves
generalized lymphadenopathy and in the most severe cases can lead to multi-organ dysfunction and even death.
MCD is further subdivided by etiology: caused by uncontrolled infection with Human Herpesvirus-8 (HHV-
8-MCD); caused by neoplastic plasma cells in polyneuropathy, organomegaly, endocrinopathy, monoclonal
protein, skin changes (POEMS-MCD); or occurring for an unknown cause in HHV-8-negative/idiopathic MCD
(iMCD)?. Subclassification of CD is critical for diagnostic, prognostic, and treatment purposes. Like iMCD,
UCD also has no known cause. However, in UCD, excision of the enlarged lymph node is often curative with
rare recurrence ¢, For patients with POEMS-MCD and HHV-8-MCD, treatment is directed at the monoclonal
plasma cells and the HHV-8-infected plasmablasts, respectively, and is highly effective’. In iMCD, anti-
interleukin-6 (IL-6) therapy with siltuximab is effective in approximately one-third to one-half of cases; limited
treatment options exist for non-responders®. In order to improve the diagnosis and care of patients with iMCD
and UCD, a better understanding of the underlying etiology is gravely needed.

Although the pathogenic drivers of UCD and iMCD are unclear, several hypotheses into the mechanistic
origin of disease have been proposed including autoimmunity, autoinflammation, malignancy, and infection
from an as-yet-identified pathogen®. A previous study utilizing virome capture sequencing for vertebrate viruses
(VirCapSeq-VERT), a probe-based method that detects all 207 viral taxa known to infect vertebrates with a
minimum of 90% sequence homology®'’, revealed no evidence of an acute viral infection across a small cohort
of UCD and iMCD patients'®. Although this technology captures a wide breadth of known viruses across
approximately 2 million probes, the study had several limitations. The VirCapSeq-VERT system is constrained
to detecting only known viruses. Thus, the platform cannot detect novel viruses (with <75% sequence identity to
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aknown virus). Further, only lymph node tissue was used in the previous study, so evidence of infection in other
tissue types would not have been detected. Although this previous study did not detect a previously identified
virus, whether iMCD is caused by a novel viral infection has been largely unexplored.

To address the limitations of the previous study, and further investigate the hypothesis that an active viral
infection may be present in UCD and iMCD in lymph node and peripheral blood mononuclear cells (PMBCs),
we utilized a computational method for detecting viral reads from next-generation sequencing (NGS) data called
Viral-Track, that simultaneously aligns NGS reads to both human and viral genomes to identify the presence of
mRNA of either human or viral origin'". By utilizing Viral-Track, we expanded the number of viruses evaluated
from 207 viral taxa to include all viruses, viroid, and satellites published in the NCBI reference sequencing
database (~10,000)'!.

Herein, we utilize this method which has not previously been used in the setting of CD to examine whether
an acute infection can be identified in CD lymph node tissue or PBMCs and further elucidate possible etiologies
of iMCD and UCD.

Results

Viral-Track analysis does not identify evidence of shared viral infection in UCD or iMCD

To expand our search of pathogens in CD, we applied the Viral-Track data pipeline to publicly available short-
read sequencing-based cohorts and a cohort of iMCD patients and controls we sequenced (Table 1). To determine
the ability of Viral-Track to reliably detect viruses in these cohorts, we utilized five datasets of RNA sequencing
data from patients with known viral infections (HIV, Epstein-Barr virus (EBV), HHV-8, and Hepatitis B virus
[HBV]) that functioned as positive control datasets. In these positive control samples, we were able to detect the
respective virus (i.e. HIV, EBV, HBV) in each dataset. Specifically, HIV was detected in 4/4 HIV-infected positive
controls, HHV-8 was detected in 1/1 HHV-8-positive controls, EBV was detected in 4/4 EBV positive controls,
and HBV was detected in 35/41 HBV positive controls. Utilizing the same analytical parameters for making a
positive identification of a viral pathogen within this cohort of positive control samples (n=>50), we also detected
short read sequences consistent with six additional viruses including human T-cell leukemia virus type 1 (n=1),
influenza A (n=1), Escherichia phage PhiX174 (n=43), human endogenous retrovirus K113 (n=4), woodchuck
hepatitis virus (n=1), and simian T-lymphotropic virus 1 (n=1) (Fig. 1A).

To determine if CD patient samples with unknown infection status had evidence of viral infection using
Viral-Track, we again applied the same analytical parameters used in the positive control cohort to three RNA
sequencing datasets from CD patients with unknown infection status (iMCD, n=19 [16 FFPE LN, 3 PMBC];
UCD, n=22; related lymphadenopathies, n=34; healthy donors [assumed negative controls], n=2) (Table
S1). First, we evaluated RNA sequencing data from lymph node tissue in CD patients with unknown infection
status (iMCD, n=16; UCD n=22). Overall, we identified evidence of 13 viruses in iMCD FFPE LN samples,
and 3 in UCD FFPE LN samples (Table 2). While evidence for several unusual pathogens was identified in
individual UCD or iMCD patients, none of these viruses were found across multiple CD patients (i.e., Tomato
brown rugose fruit virus, Finkel-Biskis-Jinkins murine sarcoma virus, murine osteosarcoma virus, spleen focus-
forming virus, murine astrovirus, Moloney murine leukemia virus, murine type C retrovirus, PreXMRY-1, mus
musculus mobilized endogenous polytropic provirus), or identified viruses were not specific to CD samples and
were also found in non-CD samples (Escherichia phage phix174, human endogenous retrovirus K113) (Fig. 1B).

Control virus
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Table 1. Summary of Viral-Track cohorts. *Controls refers to CD clinicopathologically overlapping diseases
including systemic lupus erythematosus, diffuse large B-Cell lymphoma, unexplained lymphadenopathy,
carcinoma, lymphoma, autoimmunity, and an enlarged paraspinal lymph node incidentally found. HD, healthy
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Fig. 1. Viral-Track platform successfully detected EBV, HIV, HBV, and HHV-8 positive controls but no

clear evidence of an acute infection or shared pathogenic signature was identified in UCD or iMCD samples.
Summary of Viral-Track data for (A) positive control cohort including samples known to be infected with HIV,
HBYV, HHV-8, and EBYV, (B) CD lymph node cohort, (C) CD PBMC cohort. The strength of the positive hit
was determined by the number of uniquely mapped reads per virus. Positive hits required > 50 mapped reads to
a given viral genome, a read complexity threshold > 1.2, and > 10% coverage of the length of the respective viral
genome. Abbreviations include Epstein-Barr virus (EBV), Hepatitis B (HBV), Human Herpesvirus 8 (HHV-
8), cytomegalovirus (CMV), Human Immunodeficiency virus (HIV), idiopathic multicentric Castleman
Disease (iMCD), unicentric Castleman Disease (UCD).

Interestingly, one UCD and one iMCD sample each from the CD cohort showed evidence of HHV-8 infection
and one iMCD sample from a patient with multiple unusual viruses detected (iMCD 08) was found to have
evidence of cytomegalovirus (CMV) infection. Retrospective review of LANA-1 immunohistochemistry (IHC)
of lymph node tissue for HHV-8 failed to reveal evidence of HHV-8 in either HHV-8-detected CD cases (Figure
S1). Whether these cases truly have HHV-8 driven CD, this represents detection of a bystander infection, or there
is another explanation for the discrepancy in HHV-8 detection was difficult to ascertain as clinical information
was limited. In the CMV-positive iMCD patient, retrospective analysis of clinical records did identify evidence
of a previous CMV infection (IgG +/IgM-/PCR-) 12 and 20 days prior to the biopsy with evidence of CMV by
IgG antibody test (Table S2).

After finding no strong evidence of shared acute viral infection in CD lymph node tissue, we investigated
whether evidence of a pathogenic virus could be identified in PBMCs of iMCD patients (Fig. 1C). We tested six
PBMC samples from three iMCD patients in active disease (flare) and remission with unknown infection status
as well as two healthy controls, that functioned as negative controls. Only two innocuous Escherichia phages,
phiX174 and 500,465-1, were identified at low RNA levels in these cases'.

In all, 14 viruses were identified in either iMCD or UCD samples. To evaluate if any of the 14 viruses with
sequences detected at a significantly higher frequency in CD samples than controls, we compared the proportion
of positive cases between CD cohorts and healthy controls (Table 2). Of the 14 viruses identified in CD samples,
no virus was detected at a significantly higher proportion in CD compared to controls (Table 2). Taken together,
our analyses were unable to detect a common virus shared across CD patients and suggests that active viral
infection is an unlikely cause of UCD and iMCD.

Discussion

To date, data to determine a pathogenic driver of iMCD has been limited. Previously, VirCapSeq-VERT, a
probe-based method was used to search for known viral taxa in a limited cohort of CD samples, which was
unable to identify a known acute virus in CD'’. To our knowledge, this is the only report of an investigation
into a potential infectious etiology in UCD or iMCD. The Viral-Track platform used in the present study has
been previously used to identify pathogens in diverse tissue samples and disease states, including severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), influenza, HIV, and HBV, among others!"1*1>. This study
represents the largest effort to date for evaluating potential viral infections in UCD (n=22) and iMCD (n=19).
Importantly, Viral-Track demonstrated the ability to correctly identify pathogens in the positive control cohorts
used: Viral-Track successfully detected HIV, HHV-8, EBV, and HBV in known infected samples. Although this
approach was capable of identifying pathogens in positive controls, we did not detect evidence of a virus in the
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CD positive proportion | Controls positive * ratio p.
Tissue type | Phenotype Virus name (#positive/total) (#positive/total) p-value | adj
Human gammaherpesvirus 8 1/16 0/34 0.72 1.00
Tomato brown rugose fruit virus 1/16 0/34 0.72 1.00
Mus .musculus mobilized endogenous polytropic Uls 0/34 072 100
provirus
Cytomegalovirus 1/16 0/34 0.72 1.00
PreXMRV-1 1/16 0/34 0.72 1.00
Murine type C retrovirus 1/16 0/34 0.72 1.00
iMCD Moloney murine leukemia virus 1/16 0/34 0.72 1.00
Lymph node Murine astrovirus 1/16 0/34 0.72 1.00
Spleen focus-forming virus 1/16 0/34 0.72 1.00
Murine osteosarcoma virus 1/16 0/34 0.72 1.00
Finkel-Biskis-Jinkins murine sarcoma virus 1/16 0/34 0.72 1.00
Escherichia phage phiX174 6/16 18/34 0.73 1.00
Human endogenous retrovirus K113 4/16 7134 1.00 1.00
Escherichia phage phiX174 21/22 18/34 0.23 0.70
UCD Human endogenous retrovirus K113 3/22 7/34 0.84 1.00
Human gammaherpesvirus 8 1/22 0/34 0.84 1.00
Escherichia phage 500,465-1 1/3 0/2 1.00 1.00
iMCD flare
Escherichia phage phiX174 2/3 2/2 1.00 1.00
PBMC
Escherichia phage 500,465-1 1/3 0/2 1.00 1.00
iMCD Remission
Escherichia phage phiX174 2/3 2/2 1.00 1.00

Table 2. Comparison between CD samples and relevant controls for viruses identified in tissue from
CD patients. *Controls refers to CD clinicopathologically overlapping diseases including systemic lupus
erythematosus, diffuse large B-Cell lymphoma, unexplained lymphadenopathy, carcinoma, lymphoma,
autoimmunity, and an enlarged paraspinal lymph node incidentally found.

lymph node or blood of multiple UCD or iMCD patients, which was not present in controls, that would be
suggestive of an active infection driving UCD or iMCD pathology.

Utilizing the Viral-Track platform, there were several unexpected viruses identified in the positive control
cohort (human T-cell leukemia virus type 1, influenza A, Escherichia phage phiX174, human endogenous
retrovirus K113, woodchuck hepatitis virus, and simian T-lymphotropic virus 1). There was no indication of
infection by human T-cell leukemia virus and influenza A virus in each patient’s respective clinical records;
however, these viruses are species-appropriate, and infection is clinically feasible!®!”. Escherichia phage phiX174
and human endogenous retrovirus K113 were detected in a variety of CD patient samples, healthy controls,
and positive controls with no discernable pattern. The detection of Escherichia phage phiX174, an innocuous
bacteria phage, is often attributed to optical errors from PHIX libraries!'®. The presence of human endogenous
retrovirus K113 was also not surprising as 30% of the human population carries the K113 retroviral genome and
it is actively transcribed!®. Thus, these unexpected viruses with sequences identified are unlikely to be playing a
role in the positive controls.

In the CD Viral-Track cohort, sequences from 14 infectious agents were detected, including Escherichia phage
phiX174 bacteria phage and human endogenous retrovirus K113. Nine other viruses known to infect non-
human hosts but not humans (tomato brown rugose fruit virus, Mus musculus mobilized endogenous polytropic
provirus, PreXMRV-1, Murine type C retrovirus, Moloney Murine leukemia virus, Murine astrovirus, spleen
focus-forming virus, Murine osteosarcoma virus, and Finkel-Biskis-Jinkins murine sarcoma virus®-2%) were
also detected in the CD cohort. Of note, 8/9 of these were detected in the same sample from a patient who also
had evidence of CMV infection. Importantly, none of these non-human-host viruses were identified in multiple
CD samples.

Of potential clinical interest was the detection of HHV-8 mRNA in a UCD and an iMCD patient who both
had LANA-1 negative staining for HHV-8 and were being treated as HHV-8-negative CD (Figure S1). When
treating CD, determining HHV-8 status is critical for care as rituximab is highly effective for HHV-8-MCD,
but not iMCD®?. A study by Hammock et al. suggests that LANA-1 staining may not be sensitive enough to
identify HHV-8 in all HHV-8-positive samples. While LANA-1 staining is specific, it is not as sensitive as other
nucleotide-based methods such as PCR. By comparing LANA-1 IHC to PCR in HHV-8 + sarcoma (n=24), the
LANA-1 stain by IHC missed HHV-8 in 2/24 (8.3%) samples while the PCR method detected HHV-8 in all
samples®®. As HHV-8 was only identified in two LANA-1 negative CD patients, one with UCD and the other
with presumed iMCD, confirmation of HHV-8 infection by PCR could potentially clarify the true infection
status and improve patient care. In addition to running PCR to confirm HHV-8 status, it would be interesting
to determine if either of these 2 patients had similar clinical presentations to HHV-8-MCD patients, however,
due to the de-identification of clinical samples, clinical data in these cases was limited and prevented further
evaluation. It is important to note that the LANA-1 negative (HHV-8 positive by Viral-Track) samples in this
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study were not tested by PCR. However, within RNA-sequencing protocols, there are PCR amplification steps
during library preparation®', potentially highlighting the superiority of PCR detection of HHV-8 compared to
LANA-1 staining. Also of interest was the detection of another herpesvirus, CMV, by Viral-Track in one iMCD
lymph node sample. Upon retrospective analysis of clinical records, evidence of a prior CMV infection (IgG +/
IgM-/PCR-) was identified from clinical testing of peripheral blood. However, as it was only detected in one CD
sample and clinical testing suggested it represented a prior infection, CMV is unlikely to be the driver of CD in
this patient.

There are several limitations to this work. First, the results from our investigation of pathogens in UCD and
iMCD presented in this study do not completely rule out the possibility that a microorganism is involved in
the pathogenesis of UCD or iMCD. Molecular mimicry, as described in long-COVID, rheumatic fever, post-
streptococcal glomerulonephritis, and Guillain Barré syndrome, is one possible mechanism through which prior
infection with a pathogen could cause iMCD or UCD but not be present at detectable levels in the lymph node
or blood?2. In these diseases, the infection does not coincide with the symptoms temporally or spatially (i.e. the
infection takes place before the specific symptoms and in a different location than the affected organs). Although
it is reasonable to assume that the pathogen would be detectable in secondary lymph node organs and/or in the
blood as is the case in HHV-8-MCD, it is also possible that the acute infection may be present elsewhere such as
in the gastrointestinal tract, lungs, bone marrow, or liver. Second, the search for microorganisms in iMCD and
UCD is very challenging given that CD is a rare disease and tissue is limited, which may have resulted in this
study being underpowered to detect pathogens rarely present across CD patients. Third, some known viruses
may not have been able to be captured in our analysis. Not all viruses such as lymphocytic choriomeningitis virus
synthesize mRNA with poly(A) tails which are required for RNA capture technologies'!. Future experiments
using random primers to detect these RNA transcripts without poly(A) tails are warranted. Fourth, many novel
viruses would go undetected as Viral-Track is only able to identify known viruses with at least 75-90% homology
to known viruses. Finally, the relatively small number of viral reads relative to human reads from bulk tissue or
the relatively limited sequencing depth of single cell tissue may have limited the ability to detect sequences from
viral pathogens, if present.

Taken together, the results of this study provide further insight into the etiology of UCD and iMCD, suggesting
that an acute viral infection is an unlikely cause. Although the search and characterization of pathogens in CD
patients should not be completely ruled out, our results indicate that other hypothesized etiologies of iMCD and
UCD should be prioritized. Future investigations into the mechanism underlying CD such as auto/neoantigens,
somatic and germline mutations, and autoinflammation will provide further insights into potential etiologies of
these diseases.

Materials and methods

Patient materials

The collection of samples was approved by local ethics committee, where applicable, and by the University of
Pennsylvania institutional review board*®. In addition, all methods performed in this study were performed in
accordance with relevant guidelines and regulations. All patients provided informed consent for the collection
and use of their tissue. All patients satisfied the international consensus diagnostic clinical criteria for UCD
or iMCD*?%. Briefly, clinical information was collected from ACCELERATE, a natural history registry of CD
(ClinicalTrials.gov identifier: NCT02817997, first posted date: 06/29/2016)*3. The eligibility criteria to enroll into
ACCELERATE requires a pathology report suggestive of CD??. Once a patient is enrolled, clinical, radiological,
and laboratory data from medical records are extracted into ACCELERATE by trained data analysts. After data
compilation, patients are evaluated by a panel of expert clinicians and hematopathologists, who review and
adjudicate each case based on all available information to determine the relative likelihood of a CD diagnosis.
Diagnostic clinical characteristics are summarized for each cohort (Table 3).

Viral-Track cohort selection

Cohorts of eight clinically distinct entities were obtained from various publicly available databases as outlined in
Table 1. Three of the eight cohorts had NGS data derived from CD samples and other comparator disease groups,
including (1) Formalin-fixed paraffin-embedded (FFPE) lymph node tissue from iMCD (n=9), systemic lupus
erythematosus (SLE = 3), diffuse large B-cell lymphoma (DLBCL, n =5), reactive lymph nodes with inconclusive
pathology (reactive, n=7) patients, (2) fresh-frozen lymph node tissue from UCD (n=22), iMCD (n=7),
reactive lymph nodes with inconclusive pathology (n=10), carcinoma (n=3), lymphoma (n = 3), autoimmunity
(n=2), and an enlarged paraspinal lymph node incidentally found during surgery (n=1)%, (3) matched fresh-
frozen PBMCs from iMCD patients during flare (n=3) and remission (n=3) disease states and healthy controls
(n=2) (Table 1, Table S1)*. Importantly, all non-CD samples that were not explicitly positive control samples
were assumed to be negative controls for active infection. The remaining five cohorts were included as positive
controls for Viral-Track analysis: (4) PBMCs infected with EBV (n=4), (5) Hepatitis B (HBV) positive FFPE
core needle biopsies (n=41)%, (6) primary effusion lymphoma (PEL) cell lines infected with HHV-8 (n=1)%,
(7) PMBCs infected ex vivo with human immunodeficiency virus (HIV) (n=2)%, (8) CD4 enriched PBMCs
from HIV patients (n=2)*..

Immunohistochemistry protocol and LANA-1 staining

Formalin-fixed/paraffin-embedded tissue sections were immunostained on a Benchmark ULTRA autostainer
(Roche Diagnostics, Indianapolis, IN, USA), using a primary anti-HHV-8 latent nuclear antigen-1 (LANA-1)
mouse monoclonal antibody (clone 13B10, catalog #: 265 M-14-ASR; Cell Marque Corporation, Rocklin, CA;
USA).
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Viral-Track iMCD Lymph Node | Viral-Track iMCD PBMC*
Number of samples 9 3
Tissue FFPE lymph node PBMC
Age at diagnosis, in years Mean (SD) 49.1 (12) 38.7 (11.6)
Sex (M:F) 4:5 3.0
Thrombocytopenia (present/assessed) 719 2/3
Anasarca or edema (present/assessed) 8/8 2/3
Constitutional symptoms (present/assessed) | 7/8 3/3
Renal dysfunction (present/assessed) 7/8 2/3
Organomegaly (present/assessed) 6/8 2/3
CRP (mg/L) 104.6 (113.6),n=6 178.8 (115.3), n=2
ESR (mm/hr) 76.6 (25.4),n=7 72.7 (44.6),n=3
Hemoglobin (g/dL) 8.4(2.8),n=8 6.7 (0.1),n=3
Albumin (g/dL) 2.5(1.1),n=8 2.1(0.8),n=3
Creatinine (mg/dL) 2(0.8),n=8 2.2(1.7),n=3

Table 3. Clinical data for CD patients by cohort. *Data from Pai, R. L. et al. Type I IFN response associated
with mTOR activation in the TAFRO subtype of idiopathic multicentric Castleman disease. JCI Insight 5
(2020). For clinical data from the other CD samples evaluated please see Horna, P, et al. The lymph node
transcriptome of unicentric and idiopathic multicentric Castleman disease. Haematologica (2022). All clinical
laboratory values above are reported as Mean(SD).

Viral-Track analysis

Viral-Track is a computational pipeline that utilizes the STAR aligner to identify next-generation sequencing
(NGS) reads that map to viral genomes, as previously described in detail!"*2. Briefly, fastq files were downloaded
using the SRA Toolkit from NCBI and formatted with the UMI tools per the Viral-Track protocol'®.
GRCh38 human reference (10 x Genomics Human reference GRCh38 version 2020-A) and viruSITE database
(viruSITE, release 2023.2, Stano, et al. 2016, http://www.virusite.org/index.php) were downloaded from the
viruSITE and 10X genomic website and used to build a STAR index with a genomeSAindexNbases value of
13 and a geomeChrBinNbits value of 18%2. The STAR aligner (version 2.7.4a) was used to simultaneously align
sequencing reads to human reference and viral genomes with the recommended setting of Viral-Track (http
s://github.com/PierreBSC/Viral-Track)!!. Several quality control steps were taken to minimize non-specific
mapping. A positive viral hit required > 50 uniquely mapped sequencing reads to a given viral genome, a mean
read complexity threshold > 1.2, and > 10% coverage of the length of the respective viral genome; these are the
standard parameters for a positive hit in Viral-Track. Any virus exceeding these thresholds was considered a
positive hit and explored further.

Data availability

The datasets generated during and/or analyzed in this study are available in the GEO repository https://www.nc
bi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE263321. The accession number for the data reported in this paper is
GEO:GSE263321. All scripts used to analyze and create figures for this manuscript can be found in the following
github repository: https://github.com/UPenn-CSTL.
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