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TO THE EDITOR

Hypopigmented mycosis fungoides (HMF) is the most common type of cutaneous T-cell
lymphoma in children (Amorim et al., 2018). HMF has a benign course and rarely
progresses past localized disease, a striking difference from classic MF, which sometimes
progresses from patches to tumors in an average of 12.4 years. On the basis of the
identification of dominant clonal T-cell populations, classic MF is seen as a malignancy

of CD4+ skin-resident memory cells, whereas HMF is considered to be a malignancy of
CD8+ T cells (EI-Shabrawi-Caelen et al., 2002). The difference in malignant cell type
between these two mycosis fungoides (MF) subtypes does not explain the indolent disease
course of HMF because another cutaneous malignancy of activated cytotoxic CD8+ T cells,
a primary cutaneous CD8+ aggressive epidermotropic T-cell lymphoma, has rapid tumor
dissemination and fatal outcome. Some authors have suggested that HMF may present as a
low-grade lymphoproliferative disorder (Martinez-Escala et al., 2017) or some type of T-cell
dyscrasia (Magro et al., 2014) rather than a true lymphoma. In addition, Martinez Villarreal
et al. (2020) recently hypothesized that CD8+ T cells in HMF are not neoplastic but rather
reactive clonal cells, whose activation causes collateral damage, including hypopigmentation
from altered melanocyte function.

We hypothesize that HMF is a malignancy of the CD4+ T-cell population that is so
small in comparison with that of clonal reactive CD8+ T cells that malignant CD4+ T
cells cannot be detected by current methods used in clinical practice (such as PCR-based
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clonality assessment and standard one-label immunohistochemistry) but can be identified
with single-cell RNA sequencing (scRNA-seq). To test our hypothesis, we constructed a
reference mapping model utilizing the scRNA-seq data from two patients with classic MF
deposited in the National Center for Biotechnology Information Gene Expression Omnibus
(accession numbers GSM5280111 and GSM5047045) (Jonak et al., 2021; Rindler et al.,
2021a), one normal skin sample (accession number GSM4450726) (Gaydosik et al., 2020),
three atopic dermatitis samples (accession number GSE153760) (Rojahn et al., 2020),

three psoriasis samples (accession number GSE162183) (Gao et al., 2021), and six vitiligo
samples (accession number GSE203262) (Shiu et al., 2022). After reducing the number of
genes to match our targeted sScCRNA-seq, we observed that each patient with classic MF
displayed apparent Uniform Manifold Approximation and Projection clustering of malignant
cells and other cell types of the tumor microenvironment (Figure 1a and b). The gene
expression heatmap identifies genes characteristic to each cell type (Figure 1c), with the

top 20 most differentially expressed genes present in the malignant cluster (Figure 1d). We
tested whether a reference mapping model could be used to predict malignant cells in other
MF datasets. The malignant cell cluster predicted in GSM5047045 by our model exactly
corresponded to the clonal population of CD4+ T cells in this dataset with a high area

under the curve (Figure 1e). In contrast, reference mapping to the normal skin sample and
nonmalignant inflammatory skin diseases detected no malignant cells as expected (Figure 1f
and Supplementary Figure Sla—c). To exclude any influence of the CD4 gene on malignant
cell prediction, we removed CD4 from our model and repeated reference mapping. Even
without the primary marker for CD4+ T cells, our model continued to perform well in
predicting malignant cells in GSM5047045 (Figure 1g). The high accuracy of prediction and
lack of false positives shows that the reference mapping method is valid for identifying cells
with malignant phenotypes in classic MF.

Second, we applied our reference mapping model built on the patients with classic MF
reported previously to our patients with HMF. We utilize a fresh skin biopsy from an

African American male aged 32 years with a 7-year history of persistent hypopigmented
patches in the bathing-trunk distribution (Figure 2a) after written, informed consent was
obtained as a part of NCT00177268 (University of Pittsburgh Institutional Review Board
number 0411029). A skin biopsy showed a sparse infiltrate of atypical CD8+ epidermotropic
lymphocytes (Figure 2b). Targeted sSCRNA-seq analysis allowed us to identify critical
components of the HMF microenvironment (Figure 2c). Indeed, we identified a clonal
population of CD8+ T cells using TCRa. CDR3 amino acid sequences (Figure 2d and

e). However, when we applied our reference malignant mapping model to this patient

with HMF, we identified a distinct group of CD4+ T cells completely overlapping with
malignant transcriptome separately from clonal CD8+ T cells (Figure 2d). Examining the
differentially expressed genes identified in malignant CD4+ T cells from GSM5280111, we
observe similar gene expression patterns between predicted malignant cells in our HMF and
malignant CD4+ T cells from GSM5280111. In contrast, gene expression in CD8+ T cells

in our patient with HMF did not overlap with the malignant transcriptome (Figure 2g). In
fact, clonal CD8+ T cells had more similar expression patterns than polyclonal CD8+ T cells
compared with predicted malignant cells (Figure 2e and f). These data highlight the presence
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of a small clonal CD4+ T-cell population carrying malignant transcriptome in a patient with
HMF.

Overall, these data show that reference mapping is, to our knowledge, a previously
unreported method that can accurately predict malignant cells in patients with MF

among various sSCRNA-seq datasets. Despite the known variability of ScRNA-seq between
machines, experiments, and individuals diagnosed with MF (Rindler et al., 2021b), our
data showed reference mapping as a robust malignant cell prediction method. Applying
the reference mapping to a patient with HMF, we discovered that in fact HMF might be a
malignancy of CD4+ T cells. In contrast, dominant clonal CD8+ T cells that did not show
malignant alternation in their transcriptome might be reactive.

Designed as a pilot study, our study population is small, involving two patients with classic
MF: one patient with HMF and one patient with normal skin. Furthermore, these data are
derived from several different sources, and our HMF scRNA-seq dataset had a relatively low
total number of cells. Future studies using a larger sample of classic MF, HMF, and normal
skin biopsies are needed to confirm the findings in this letter. Nevertheless, we provide data
toward understanding the mechanism behind HMF, providing paradigm-shifting results.
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Figure 1. Reference mapping model accurately predicts malignant CD4+ T cellsin classic MF.
(a) UMAP of targeted scRNA-seq in one patient with classic MF (GEO accession number

GSM5280111) and identification of malignant and nonmalignant cell types of the tumor
microenvironment. (b) UMAP of scRNA-seq in a second patient with classic MF (GEO
accession humber GSM5047045). (c) Heatmap of cell clusters in GSM5280111. Genes with
the greatest differential expression in each region are listed. (d) Identification of the top 20
differentially expressed genes of the malignant CD4+ T-cell population in GSM5280111.
(e) Reference mapping prediction of malignant cells in GSM5047045 using a model built
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on GSM5280111. (f) Reference mapping prediction of malignant cells in normal skin,
psoriasis, atopic dermatitis, and vitiligo samples using the model. (g) Reference mapping
prediction of malignant cells in GSM5047045, excluding CD4 from the model. AUC,
area under the curve; DC, dendritic cell; GEO, Gene Expression Omnibus; MF, mycosis
fungoides; scRNA-seq, single-cell RNA sequencing; T-reg, regulatory T cell; UMAP,
Uniform Manifold Approximation and Projection.
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Figure 2. Targeted scRNA-seq and reference mapping analysis of one patient with HMF
indicates a malignant CD4+ T-cell population separate from clonal CD8+ T cells.

(a) Hypopigmented patch. (b) Atypical CD8+ epidermotropic lymphocytes on skin biopsy
(H&E, CD4, and CDS8 staining; bar = 50 um). (c) UMAP projection of scRNA-seq from

a patient with HMF. (d) Reference mapping prediction of malignant cells in a patient with
HMF using model built on GSM5280111. Clustering of clonal T cells, CD4+ T cells, and
CD8+ T cells are also shown. (€) TCR-a CDR3 amino acid sequences in CD8+ T cells.

(f) TCR-a CDR3 amino acid sequences in predicted malignant T cells. (g) Dot plot of

the top 20 differentially expressed genes used in the reference mapping model showing
gene expression in clonal CD8+ T cells, polyclonal CD8+ T cells, nonmalignant CD4+ T
cells, and predicted malignant cells in the patient with HMF. HMF, hypopigmented mycosis
fungoides; scRNA-seq, single-cell RNA sequencing; STAT4, singal transducer and activator
of transcription 4; UMAP, Uniform Manifold Approximation and Projection.
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