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Abstract

Purpose: Mycosis fungoides (MF) is the most common subtype of cutaneous T-cell lymphoma.
Skin-directed treatments often improve but do not cure MF skin lesions. The purpose of this study
was to 1) assess whether remission was associated with malignant T cell clone depletion at treated
sites using either low dose radiation therapy (LDRT, 8 Gy) or topical steroids and 2) assess
whether a clone-ablative therapy, like LDRT, is associated with overall survival in high-risk early-
stage CTCL patients.

Experimental design: Pre- and post-treatment biopsies from 20 lesional skin samples of 18 MF
patients who received either 8 Gy LDRT (n=16) or topical steroids (n=4) underwent high-
throughput T-cell receptor sequencing (HTS) of the TCRB gene to quantify the malignant T cell
clone. For the retrospective chart review, overall survival of 47 high-risk early-stage patients was
compared between patients who did or did not receive radiation.

Results: LDRT eradicated the clone in 5/16 lesions and reduced it >90% in 11/16; there were no
recurrences in these lesions. Patients treated with topical steroids appeared to clinically improve
but the malignant clone persisted. We found that the number of residual malignant T cells
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predicted lesion recurrence. A retrospective review showed that early stage high-risk patients who
received radiation as part of their treatment regimen had prolonged overall survival compared to
patients who did not.

Conclusions: These findings demonstrate that LDRT can eradicate malignant T cells in MF,
provides robust disease control, and is associated with improved survival in high-risk early stage
patients.

Keywords

cutaneous T-cell lymphoma (CTCL); radiation; steroids; high-throughput T-cell receptor
sequencing; residual disease

Introduction

Cutaneous T-cell lymphomas (CTCL) are non-Hodgkin lymphomas derived from T cells
that traffic to the skin. Mycosis fungoides (MF), a clinical subtype of CTCL, typically
presents as an inflammatory skin disease without extracutaneous involvement.: More than
80% of these early stage patients (Stage IA-11A) will have an indolent course.23 However,
approximately 20% of early stage patients will develop highly aggressive disease that can be
fatal. Recently, the tumor clone frequency (TCF) as determined by high-throughput
sequencing (HTS) of the TCRB gene is a reliable biomarker that identifies early stage
patients at-risk of disease progression.# Although skin-directed therapies like topical steroids
can suppress the inflammatory skin lesions of MF, none are curative and skin lesions tend to
recur.~" To accomplish the goal of finding curative therapies in CTCL, it is imperative that
we better understand how our skin-directed therapies induce disease remissions and identify
molecular markers that predict long-term disease control at the site of treatment.

Radiation therapy is an effective skin-directed therapy for MF.8: Electron beam therapy and
superficial brachytherapy are the radiation modalities most commonly used to treat MF skin
lesions. Delivery of electrons can be controlled to minimize penetration beyond the skin but
dose conformity is lost when curved surfaces are treated. Brachytherapy uses custom-made
surface molds into which radiation sources are placed using flexible catheters.
Brachytherapy provides homogeneous dosing over areas with complex topography, such as
the face.

Complete response rates up to 96% after localized radiation therapy are observed at doses >7
Gy.10 However, the likelihood of recurrence is inversely related to dose, with recurrence
rates up to 42% seen at doses <10 Gy.11 More recently, low-dose radiotherapy using a total
dose of 8 or 16 Gy has shown CR rates >90% without notable toxic effects. Most patients
experience months to years of disease-free skin at the site of treatment.12.13

Topical steroids are first-line therapies to treat skin lesions in early-stage CTCL patients.
Topical steroids are highly efficacious in inducing remission of the treated lesions but these
responses are often short-lived.5.7 The effects of topical steroids and radiation therapy on the
malignant T cell burden in the skin have not been studied, in large part because it is difficult
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to distinguish malignant T cells from activated benign infiltrating T-cells in early-stage
lesions.

High-throughput sequencing of the TCRB gene (HTS) provides quantitative analyses of how
many distinct T-cell clones are present within a sample, the relative frequency of each clone,
and the exact nucleotide sequences of each T-cell clone’s complementarity determining
region-3 region (CDR3).14 HTS facilitates the diagnosis of early-stage disease,® allows
tracking of specific T-cell clones over time and in different tissues,16-18 and detects low
levels of residual disease after treatment.1® HTS has been used to demonstrate that topical
treatment with resiquimod, a TLR8 agonist, can eradicate the malignant T cell clone from
skin in a subset of MF patients.2% To date, no other skin-directed therapy has been shown to
eliminate malignant T cells from MF skin lesions. In this manuscript, we find that low dose
radiation therapy (LDRT, 8 Gy) but not topical steroid therapy can eliminate malignant T
cells from treated MF skin lesions and that the risk of lesion recurrence correlates with the
number of residual malignant T cells in skin. Moreover, patients treated with radiation
therapy in our retrospective high-risk early stage patient cohort was associated with
improved overall survival compared to patients with similar disease burden and prior
therapies who did not receive radiation. Our study demonstrates that LDRT provides long-
term durable remissions for treated lesions and is associated with improved survival in high-
risk early stage CTCL patients.

Materials and Methods

Human subjects

All studies were conducted in accordance with the Declaration of Helsinki. This is an
experimental laboratory study performed on human tissue samples. Written consent was
obtained from all patients before study entry and sample collection. Patients who were
studied met the World Health Organization-European Organization for Research and
Treatment of Cancer (WHO-EORTC) criteria for MF. Each was assigned a unique study
number permitting the lead author and principal investigator to have access to patient
historical information. Lesional skin from patients with CTCL was obtained from patients
seen at the Dana-Farber/Brigham and Women’s Cancer Center (DF/BWCC) Cutaneous
Lymphoma Program. All tissues were collected with previous approval from the Partners
and Dana-Farber Institutional Review Boards. J.O., AM., N.R.L, C.L., T.S.K., PM.D and
R.C. analyzed the data and all authors had access to primary data.

Study procedures and treatment of prospective cohort

Eligibility criteria included a confirmed diagnosis of CTCL after a review of the clinical,
molecular, and histological data according to the ISCL/EORTC criteria. Prior to study
inclusion, treatments received by the patient were determined by physician choice. In
general, every patient was treated with the least aggressive treatment that led to at least a
partial response and symptomatic relief. In early-stage patients with no evidence of blood
involvement, skin-directed therapies were utilized with systemic therapies implemented if
skin-directed therapies alone were unable to control disease. Treatment-resistant lesions
were chosen to receive radiation for this study. The patients that received topical steroids
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were early-stage patients who had not previously attempted a full course of alternating class
I and class 11 pulsed topical corticosteroids, the first-line treatment implemented at our
institution. Patients were enrolled only if they were consented to a pre- and post-lesional
skin biopsy prior to study enrollment. Patients were excluded if they showed evidence of
peripheral blood involvement at the time of study enrollment. Sixteen subjects with stage
IA-11B CTCL underwent low-dose (4 Gy x2 fractions) brachytherapy (n=12) or electron
beam therapy (n=4) (Tables S1 and S2). A skin biopsy of the lesion was obtained before
treatment and an adjacent skin biopsy was obtained approximately 8 weeks after therapy.
During the time after treatment, the only topical therapies used were nonmedicated
emollients. A separate 4 patients were treated with biweekly alternating Class | and Class 111
strength topical corticosteroids (TCS) for a total of 12 weeks with evaluation approximately
4 weeks after stopping steroid application. Clinical endpoints examined were lesional skin
clinical response and duration of response. Lesional skin response to treatment was
determined by the modified Composite Assessment of Index Lesion Severity (mCAILs).2!
Responders were defined as complete (100% clearance), partial (50-99% clearance of skin
disease from pre-treatment mCAILs) and stable (<25% increase to <50% clearance in skin
disease from baseline) at the post-treatment evaluation period.2! Duration of response was
defined as the date when criteria for response was first met until the date response was first
lost.2! Two dermatologists who were blinded to treatment (N.R.L and C.L) performed this
analysis using patient photographs. The only exception to this was patient 650 who had
mMCAILS performed at the day of evaluation by J.T.O. The data for lesion follow-up were
collected at the reference time point of November 23,2018.

The 18 patients in the prospective study were a part of the DFCI-02016 longitudinal study at
Dana-Farber and these cases occurred between 2010 and 2016. Eligible patients were
inquired to their interest in the tissue study and all consenting patients who had a pre- and
post-treatment biopsy were included. Stratification and matching were not used in case
selection. Data were last collected on November 23,2018 and the median follow-up time was
3 years.

DNA and RNA isolation from skin

DNA was isolated from frozen, optimum cutting temperature compound (OCT)-embedded
or FFPE skin samples as previously described®. For each DNA sample, third
complementarity-determining regions (CDR3) of the TCRB gene were amplified and
sequenced using ImmunoSEQ (Adaptive Biotechnologies, Seattle, WA).22-24

High throughput sequencing of the TCRB gene and determining normalized numbers of
malignant T cells in the skin

The putative malignant clone was identified and malignant clone frequency was calculated
as previously described.# Total nucleated cells were estimated as previously described.1> To
normalize the samples based on total input DNA, we divided the number of T cells/100 ng
input DNA to get malignant T cells/100ng DNA.

All samples were anonymous and assays were performed blinded to the patient’s outcome.
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Retrospective chart review of early stage patients who received radiation therapy

Statistics

The initial cohort comprised 210 patients with early-stage CTCL prospectively included in
study DFCI-02-016 at the DFCI Cutaneous Lymphoma Clinic from 1998 to 2016 who had
high-throughput sequencing of the TCRB gene performed? (Table S4). All patients gave
informed consent, and had a confirmed diagnosis of CTCL after review of the clinical,
molecular and histological data.?> CTCL staging and disease progression were evaluated
according to the ISCL/EORTC criteria.21:26 High-risk patients from this 210-patient cohort
were defined by the initial skin biopsy specimen having a tumor clone frequency >25% and
the clinical characteristics of this cohort, including other treatments received, can be found
in Table S6. Therapies received by the patients were recorded and overall survival was
compared based on the use of radiation therapy or phototherapy in the early stage of the
disease. Excluded from the cohort were patients who received their first radiation treatment
after they had progressed to Stage 1B or greater. Cases were well-balanced with respect to
age and stage in this cohort (Table S6). The end of the follow-up period was December
23,2016 and the median follow-up time was 3.9 years (range 4 months-189 months).

Clinical endpoints examined were overall survival as defined according to the ISCL/EORTC
criteria.28 Overall survival is the time interval between the date of initial biopsy confirming
mycosis fungoides and date of death from any cause. The data were collected at the
reference time point of December 23, 2016. Analyses were performed using R version 3.4.3
and SAS 9.4.

Primary methods of data analysis included descriptive statistics and are described in the
figure legends.

For the prospective cohort, the distribution of response duration was summarized using the
Kaplan-Meier method with significance determined by the log-rank test and defined as the
time between the pre-treatment biopsy and either worsening of treated lesion or censoring at
last follow-up. Age, gender, serum LDH, folliculotropism, large-cell transformation, the
tumor clone frequency, number of skin-directed therapies received, number of systemic
therapies received, BSA affected and clone reduction as determined by number of malignant
cells/100 ng DNA were assessed for their association with disease recurrence using
univariable logistic regression. Since there were only 20 lesions and 6 recurrences,
multivariable models were not constructed. Each model had recurrence/no recurrence as the
binary outcome. Odds ratios were based on marginal inference using generalized estimated
equations to account for repeated measurements. The issue of sparse/zero data was
addressed using Firth’s penalized likelihood.

Given the rarity of CTCL and the willingness of patients to agree to a post-treatment biopsy,
this study was not powered to detect a specific effect size.

For the retrospective cohort, high-risk patients were defined by the initial skin biopsy
specimen having a tumor clone frequency >25%.4 Patients were then stratified based on
whether they had received radiation therapy or not (Fig. 6) or whether they had phototherapy
or not (Fig. S3). Age, gender, stage, LDH, folliculotropism, large cell transformation,
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number of skin-directed therapies received, number of systemic therapies received, BSA
affected, presence of plaques, involvement of lymph nodes?1, and whether the patient
received radiation therapy or phototherapy were assessed for their association with overall
survival using univariable Cox proportional hazards models. Hazard ratios are presented
with 95% confidence intervals estimated using log(-log) transformation; inference was based
on Wald p-values. Survival probabilities were estimated using the method of Kaplan-Meier.

Low dose radiation therapy can eradicate the malignant T cell clone in MF patches and

plaques

Patients with patches and plaques of MF often have excellent initial response rates when
treated with either palliative low-dose radiation doses >7 Gy or topical corticosteroids
(TCS).6.7.11.12,26.27 \While both therapies reduce inflammation, it is unclear to what degree
these therapies reduce the malignant T cell clone. We studied the lesional skin of patients
with MF before and after treatment with either TCS or LDRT using mCAILS to grade
clinical inflammation and HTS to quantitate the malignant T cell clone. For the TCS treated
group, four stage IA patients were treated for a total of 12 weeks with a wash-out period
until the post-treatment biopsy was taken approximately 4 weeks later (range 2-14 weeks)
(Supplemental Table 1). For the LDRT group, 12 lesions in 11 patients received 2 fractions
of 4 Gy radiation delivered by either electron beam (n=4) or brachytherapy (n=8) and post-
treatment biopsies were taken approximately 8 weeks after therapy (range 7-45 weeks,
median 9 weeks, Table S2). The pre-treatment mCAILS was similar between all groups of
patients. All patients had reduced mCAILS post-treatment ranging from 43-100% (Fig. 1A-
B, Fig. S1). There were 6 complete responses (CR), 5 partial responses (PR) and one stable
lesion (SD) in patients treated with LDRT. All lesions treated with TCS had a CR. These
results suggest that both treatments were effective in reducing clinical inflammation.

To assess the malignant clone burden, we identified the malignant T cell clone as the top
productive sequence in the pre-treatment skin biopsy and looked at both the malignant clone
frequency as a measure of all infiltrating T cells as well as the normalized numbers of
malignant T cells per unit skin (ie malignant T cells/100ng input DNA) as both these
measures have clinical significance.*1° The pre-treatment TCF and malignant T cells/100ng
DNA were similar between groups (p=0.9) (Fig. 1C-D). Six lesions receiving LDRT showed
a CR with malignant clone eradication in 4 lesions and a residual TCF <0.05% in the other 2
lesions. Lesions that showed a PR or SD, in contrast, had significantly higher residual TCF
(range 0.8-22%) and malignant T cells/100ng DNA (range 3-119) compared to lesions that
had a CR (p<0.05) (Fig. 1C-D). The number of malignant T cells in skin and mCAILs were
positively correlated (Fig. 1E-F). In contrast, the TCS treated lesions did not show a
significant reduction in malignant T cells despite complete resolution of clinical
inflammation (p=0.2) (Fig. 1D-F). These results suggested that normal appearing skin may
still harbor residual malignant T cells.
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LDRT can induce long-term remissions in heavily pre-treated MF tumors

The efficacy of LDRT in heavily pre-treated tumoral MF lesions of the syringotropic variant
is not well-characterized.27~2% We report a 69 year-old male with a history of CLL and MF
who developed debilitating tumors over a 3 month period on the plantar surface of the left
foot (Figure 2A). Prior therapies, including phototherapy, acitretin and methotrexate were
unsuccessful. A biopsy showed syringotropic CTCL. At the time of presentation to our
clinic, the patient had been unable to walk for approximately 2 years secondary to pain. A
decision was made to treat the affected area with palliative LDRT. The patient went into
complete remission with residual hyperkeratosis over the biopsy site scar (Figure 2B).

Over six years the patient has developed additional patches and plaques at other body sites
while the treated area has remained clear of disease. To determine the malignant clone
burden at this quiescent site, HTS was performed on the DNA from the original diagnostic
biopsy and on a second adjacent biopsy taken six years later. The malignant clone comprised
81% of the total T cells in the skin at initial biopsy at 8,181 malignant T cells/100ng DNA.
The TCF was reduced to 0.1% with a corresponding 0.3 malignant T cells/100ng DNA (Fig
2C-D). This suggested that LDRT can drastically reduce the malignant clone burden and
induce a long-term durable remission in heavily pre-treated MF tumors.

LDRT can eradicate the clone in folliculotropic MF

Folliculotropic CTCL can be difficult to treat, often occurs in cosmetically sensitive areas
like the scalp and face, and definitive doses of radiation are associated with permanent
alopecia.39 A 40-year-old woman with folliculotropic CTCL developed thick alopecic
plaques of her scalp that were unresponsive to TCS, carmustine, and nitrogen mustard with a
PET-CT showing enlarged dermatopathic nodes and HTS showing a TCF of 19% (Figure
3A-C). The patient underwent LDRT and experienced a complete clinical clearance and
resolution of inflamed lymph nodes 11 weeks after therapy and hair regrowth 6 months later
(Fig. 3D-E). Interestingly, the patient had lighter, curlier hair upon regrowth, which has been
reported in conjunction with electron beam radiation and chemotherapeutics.3! HTS
revealed eradication of the malignant T cell clone (Fig. 3F). Thus, LDRT can be an effective
therapy for folliculotropic MF that spares permanent hair loss.

The malignant clone persists after LDRT in MF granulomatous slack skin lesions

The granulomatous slack skin (GSS) variant of CTCL is often refractory to therapy.32 The
effectiveness of LDRT in GSS is not well-characterized. We used HTS to measure the
malignant T cell clone post-LDRT in 2 GSS patients. Both patients had a >10-year history of
GSS and had failed at least 5 therapies, including prior treatments with radiation therapy
(Supplemental Table 1). They both agreed to undergo another round of LDRT for palliation.
Patient 322 received LDRT to a GSS buttock lesion (Figure 4A). At the 11-week follow-up
appointment, mCAILS was similar and HTS revealed an increase in both the TCF (43% to
71%) and residual malignant T cells/100ng DNA (1124 to 1419 T cells/100ng DNA) (Figure
4B-D).

Patient 521 received LDRT to a GSS left flank lesion (Fig. 4E). Similar to patient 322, there
was minimal improvement in mCAILS (Fig. 4F). While HTS of her pre- and post-treatment
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lesional skin showed a modest reduction of her TCF (60% to 44%) and malignant T cells/
100ng DNA (1,337 to 500 T cells/100ng DNA), the clone persisted at higher levels than the
other MF variants studied (Fig. 4H-K). These observations suggest that the malignant T
cells present in GSS skin lesions may not be as responsive to LDRT compared to other MF
skin lesions.

HTS monitoring of malignant T cells reveal dynamic changes in the skin after treatment

In aggregate, a total of 18 patients and 20 MF lesions were examined. The mCAILS
improved to varying degrees in all treated lesions with a range of 6-100% (Fig. 5A). The
lesions that had a CR to LDRT had a significantly lower residual TCF and malignant T
cells/100 ng DNA compared to those lesions that only showed a PR or SD (p<0.01) (Fig.
5B-D). All skin lesions that underwent a CR demonstrated a >99% reduction of malignant T
cells/100ng DNA with 5 lesions showing clone eradication while the malignant T cells in
steroid-treated lesions persisted at significantly higher numbers (p<0.04) (Fig. 5D-E).

One notable finding is the observation that although lesions can have a similar TCF before
and after treatment, the malignant T cells/100ng DNA were reduced in the post-treatment
biopsy. (Fig. 5C-D). For example, patient 650 (blue circle) had an MF patch treated with
TCS that showed a TCF of 19% in both the pre- and post-treatment skin biopsy. However,
there was an 85% reduction in the malignant T cells/100ng DNA post-treatment. This
suggested that examining the malignant T cells per unit skin was a more precise measure of
malignant clone burden than solely examining TCF.

The degree of residual malignant clone burden is predictive of lesion recurrence

Treatment with topical corticosteroids abrogated clinical inflammation but these lesions
maintained high numbers of malignant T cells. We hypothesized that the duration of
response is associated with the amount of residual malignant T cells in the skin. To address
this, we have prospectively followed all lesions for the LDRT and TCS cohorts for a median
time of 3.1 years (range 0.5 years-4.3 years) and 1.3 years (range 0.8-1.8 years),
respectively. Among lesions that showed a CR, 50% of the TCS treated lesions recurred but
no lesions in the LDRT group have recurred (Fig. 5F). These data suggest that lesion
recurrence likely occurs secondary to the presence of residual malignant T cells in the skin.

To determine if the degree of the residual malignant clone burden in the post-treatment
biopsy was associated with loss of treatment response, we examined a variety of clinical and
molecular parameters (Fig. 5 G-I and Fig. S2). Significant parameters that differentiated
lesions that have recurred or worsened versus ones that have not included >10 malignant T
cells/100ng DNA, a residual TCF >5%, and a malignant clone reduction <90%. Lesions that
contained fewer than 10 malignant T cells/100ng DNA continued to be in remission. Of the
8 lesions that showed >10 malignant T cells/100ng DNA, 6 lesions have recurred or
worsened (p<0.009), (Fig. 5G-I). The number of residual benign T cells, therapy received,
body site treated and number of failed therapies were not significantly associated with
recurrence (Fig. S2).

To assess how the residual malignant clone burden compared to other adverse risk factors
such as age, gender, stage, presence of plaques, folliculotropism, and number of treatments
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received, we performed a univariable analysis including all 20 treated lesions. There were 6
recurrences including one GSS patient that had worsening of the lesion one year after
treatment. Residual malignant clonal burden was the only variable examined significantly
related to recurrence at a cutoff of 10 malignant clones/100 ng DNA (OR (> 10 vs. < 10)
65.0, 95% ClI: (2.3-00), p<0.01) (Table S3). Duration of response was also significantly
associated with the number of residual malignant T cells/100 ng DNA (Fig. 5J). These data
strongly suggest that diminution of the malignant clone burden to <10 cells/100ng DNA is
associated with long-term disease control of the treated site.

Radiation therapy is associated with an improved overall survival in early-stage CTCL
patients at high risk of disease progression

Recently, we found that early stage patients who had skin biopsies containing a TCF >25%
were at 5 fold-higher risk of disease progression.# In addition, there was a positive linear
correlation of increased TCF and time to progression or death.* Earlier studies in CTCL
suggested that progression of disease can be slowed using electron beam therapy.33-36 Given
that LDRT can eradicate the malignant T cell clone in a subset of treated lesions, we
hypothesized that treatment with radiation in early-stage patients at high risk of disease
progression may be associated with improved survival compared to patients who did not
receive radiation. To examine this, we retrospectively examined 210 early-stage patients
(Stage 1A-11A) and the treatments they received with a median follow-up time of 6.1 years
(Supplemental Table 4). When we examined all patients without stratifying for patients at-
risk, we did not find a difference in overall survival between early stage patients who
received radiation and patients who did not (Fig. 6A). However, when we risk-stratified our
cohort to only examine high-risk patients (TCF>25%)*, improved overall survival was
associated with those early-stage patients receiving radiation (Fig. 6B). In addition, when we
examined patients who received radiation at tumor stage but before having blood and lymph
node involvement, radiation continued to show an association with improved overall survival
(p=0.04) (Fig. S4A). In contrast, the use of phototherapy (UVB or psoralen +UVA) was not
associated with improved OS in these high-risk patients (Fig. S3). In this high-risk group,
we found patients that received LDRT to lesions early in their disease course often
experienced stable control of their disease with further skin-directed therapies (Fig. 6C). We
also found a subset of patients that did not receive radiation or only received radiation in the
later stages of disease continued to progress (Fig. 6D).

We also performed further subgroup analyses looking at the association of radiation therapy
with overall survival looking lymphoma-specific deaths (n=5) and the time of first radiation
treatment to death/censoring. There was a trend of improved overall survival when
lymphoma-specific deaths were examined (p=.17) but interpretation of this result is limited
given the low number of events in this subgroup (Fig. S4B). Lastly, we determined that there
was also a trend toward improved survival from the time of initial radiation therapy (Fig.
S4C).

A univariable analysis was performed for all standard prognostic variables to determine if
there were other associated variables associated with overall survival in this high-risk cohort.
Stage (1A vs >1A) and treatment with radiation remained statistically significant in this
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comparison (Table S5). To assess whether this finding was confounded by patients not
receiving radiation due to more extensive and/or aggressive disease, we compared age, stage,
BSA affected, types and number of therapies taken by the patients and found no significant
difference in these parameters (Supplemental Tables 6 and 7). Therefore, radiation therapy
performed in the early stage high-risk patients was associated with improved overall
survival.

DISCUSSION

The optimal outcome for any cancer therapy is eradication of the malignant cells. In this
report, we find that LDRT but not topical steroids can eradicate the malignant T cell clone in
a subset of patients and this eradication was associated with long-term remissions. Using the
highly sensitive technique of HTS, we found that all lesions that showed a complete
response had a malignant T cell clone reduction >99% with an undetectable clone in 75% of
those LDRT treated lesions. In contrast to LDRT, four patients treated with topical steroids
had a complete clinical response but a reservoir of skin malignant T cells remained.
Prospective follow-up of these 2 treated patient populations demonstrated that >10 residual
malignant T cells/100ng DNA was a significant risk factor for localized disease recurrence.
In a retrospective review of high-risk early stage patients, we found an association with
improved overall survival in those patients who received radiation therapy compared to those
patients who did not. Thus, radiation therapy is a highly effective skin-directed therapy for
MF patients and its use in high-risk early-stage patients may positively impact overall
survival.

Low dose radiation regimens consisting of low-dose treatments totaling >7 Gy are becoming
more commonplace in clinical practice because of the regimens’ high efficacy and improved
side effect profile compared to the traditional >24 Gy treatment regimens.12:37 These low-
dose regimens are considered palliative but our results suggest that LDRT treated patients
who have eradication of malignant T cells may have a localized cure in treated lesions. We
acknowledge that longer follow-up over the lifetime of the patient is needed before a
localized cure can be definitively determined. Lastly, it is important to note that our HTS
studies are representative of the response only in the sampled area and may not reflect
responses in other lesions.

Using a low-dose radiation regimen of 4 Gy x2, our study experienced a decreased complete
response rate compared to earlier studies (50% vs 92-96%).12:13.37.38 However, these prior
studies enrolled patients earlier in their disease course after disease progression on topical
steroids, did not use a validated skin assessment such as mCAILS, and had a shorter time to
follow-up for first assessment. Our patient cohort progressed on a median of 3 treatments
before undergoing LDRT. It is likely that this study population’s skin lesions were more
treatment-resistant at baseline and may account for the lower rate of complete responders
compared to prior studies.

In other T-cell hematologic malignancies, identification of molecular relapse in the
peripheral blood of patients using HTS of the TCRB gene predicts clinical recurrence of
disease.14:18:39.40 |n CTCL, the identification of the malignant T cell clone in the blood

Clin Cancer Res. Author manuscript; available in PMC 2020 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

O’Malley et al.

Page 11

preceded clinical recurrence of disease in those patients who experienced complete clinical
remission after undergoing allogeneic stem cell transplant.1® Our data are in line with these
prior studies. We find that HTS of the TCRB gene helps to identify patients who will
develop long-term control of the treated lesion as well as those lesions most at-risk for
recurrence, two critical pieces of information that cannot be attained from the clinical exam.

Strengths of our study include the prospective nature of our topical steroid and LDRT
cohorts, the large number of total early stage CTCL patients studied in the retrospective
analysis and the high sensitivity and specificity of HTS used to identify the residual
malignant clone burden. Limitations of our study include the low number of patients in our
prospective cohort and the relative short follow-up time to ascertain lesion recurrence.
Because of the generally indolent nature of this lymphoma, recurrence can take many years
and patients in our cohort could recur at later time points. Continued observation of these
patients and accrual of additional patients is planned.

No therapy thus far in CTCL has been shown to prolong overall survival although early
studies suggested that total-skin electron-beam radiation therapy (=3000 cGy) may be
curative in a subset of early-stage patients.354142 Subsequent studies evaluating the impact
of other skin-directed therapies in early-stage patients have not shown any survival
differences. More recent studies highlight differential effects of PUVA and resiquimod on
the malignant T cell clone burden. Both therapies show high rates of clinical remissions at
the treated site but skin treated with PUVA continued to harbor residual malignant T cell
clones in the skin while resiquimod eradicated the clone in 30% of treated lesions.2943 With
the recent finding that TCF is significantly associated with disease progression in early-stage
patients, we now have a method to more specifically assess whether skin-directed treatments
impact overall survival in an enriched cohort of at-risk early stage CTCL patients. Indeed,
the most significant finding from this study is that high-risk patients who received radiation
therapy at an early stage had an improved overall survival compared to patients who did not
have radiation as part of their treatment regimen. This association with overall survival was
not seen with phototherapy, a skin-directed therapy that is not clone-ablative but with high
efficacy in inducing complete responses. While these findings need to be validated
prospectively, it supports the idea that certain novel therapies like LDRT may prolong life in
patients at high-risk for disease progression. Therapies that have the potential for clone
ablation may allow early control of what might otherwise be a progressive lymphoma.

In conclusion, the high clinical response rates and long-term durable control of LDRT is
directly associated with the magnitude of malignant T cell reduction in treated lesions. The
association with improved overall survival in patients that received radiation treatment early
in their disease course suggests that LDRT may be an effective preemptive strike that
eliminates high-risk skin lesions. These findings provide a clear rationale for the initiation of
future prospective studies examining whether LDRT can improve progression-free and
overall survival compared to other first-line skin-directed therapies in high-risk early stage
CTCL patients.
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Translational Relevance:

Mycosis fungoides is a subtype of cutaneous T-cell lymphoma (CTCL) characterized by
inflammatory skin lesions that contain malignant T cells. Disease recurrences are
common with skin-directed therapies. In this study, we used high-throughput sequencing
of the TCRB gene to identify and follow the malignant clone after treatment with either
topical steroids or low dose radiation therapy (LDRT). The data support that LDRT, but
not topical steroids, can eradicate the malignant T-cells in the treated skin and this is
associated with long-term durable remissions. A retrospective analysis of high-risk early
stage CTCL patients who received radiation showed an association with improved overall
survival. These findings suggest that earlier institution of a clone-eradication therapy like
radiation may impact overall survival of early stage CTCL patients.
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Figure 1. HT S sensitively quantifiesresidual malignant T cellsin skin after therapy and reveals
that LDRT but not TCS can eradicate the malignant T cell.

(A) Representative photographs and corresponding mCAILS of complete responders
showing before and after therapy (LDRT, left and TCS, right). (B-D) Combined dot plot and
bar graphs showing average mCAILS (B), % malignant clone frequency (C), and malignant
T cells/100ng DNA (D) between the LDRT treatment response subgroup and the TCS
treated group before (upper panels) and after (lower panels) treatment. Significance was
determined between post-XRT treated groups by the Kruskal-Wallis Test followed by
Dunn’s multiple comparison test. (E-F) Dot plot and Spearman correlation between the %
TCF and mCAILS (E) or malignant T cells/100ng DNA and mCAILS (F) in post-treatment
biopsies. Spearman’s r and p-value are indicated with p<0.05 considered significant.
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Figure 2. Syringotropic tumoral noduleresistant to topical, light and systemic therapies
completely respondsto 4 Gray (Gy) x2 radiation with long-term durable response with >99%
reduction of malignant T cell burden.

(A) Photo of tumoral nodule and plaques on left plantar foot prior to LDRT and (B) 6 years
after LDRT showing residual biopsy scar but continued remission at site of therapy. (C) 3D
histogram of the TCRB sequencing data shows V and J gene expression of hyperexpanded
malignant T cell clone with resultant nucleotide and translated amino acid (AA) sequence of
the CDR3 region. Based on productive templates, HTS revealed a malignant clone frequency
of 81% and 8,181 malignant T cells/100ng DNA. (D) 3D histogram of the TCRB
sequencing data shows a polyclonal population of benign T cells with a drastic reduction of
the original tumor clone frequency to 0.14% and after normalization of sequencing data, the
equivalent of 0.3 residual malignant T cells/2100ng DNA (orange arrow).
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Figure 3. LDRT spares hair follicle destruction and can eradicate the malignant T cell clonein
folliculotropic CTCL.

(A) Clinical photographs showing numerous erythematous plaques with overlying scale
(left) with index lesion scored by mCAILS highlighted in red. Photo on right demonstrates
thickness of plaques. (B) PET-CT scan showing PET-avid dermatopathic skin-draining
lymph nodes prior to therapy. (C) 11 weeks after LDRT, clinical photograph showing anagen
effluvium and clearance of original plaque stage disease (left) with 6-month follow-up
picture (right) showing complete hair regrowth. (D) Repeat PET-CT scan after therapy
showing resolution of PET-avid lymph nodes. (E) 3D histogram of TCRB sequencing
showing V and J gene expression of hyperexpanded malignant T cell clone with resultant
nucleotide and translated amino acid (AA) sequence of the CDR3 region. Based on
productive templates, HTS revealed a malignant clone frequency of 19% and 403 malignant
T cells/100ng DNA. (F) 3D histogram of TCRB sequencing shows eradication of the
malignant T cell clone with recovery of benign T cell populations.
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Figure 4. Two patients with the granulomatous slack skin (GSS) variant of CTCL had persistent
clinical disease and malignant T cell burden after LDRT.

Clinical photographs of patient 322 with corresponding mCAILS scores (A) before and (B)
after treatment with LDRT. 3D TCR histogram shows a greatly expanded clone (C) before
therapy that increases in both frequency and normalized numbers of malignant T cells (D)
after therapy with concomitant decrease in benign T cells. Clinical photographs of patient
521 with corresponding mCAILS score (E) before and (F) after LDRT. (G) 3D TCR
histograms show a highly expanded clone before therapy. (H) After therapy, the clone
remained highly expanded both in relative frequency and number of malignant T cells/100ng
DNA after therapy with a similar number of benign T cells.
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Figure 5. Low residual malignant clone burden predictslong-term durable responses.
(A) Waterfall plot showing the % reduction in mCAILS scores after therapy between LDRT

and TCS treated lesions with complete responders (CR) showing 100% reduction, partial
responders (PR) showing 50-99% reduction and stable disease (SD) lesions showing <50%
reduction. (B-C) Aggregate data showing the (B) % malignant T cell clone frequency or (C)
Malignant T cells/100ng DNA before and after treatment with connecting lines representing
individual patients. Patient 650 (blue dot) had a similar TCF in pre- and post-treatment
biopsy but reduced normalized numbers of malignant T cells. Significance was determined
between groups by the Kruskal-Wallis Test followed by Dunn’s multiple comparison test.
P<0.05 was considered significant. (D) Dot plot showing the % reduction in the number of
malignant T cells/100ng DNA after therapy with radiaiton (black circles=CR, white
circles=PR and SD) or TCS (gray circles, all CR) groups. *=no clone detectable. (E) Dot
plot and bar graph of the residual malignant T cell/100ng DNA in the post-treatment
biopsies in the complete responders treated with either radiation or TCS. Significance
determined by Mann-Whitney U test. (F) Kaplan-Meier estimates of treated lesion
recurrence comparing 8 treated lesions with LDRT (black) and 4 TCS treated lesions (red).
Numbers at-risk are indicated at the bottom. (G-1) Dot plot comparing lesions in both
treatment groups that either recurred or remained in remission looking at (G) malignant T
cells/100ng DNA, (H) % residual TCF and (1) % malignant clone reduction of malignant T
cells/100ng DNA. Significance determined by Mann-Whitney U test with p-value <0.05
considered significant. (J) Kaplan-Meier estimates of treated lesion recurrence comparing 20
treated lesions with LDRT or TCS based on residual malignant T cells/100ng DNA at a
binary cutoff of 10. Numbers at-risk are indicated at the bottom. p-values determined by log-
rank test.
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Figure 6. Treatment of high-risk early stage MF patients with radiation therapy is associated
with increased overall survival.

(A) Kaplan-Meier estimates of overall survival in 210 patients with early-stage mycosis
fungoides, according to the use of radiation therapy (brachytherapy or electron-beam
therapy) in early stage patients. (B) Kaplan-Meier estimates of overall survival in 47 high-
risk patients (defined as skin lesions with >25% TCF) with early-stage mycosis fungoides,
according to the use of radiation therapy. Numbers at-risk are indicated at the bottom and
curves were compared using the log-rank test, p<0.05 considered significant. (C) Clinical
photographs of a Stage 1B patient who received subsequent low-dose total skin electron
beam with resultant complete remission that has remained stable over the past 3 years
managed conservatively with NBUVB. (D) Clinical photographs of Stage IB patient treated
with PUVA and bexarotene who then progressed to tumoral nodules and peripheral blood
involvement 5 months later. This patient ultimately succumbed to her lymphoma.
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