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Black cat in a dark room: absence of a directly oncogenic virus
does not eliminate the role of an infectious agent in CTCL
pathogenesis
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Cutaneous T-cell lymphomas (CTCL) are malignancies of skin-homing T lymphocytes. The
etiology of CTCL remains uncertain, though epidemiologic features suggest an infectious
origin, including a predilection for elderly individuals and a higher than expected incidence
in immune-suppressed patients.! CTCL specimens have been evaluated for evidence of
infection, including Staphylococcus aureus and members of the retrovirus, herpesvirus, and
polyomavirus families. However, studies have largely failed to reveal associations between
infectious agents and CTCL.24

We utilized Digital Transcriptome Subtraction (DTS) to systematically search for oncogenic
viruses in two types of CTCL, Sézary syndrome (SS) and mycosis fungoides (MF). DTS
subtracts human nucleotide sequences from reference databases in silico, leaving a pool of
candidate reads to be scrutinized for pathogenic origin.>’

Six patients (MF, tumor stage=3, SS=3) diagnosed according to WHO-EORTC criteria®
were enrolled according to the University of Pittsburgh Institutional Review Board. MF
tumors were biopsied, and SS patients' whole blood and healthy blood donor Leukopaks
(Pittsburgh Central Blood Bank, n=3) underwent Ficoll-Paque (GE Healthcare Bio-Sciences
Corp., Piscataway, NJ) centrifugation and CD4+ T cell isolation using the MACS CD4+ T
Cell Isolation Kit Il (Miltenyi Biotec Inc., Auburn CA). Total RNA was isolated from
samples using TRIzol® Reagent (Invitrogen Corporation Carlsbad, CA) and assessed using
the NanoVue Plus spectrophotometer (GE Healthcare, Piscataway, NJ), and the Agilent
2100 bioanalyzer (Quantum Analytics, Foster City, CA).

cDNA libraries were generated using a modified version of a described protocol
(Supplementary Methods),” and were pyrosequenced at the Duke University Genome
Sequencing & Analysis Core Facility using the 454 GS-FLX Titanium platform (Roche
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Diagnostics Corporation, Branford, CT). A sequencing saturation analysis was done, and
DTS was carried out as previously described (Supplementary Methods).®

Transcriptome sequencing yielded 631,142 Control reads, 605,318 MF reads, and 1,262,476
SS reads. After quality filtering, 88.2%, 85.2%, and 96.7% of Control, MF, and SS reads
remained. Twenty percent of Reference Sequence (RefSeq)-aligning reads in each library
were barcoded; a similar number of barcoded reads were derived from each sample,
suggesting that no sample contributed disproportionately, and sequence saturation analysis
suggested that the number of undetected unique transcripts was fractionally small
(Supplementary Figure 1).

Of the remaining high fidelity reads, 99.4% of MF and 99.7% of HiFi SS reads aligned
against human RefSeq RNA and DNA. From the reads that did not align against curated
human DNA or RNA, MF and SS libraries yielded 18 and 24 candidates, respectively, that
aligned with high specificity against sequences in curated viral databases (Figure 1). None
of these candidates corresponded to established tumor viruses. When aligned against the
NCBI's complete Non-redundant (nr) database, these reads had low complexity and aligned
with nonviral sequences, suggesting artifactual alignment against viral sequences or
correspondence to unannotated human transcript.

Because directly carcinogenic viruses actively express oncogenes in tumor cells, sequencing
a tumor transcriptome to a sufficient depth should detect viral transcript if present. Together
with other SS studies,34 we can conclude the possibility of MF or SS being caused by a
directly oncogenic virus is exceedingly low, but not zero due to some limitations of DTS,
such as failure to detect a novel virus lacking homology to known species. Additionally,
viral sequences erroneously characterized as human, such as the endogenous retroviruses
which comprise ~10% of the human genome, could be falsely subtracted during DTS.
Recently, increased expression of retrovirus transcripts as well as retrovirus-associated
protein was identified in MF lesional skin, representing an important area of future study.®
Moreover, though the data presented here is derived from cells representative of the
malignant populations of tumor-stage MF and SS, exhaustive studies including patch and
plaque MF samples as well as SS skin samples would be advisable in the future to further
confirm our conclusion.

Indirect pathogens could escape detection by DTS, such as a “hit-and-run” virus no longer
present or not actively transcribing or bacteria that induce inflammation but are not
integrated into the host genome. Saphylococcus aureus has been hypothesized to be related
to CTCL pathogenesis, with studies showing an association between S. aureus carriage and
CTCL, disease improvement with bacterial eradication, and disease-specific changes in T-
cell receptor VP (TCR-Vp) consistent with superantigen stimulation.2:1911 To explore
additional roles for pathogens in the etiology of CTCL, we conducted gene expression
pathway analysis of SS samples compared with healthy controls. Gene expression data from
the MF tumor samples was excluded due to a large amount of contamination from
surrounding skin. Relative expression levels were determined (Supplementary Methods),
and the resulting gene expression data was analyzed with Ingenuity Pathways Analysis
(IPA, http://www.ingenuity.com) and Metacore (Thomson Reuters, http://
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thomsonreuters.com/metacore/) to identify those genes upregulated in SS with known roles
in infectious disease processes.

Gene expression analysis of sequence-based transcriptome data did reveal upregulation of
216 genes involved in infectious disease pathways associated with viral, bacterial, and
parasitic infections (Table 1). The pathway most closely associated with the CTCL
transcriptome is the response to viral infection (Supplementary Figure 2). Activation of this
pathway produces an antiviral and antistress response to a wide range of pathogens
including viral dsRNA and bacterial lipopolysaccharides.1? These findings may indirectly
support an early hypothesis of persistent antigen stimulation. Alternatively, highlighted
pathways may be important to CTCL pathogenesis secondarily and contribute to immune
response dysregulation occurring after pathogenesis. Further analysis of the relationship of
bacterial and viral exposures in CTCL is warranted to delineate the relationship of these
pathway alterations and disease onset and pathogenesis.

Importantly, DTS failed to detect human T-cell leukemia/lymphotropic virus type 1
(HTLV-1), a virus identified in several studies of CTCL samples in mid 1990's, with
findings coming largely from a single laboratory.13 Since that time, technological progress
has allowed for evaluation of the presence of HTLV-1 in CTCL using modern, powerful
methodology. Presently, none of the recent studies looking for evidence of HTLV-1 in
CTCL were able to identify this sequence.141> Because studies utilizing digital
transcriptome subtraction techniques did not detect clonally integrated HTLV-1 into the host
genome,3* we can conclude with a high degree of certainty that HTLV-1 is not a directly
oncogenic virus in CTCL pathogenesis. However, it does not exclude a possibility that
concurrent infection with HTLV-1 could contribute to a chronic antigen stimulation model
which has long been proffered.1

This study excludes an entire class of important human pathogens—namely, directly
oncogenic viruses—in CTCL pathoetiology while providing supportive evidence for a
potential role of indirectly oncogenic infectious agents in CTCL pathogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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.

‘Non-human® candidates compared
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'

18/ 24 DTS candidates

Figure 1. Digital Transcriptome Subtraction
DTS of Mycosis Fungoides (MF) and Sézary Syndrome (SS) libraries yielded 18 and 24

potentially “non-human” reads, respectively, containing high viral homology. However,
when analyzed manually and aligned against the NCBI's complete Non-redundant (nr)
database, candidate reads were found to be of low complexity or align most highly against
nonviral sequences, suggesting either artifactual alignment against viral sequences or
correspondence to unannotated human transcript.
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Table 1
Gene expression analysis identifies infectious disease pathways upregulated in SS

Analysis of gene expression data using Ingenuity revealed that pathways of viral, bacterial, and parasitic
infection response were all upregulated in SS samples compared with normal controls. The above table shows
the p-value for each functional pathway, the total number of molecules dysregulated in each pathway, and a
selection of key molecules.

Functional Pathway p-Value #Molecules Seclected Molecules

APOBEC3G,CD48, CD63, CXCR4, DEFA4, DNAJA3, DUSP1, HCPS, IRF1, ISG20,
Viral Infection 5.24E-12 187 ITGB1, LCN2, MYC, MYD88, NFKBIA, OAS1, PDCD1, PGLYRP1, PSME2, RELA,
S100A9, TOX, VAV1, ZAP70

BPI, C1QBP, CD27, CEBPB, CHIT1, CSK, DEFA4, DUSP1, E2F4, IL6ST, LY86,

Bacterial Infection  6.50E-04 43 MAP2K3, MIF, MYD88, PILRB, REL, RELA, S100A9, SLAMFS,

Parasitic Infection 4.69E-03 18 AHNAK, ATP2B4, CXCR4, IL4R, ITGB7, MYD88, REL, SLAMF6
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