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ABSTRACT

Richter transformation of chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL) into
classic Hodgkin lymphoma (CHL-RT) is rare and remains incompletely understood. Two histologic
subtypes are recognized: type 1 (CLL/SLL with scattered Hodgkin/Reed-Sternberg (HRS) cells) and type
2 (HRS cells within a polymorphous inflammatory background). Previous studies suggest that type 1
represents an earlier stage of type 2 and that both may be clonally related to the underlying CLL/SLL.
However, the immune evasion phenotype of HRS cells in CHL-RT and the genetic features of precursor
CLL/SLL remain incompletely defined. In this multi-institutional study of 77 patients with CHL-RT (27
type 1 and 50 type 2), we characterized immune evasion markers, PD-L1/PD-L2 copy number alterations,
tumor microenvironment, and performed targeted next-generation sequencing on 37 CLL/SLL samples.
HRS cells in both CHL-RT subtypes showed immune evasion features largely resembling de novo CHL.
However, PD-L1 expression was less frequent in type 1 than type 2 CHL-RT (53.3% vs. 100%, p<0.001)
and de novo CHL (85.7%, p=0.009). Gain/polysomy of PD-L1/PD-L2 was common (83.3%), whereas
amplification was uncommon (8.3%). Type 2 CHL-RT demonstrated a suppressive tumor
microenvironment enriched in CTLA-4+ T cells, similar to de novo CHL. CLL/SLL with CHL-RT showed
increased frequencies of mutations involving XPOI, FBXW?7, BIRC3, TRAF3, and HLA-A versus reference
CLL/SLL. No significant mutational differences were observed between CLL/SLL associated with type 1
versus type 2 CHL-RT, supporting a biological continuum. Overall, CHL-RT shares immune evasion

mechanisms with de novo CHL and may arise from CLL/SLL with distinct genetic susceptibilities.

Key words: CLL/SLL; classic Hodgkin lymphoma; Richter’s transformation; PD-L1/PD-L2, immune

evasion, genetic risk, mutations



INTRODUCTION

Large cell transformation of chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL),
known as Richter’s transformation (RT), frequently manifests as diffuse large B-cell lymphoma (DLBCL-
RT) and occasionally exhibits features of classic Hodgkin lymphoma (CHL-RT). The incidence of CHL-
RT is approximately 0.4% to 0.7% among CLL/SLL patients(1, 2). CHL-RT typically develops several
years after the initial diagnosis of CLL/SLL, with a median interval ranging from 4.3 to 5.9 years(3, 4).
Patients with CHL-RT generally experience poor outcomes, with reported median overall survival ranging
from 1.1 to 3.9 years following the diagnosis of CHL (2, 5-7). However, patients treated with CHL-directed
regimens have demonstrated more favorable outcomes, with median overall survival extending from 4.8 to

13.2 years (6, 8).

CHL-RT is characterized by the presence of Hodgkin/Reed-Sternberg (HRS) cells that share morphologic
and immunophenotypic features with those seen in de novo CHL. CHL-RT can present in two distinct
histologic patterns: type 1 (CLL with HRS cells), which features scattered HRS cells in a background of
CLL/SLL but lacks the polymorphous inflammatory microenvironment typically seen in CHL; and type 2
(CLL with CHL), which demonstrates a full manifestation of CHL, including the characteristic
inflammatory background. Previous studies have suggested that HRS cells in both type 1 and type 2 patients
exhibit similar immunophenotypes and frequently demonstrate EBV-encoded RNA (EBER) positivity in
60-70% of cases(6, 9). Furthermore, HRS cells in both types of CHL-RT can be clonally related to the
underlying CLL/SLL(9, 10). Importantly, type 1 may progress to type 2, and both types exhibit similar
outcomes(9). In addition, type 1 patients show improved outcomes when treated with CHL-directed
compared to CLL-directed therapies(6). These findings suggest that both type 1 and type 2 CHL-RT likely

represent a spectrum of the same process with type 1 being an earlier stage.

While HRS cells in CHL-RT exhibit a characteristic CHL immunophenotype, as demonstrated by
diagnostic markers such as CD20, PAXS5, CD30, and CD15, it remains unclear whether these cells also
display dysregulation of markers associated with immune evasion, a hallmark of de novo CHL. These
include gain or amplification of PD-L1/PD-L2 genes, overexpression of PD-L1/PD-L2 proteins, and
downregulation of molecules involved in antigen presentation(11-13). In addition, HRS cells in de novo
CHL demonstrate a distinct tumor microenvironment (TME), characterized by enrichment of cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4)-positive inhibitory T cells (14). Understanding these aspects
may provide critical insights into the pathogenesis of CHL-RT.

4



Genetic factors may predispose patients with CLL/SLL to RT. DLBCL-RT is genetically characterized by
mutations in several key genes, including 7P53 disruption(15-17), CDKN2A/B inactivation(16, 18),
NOTCHI mutations(16, 17), and MYC activation(15-17), which collectively suggest a higher risk of
DLBCL-RT development in CLL/SLL patients harboring these alterations. De novo CHL, on the other
hand, is defined by mutations and copy number alterations affecting various biological pathways, such as
activation of JAK-STAT and NF-«B signaling, immune evasion, and disruption of cellular homeostasis
through XPOI mutation(19, 20). In contrast, the genetic features of CLL/SLL associated with CHL-RT

have not been studied.

Leveraging a large cohort of patients with CHL-RT from 3 academic institutions, this study aims to deepen
our understanding of its underlying biology. We identified a shared immune evasion phenotype in HRS
cells between both types of CHL-RT and de novo CHL. We observed a similar TME enriched for CTLA-
4-positive T cells in type 2 CHL-RT and de novo CHL, which was less pronounced in HRS cells from type
1 CHL-RT. Finally, we discovered distinct mutational profiles in CLL/SLL with CHL-RT, including
frequent mutations in XPO!I and FBXW7, histocompatibility complex gene (HLA-A), and genes in the NF-
kB pathway (BIRC3 and TRAF3).

METHODS
Patient cohort

The study was approved by the Institutional Review Boards (IRBs) and ethics committees at all
participating institutions, including Memorial Sloan Kettering Cancer Center, Mayo Clinic, and the
National Cancer Institute. A total of 77 CLL/SLL patients, including 27 type 1 and 50 type 2 patients, with
CHL-RT were identified and collected from 3 academic institutions in the United States (Figure 1A). A
subset of the patients included in this study has been reported previously, comprising 10 of 22 cases from
the National Cancer Institute cohort and all 28 cases from the Mayo Clinic cohort(6, 9). Patient
demographics, HRS cell percentages within CLL/SLL tissue, testing modalities, and clinical features are
summarized in Table 1 and Supplementary Table 1. A cohort of 48 de novo CHL cases diagnosed with
87.5% nodular sclerosis subtype at MSKCC was also included for comparison (21).



Immunohistochemistry (IHC) and in situ hybridization (ISH)

IHC and ISH staining were performed on 5-micron formalin-fixed paraffin-embedded (FFPE) tissue slides
for all cases with sufficient tissue samples and HRS cells available for evaluation. Expression of PD-L1,
PD-L2, MHC-I, B2M, MHC-II, and CIITA in HRS cells was assessed by IHC using a 30% positivity cut-
off, as in our previous study of de novo CHL (21), which also served as the comparison cohort for CHL-

RT.

Multiplexed immunofluorescence (mIF)

Tissue sections were stained using a six-marker multiplex immunofluorescence (mlIF) assay with
fluorophore-conjugated antibodies targeting the specific antigens: CD68 (Opal 480), PAX5 (Opal 520),
CD86 (Opal 570), LEF1 (Opal 620), CTLA-4 (Opal 690), and PD-1 (Opal 780). Staining was performed
on the Leica BOND RX automated platform (Leica Biosystems). CTLA-4 and PD-1 were included because
a previous study showed that CTLA-4" T cells are enriched in the tumor microenvironment of de novo CHL

and outnumber PD-1" cells (14).

Flow cytometric analysis

Flow cytometric studies were performed according to the protocol as described before (22). Because this
was a retrospective study, flow cytometric analysis was limited to the markers in our clinically validated

panel; CTLA-4 was not among them and was therefore evaluated only by mlIF.

Combined CD30 immunofluorescence and PD-L1/PD-L2 FISH analysis

Signal analysis was conducted in conjunction with tissue morphology, focusing on areas with strong CD30+
cells. Probe copy numbers were counted in up to 50 cells per case, where possible. The following criteria
were used for interpreting PD-L1/PD-L2 FISH results according to previous publication(11): amplification:
PD-L1/PD-L2/CEPY ratio > 3.0; gain: PD-L1/PD-L2/CEPY ratio > 1.0 but less than <3.0; polysomy: PD-
L1/PD-L2/CEP9 ratio ~ 1.0 but more than two copies for each probe.

Next-generation sequencing (NGS)



The targeted NGS analysis was conducted using our laboratory-developed assay as previously
described(23). Gene list is available in Supplementary Table 2. Only pathogenic or likely pathogenic
variants were included for downstream analysis. These variants were annotated using several databases,
including ClinVar(24), OncoKB(25), and COSMIC (Catalogue Of Somatic Mutations In Cancer)(26). NGS
was performed on bulk CLL/SLL FFPE tissue. In addition, macrodissection was performed on samples
from three patients with type 2 CHL-RT who displayed distinct areas that were enriched for either CLL/SLL
or CHL, allowing for separate analysis of the CLL/SLL and CHL components. It should be noted that bulk
CLL/SLL sequencing inherently included rare HRS cells, which constitute less than 5% of total cellularity.

Additional details of the materials and methods are provided in the supplement.

RESULTS

HRS cells in CHL-RT show immune evasion immunophenotype and frequent EBV positivity

Type 2 CHL-RT was predominantly of the mixed cellularity subtype. Among 43 lymph node-based cases,
30 (69.8%) were mixed cellularity, 12 (27.9%) nodular sclerosis, and 1 (2.3%) lymphocyte-depleted. We
compared the immunophenotype of HRS cells between type 1 and type 2 CHL-RT, and against de novo
CHL. HRS cells from both groups exhibited a diagnostic CHL immunophenotype, including uniform CD30
positivity, frequent CD15 expression (57.7% vs. 72%, p=0.30), dim PAXS expression (87% vs. 81.4%,
p=1.00), and frequent negativity for CD20 (72.2% vs. 78.6%, p=0.74) and CD45 (100% vs. 90.9%, p=0.55)
(Figure 1B, 1C). EBV positivity, as detected by EBER staining, was observed in 62.5% of type 1 and
63.2% of type 2 CHL-RT cases (p=1), both significantly higher than in de novo CHL (17.2%, p=0.001 and
p<0.001, respectively). For type 2 CHL-RT, EBV was positive in 66.7% (16/24) of mixed cellularity cases
and 50.0% (3/6) of nodular sclerosis cases, whereas the single lymphocyte-depleted case was EBV-

negative.

Beyond diagnostic markers, HRS cells in both CHL-RT types frequently demonstrated an immune-evasive
immunophenotype, evidenced by PD-L1 expression, loss of antigen-presentation molecules, and MHC-II
negativity (Figure 2A, 2B). Notably, PD-L1 expression was significantly lower in type 1 CHL-RT (53.3%)
compared to both type 2 CHL-RT (100%, p<0.001) and de novo CHL (85.7%, p=0.009). MHC-I loss was
more frequent in de novo CHL (40%) than in type 1 (18.2%) and type 2 (5.0%) CHL-RT (p=0.29 and

p=0.004, respectively). Similar findings were observed in B2M, which was more frequently lost in de novo
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CHL (64.6%) than in type 1 (6.7%) and type 2 (16.0%) CHL-RT (p<0.001 and p<0.001, respectively). In
comparison, MHC-II and CIITA loss were comparable across both CHL-RT types and de novo CHL. PD-
L2 expression was absent in type 1 and detected in only 10% of type 2 CHL-RT cases (p=0.51), with no

significant differences observed compared to de novo CHL.

We further compared immune evasion phenotypes among cases with known EBV status (Figure 2C).
Regardless of EBV status, PD-L1 expressions were less frequent in type 1 CHL-RT than in type 2 CHL-RT
and de novo CHL. Within type 1 CHL-RT, PD-L1 expression was more common in EBV-positive than in
EBV-negative cases, although the difference was not statistically significant (66.7% vs. 20.0%, P = 0.27).
In de novo CHL, loss of B2M was significantly more frequent in EBV-negative than in EBV-positive cases
(78.3% vs. 20.0%, p=0.03), and loss of MHC class I showed a similar but non-significant trend (45.5% vs.
0%, p=0.25). Notably, B2M loss was significantly more frequent in de novo CHL than in either type 1 or
type 2 CHL-RT only within the EBV-negative subgroup (78.3% vs 0% vs 0%; p=0.007 and p<0.001,
respectively). Given the small number of cases in each subgroup, these findings should be interpreted with

caution.

HRS cells in CHL-RT show frequent gain or polysomy of PD-L1/PD-12

We examined PD-L1/PD-L2 copy number alterations in HRS cells from 12 CHL-RT cases (four cases of
type 1 and eight cases of type 2) (Figure 3A) and compared these findings to a cohort of 84 de novo CHL
cases diagnosed at our institution since 2021. All four type 1 and six of eight type 2 CHL-RT cases
demonstrated PD-L1/PD-L2 gain or polysomy. Of the remaining two type 2 cases, one showed PD-L1/PD-
L2 amplification and the other had a normal copy number. Compared to de novo CHL, HRS cells in CHL-
RT showed statistically comparable frequencies of PD-L1/PD-L2 gain or polysomy (83.3% vs. 67.9%,
p=0.34), PD-L1/PD-L2 amplification (8.3% vs. 26.2%, p=0.28), and normal PD-L1/PD-L2 copy numbers
(8.3% vs. 4.8%, p=0.49). PD-L1/PD-L?2 translocation, observed in only one of the 84 de novo CHL cases,
was not detected in HRS cells associated with CHL-RT (Figure 3B).

Apart from two type 1 cases with PD-L1/PD-L2 polysomy that exhibited PD-L1 negativity by IHC, all
other nine cases with available IHC results showed PD-L1 positivity. These included seven cases with PD-
L1/PD-L2 polysomy, one case with PD-L1/PD-L2 amplification, and one case with normal PD-LI/PD-L2

copy number.



HRS cells have distinct immune microenvironment in type 1 vs 2 CHL-RT

mlF studies were performed to evaluate the TME of HRS cells in a subset of type 1 and type 2 CHL-RT, as
well as in de novo CHL (Figure 4A). Using a limited panel of 6 markers, we primarily assessed the numbers
of CTLA-4" and PD-1" T cells, as well as B cells, within a 75 um radius of HRS cells (Figure 4B). In total,
83 HRS cells were analyzed: 33 from three type 1 CHL-RT cases (10, 10, and 13 cells per case), 33 from
three type 2 CHL-RT cases (9, 10, and 14 cells per case), and 17 from two de novo CHL cases (8 and 9 cells
per case). Compared with type I CHL-RT (median, 5 cells), HRS cells in type 2 CHL-RT (median, 24 cells;
p<0.001) and de novo CHL (median, 18 cells; p<0.001) were surrounded by significantly more CTLA-4"
T cells. PD-1" T cells were generally less numerous than CTLA-4" T cells but showed a similar pattern:
they were significantly more numerous around HRS cells in type 2 CHL-RT than in type I CHL-RT
(median, 6 vs 2 cells; p=0.010), with a similar but non-significant trend in de novo CHL (median, 5 cells;
p=0.061). Finally, as expected, B cells (likely CLL/SLL cells in CHL-RT) were significantly more abundant
around HRS cells in both type 1 (median, 74 cells; p<0.001) and type 2 CHL-RT (median, 41 cells; p<0.001)
than in de novo CHL (median, 7 cells), whereas the difference between type 1 and 2 CHL-RT was not

significant.

We further compared T cell composition by flow cytometry between CHL-RT and a cohort of de novo CHL
(Figure 4C). The two groups demonstrated similar CD4:CD8 ratios within the T cell compartment (median,
2.8 vs 4.0; p=0.196). In contrast, CHL-RT cases exhibited lower proportions of CD25" T cells (median,
6.1% vs 14.8%; p=0.041) and higher proportions of PD-1* T cells (median, 8.9% vs 0.9%; p=0.043) within
the CD4* T cell compartment compared with de novo CHL.

CLL/SLL with CHL-RT show distinct genetic profiles

NGS studies were conducted on bulk FFPE tissue of 37 CLL/SLL samples with CHL-RT (HRS cells <5%),
including 18 samples with type 1 and 19 samples with type 2 CHL-RT. Genes recurrently mutated in more
than one sample were selected for further comparison (Figure 5A). The most frequently mutated genes in
the combined cohort of type 1 and type 2 CHL-RT included XPOI (16.2%, 6/37), FBXW7 (16.2%, 6/37),
BIRC3 (13.5%, 5/37), SF3B1 (10.8%, 4/37), NOTCHI (10.8%, 4/37), and TP53 (10.8%, 4/37), among
others. Mutations in several genes were more frequently observed in type 1 CLL/SLL, including XPO1
(27.8% vs 5.3%), NOTCH1 (16.7% vs 5.3%), BRAF (16.7% vs 0%), KRAS (11.1% vs 0%), HLA-A (11.1%



vs 0%), EGR2 (11.1% vs 0%), SETD2 (11.1% vs 0%), and MED12 (11.1% vs 0%), while other genes were
more frequently mutated in type 2 CLL/SLL, including 7P53 (5.6% vs 15.8%) and CHD2 (0% vs 10.5%);
however, these differences did not reach statistical significance (Figure SB). Variant allele frequencies
(VAFs) for all mutations were greater than 2%, with the majority exceeding 5% (Figure 5C), suggesting

that these alterations were unlikely to be derived from HRS cells.

XPOI and FBXW7, two genes involved in maintaining protein homeostasis, were among the most frequent
alterations (10 cases in total, 27%). All XPOI mutations were missense mutations at the hotspot locus
p-E571. Mutations involving the epigenetic regulators (KMT2D/CHD2/MED12, 7 cases in total, 18.9%) or
the canonical NF-xB pathway (BIRC3/TRAF3, 6 cases in total, 16.2%) were also frequently detected. Other
involved pathways include Notch signaling (NOTCH1/2, 5 cases in total, 13.5%), RNA splicing (SF3B1, 4
cases, 10.8%), MAPK pathway signaling (BRAF/KRAS, 4 cases, 10.8%). Of note, three of the four patients
with 7P53 mutations belonged to the type 2 CHL-RT group, and an ATM mutation was only detected in
one type 2 CHL-RT case.

When comparing the combined CHL-RT cohort to a reference CLL/SLL cohort (n=2743), comprising cases
from our in-house clinical sequencing database and data from three additional studies available through
cBioPortal(27-29), several genes were found to be significantly more frequently mutated in CLL/SLL with
CHL-RT (Figure 5D). These included XPOI (16.2% vs. 3.8%, p=0.002), FBXW7 (16.2% vs. 3.4%,
p=0.001), BIRC3 (13.5% vs. 3.2%, p=0.006), and HLA-A (5.4% vs. 0.05%, p=0.001). TRAF3 was also more
commonly mutated in CLL/SLL with CHL-RT despite not reaching statistical significance (5.4% vs 1.0%,
p=0.05).

We also compared the frequencies of common cytogenetic abnormalities between type 1 (n=12) and type 2
(n=27) CLL/SLL with CHL-RT and a reference CLL/SLL cohort (n=2,028) compiled from six published
studies (30-35) (Figure 5E). Overall, the frequencies of del(17p) and del(13q) in CLL/SLL with CHL-RT
were comparable to those of the reference cohort. In contrast, del(11q) and trisomy 12 were each present in
50% (6/12) of type 1 CLL/SLL cases, compared with 23.1% (6/26) and 22.2 (6/27), respectively, in type 2
CLL/SLL, and 13.6% (276/2,028) and 23.5% (476/2,028), respectively, in the reference cohort. However,
these differences were statistically significant only between type 1 CLL/SLL and the reference cohort (p =
0.003 and p = 0.042, respectively). IGHV mutational status was available for 15 cases of CLL/SLL with
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CHL-RT. Unmutated IGHV was identified in 75% (3/4) of type 1 and 63.6% (7/11) of type 2 cases (66.7%
overall, 10/15), a higher proportion than the approximately 40% reported in the general CLL/SLL
population(36, 37).

NGS was also performed on bulk FFPE tissue from three patients with type 2 CHL-RT in whom the samples
showed CHL with a high density of HRS cells and no morphologic or immunophenotypic evidence of the
previously diagnosed CLL/SLL. The first patient (case #28), with approximately 10% HRS cells, harbored
an HLA-A mutation (VAF 11.2%). The second patient (case #59), with 20-30% HRS cells, harbored an
SRSF2 mutation (VAF 10.7%). The third patient (case #68), with 10-20% HRS cells, had no pathogenic or

likely pathogenic mutations detected.

Comparison of mutational profiles in paired CHL and CLL/SLL

We conducted paired NGS on macrodissected areas enriched for either CLL/SLL or CHL from the same
specimens in 3 type 2 CHL-RT patients, enabling us to analyze the mutational spectrum and clonal
relationships between the two neoplastic processes (Figure 6). The proportion of CLL/SLL and HRS cells
in the macrodissected areas was estimated by PAX5 (focusing on positive small cells) and CD30 IHCs,
respectively. In the first patient (case #63), distinct mutations were identified in the CLL/SLL- and CHL-
enriched areas, with no shared mutations observed. Given the neoplastic burden in each area, it is most
likely that there were no shared mutations between the CLL/SLL and HRS cells in this case. The second
patient (case #30) exhibited multiple shared mutations with similar VAFs between the CLL/SLL- and CHL-
enriched areas, indicating a clonal relatedness. Considering the relative abundance of HRS cells, it is
favored that these mutations indeed originate from HRS cells, rather than background CLL/SLL. In the
third patient (case #71), no mutation was detected in both the CLL/SLL and the CHL-enriched area;
however, as HRS cells constituted only 3-5% of the macrodissected CHL area, the possibility of false

negativity due to low tumor content cannot be excluded.

Patients with type 1 and type 2 CHL-RT show similar demographics and clinical outcomes

Patients with type 1 and type 2 CHL-RT shared similar demographic characteristics, including a male
predominance in both groups (77.8% vs. 72%, respectively; p=0.79) and comparable median ages at CHL-
RT diagnosis (71 vs. 70.5 years, respectively; p=0.14) (Figure 7A). The interval between CLL/SLL and

CHL diagnoses was likewise similar, with median times of 5.3 years for type 1 and 3.5 years for type 2
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CHL-RT (p=0.16) (Figure 7B). Four patients had both type 1 and type 2 CHL-RT, diagnosed in separate
specimens. In two patients, the two subtypes were identified concurrently at different sites, whereas the
other two were initially diagnosed with type 1 CHL-RT and developed type 2 CHL-RT 6 months and 2

years later, respectively.

Data on prior CLL/SLL treatment were available for 10 type 1 and 21 type 2 CHL-RT patients. Both groups
had received a median of two prior lines of therapy, with comparable exposure (type 1 vs type 2) to
immunotherapy-based regimens (80.0% vs. 61.9%), Bruton tyrosine kinase inhibitors (30.0% vs. 23.8%),
or DLBCL-directed therapy (10.0% vs. 9.5%). All type 1 patients had received prior CLL/SLL therapies,
whereas 2 patients (9.5%) with type 2 CHL-RT had been managed with active surveillance alone. Data on
CHL-RT treatment were available for 13 type 1 and 26 type 2 patients. Most patients received CHL-directed
therapy (61.5% vs. 88.5%), while DLBCL-directed therapy was uncommon (15.4% vs. 11.5%). CLL/SLL-
directed therapy was given only to patients with type 1 CHL-RT (23.1% vs. 0%). Detailed treatment

histories are provided in the Supplementary Material.

Overall survival (OS) did not differ significantly between the two subtypes, when measured from CLL/SLL
diagnosis (median OS, 10.5 vs 15.0 years for type 1 vs type 2, p=0.95; Figure 7C) or from CHL-RT
diagnosis (median OS, 2.7 vs 5.3 years, p=0.12; Figure 7D), although OS from CHL-RT diagnosis tended
to be shorted in type 1 CHL-RT. Among patients with available CHL-RT treatment data, OS measured from
CLL/SLL diagnosis remained comparable between the groups (median OS, 10.5 vs 15.0 years, p=0.97;
Figure 7E), whereas OS measured from CHL-RT diagnosis was significantly shorter in type 1 CHL-RT
(median OS, 2.7 vs 5.4 years, p=0.04; Figure 7F).

In subgroup analysis of type I CHL-RT, patients who received CHL-directed therapy had significantly
longer OS than those who received other regimens (CLL/SLL- or DLBCL-directed therapy) (median OS,
5.5 vs 0.6 years, p=0.002, Figure 7G). Notably, among patients who received CHL-directed therapy, OS
was comparable between type 1 and type 2 CHL-RT (median OS, 5.5 vs. 5.4 years, p=0.63, Figure 7G).

DISCUSSION
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We provide novel evidence that HRS cells in CHL-RT and de novo CHL share a common immune evasion
phenotype, including frequent PD-LI/PD-L2 gain/amplification, establishing for the first time a shared

biological and genetic basis between these two conditions.

A key distinction, however, emerged in the tumor microenvironment. PD-L1 expression on HRS cells was
significantly lower in type 1 CHL-RT as compared to both type 2 CHL-RT and de novo CHL. This
difference was most pronounced among cases with EBV-negative HRS cells, consistent with the established
role of EBV infection in promoting PD-L1 expression(38). Using mIF, we demonstrated that this difference
reflects a fundamentally less immunosuppressive TME in type 1 CHL-RT, with lower number of both
CTLA-4* and PD-1* T cells. In contrast, these immunosuppressive T cell populations were comparably
dense in type 2 CHL-RT and de novo CHL. Collectively, these findings indicate that type 2 CHL-RT fully
recapitulates the immunosuppressive microenvironment of de novo CHL, while type 1 CHL-RT represents
an earlier stage of incomplete microenvironmental reprogramming. This interpretation is further supported
by the direct observation (including our cohort) of patients who demonstrated type 1 histology on initial
biopsy with subsequent progression to type 2 CHL-RT (6, 9), suggesting a chronological evolution from
type 1 to type 2. This shared suppressive TME provides a biological rationale for exploring immune
checkpoint inhibitors in CHL-RT, particularly in type 2 disease, where the microenvironment most closely
mirrors that of de novo CHL, a setting in which PD-1 blockade has demonstrated established clinical
efficacy(39). The less pronounced but present immune-evasive phenotype in type 1 CHL-RT similarly

warrants investigation into whether checkpoint inhibition may have a role in this subtype.

In contrast, loss of MHC-I and B2M expression by HRS cells was less frequent in CHL-RT than in de novo
CHL. This suggests that CHL-RT may rely less on impaired antigen presentation to evade immune
surveillance. One possible explanation is that the immunosuppressive milieu associated with the underlying
CLL/SLL already provides an alternative route of immune escape, reducing the selective pressure to lose
MHC-I expression. Consistent with previous studies(40, 41), we also found that loss of B2M, and to a lesser

extend MHC-I, was more frequent in in EBV-negative than in EBV-positive de novo CHL.

Our NGS analysis reveals a distinct mutational landscape that identifies potential genetic risk factors for
CHL-RT. Most notably, XPO1 hotspot mutations (p.E571) were identified in 16.2% of CLL/SLL with CHL-
RT, comparable to the 13.1% frequency reported in flow sorted HRS cells from de novo CHL(19, 20),
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suggesting that XPOI mutations potentially represent a shared genetic risk factor for Hodgkin
lymphomagenesis in both disease contexts. This finding is therapeutically relevant, as XPO1 is targetable
by the small-molecule inhibitor selinexor (KPT-330), which has demonstrated preclinical efficacy in
lymphoma and leukemia models and is now in clinical use. Interestingly, XPO/! mutations were more
frequently observed in CLL/SLL cases with type 1 CHL-RT (27.8%) compared with those with type 2
CHL-RT (5.3%); however, this difference did not reach statistical significance (p = 0.09), likely due to the
relatively small sample size. It remains unclear whether CLL/SLL cases associated with type 1 versus type
2 CHL-RT harbor fundamentally distinct mutational profiles, or whether differences in HRS cell biology
between the two subtypes account for the observed variability. Larger-scale studies with improved single
cell sequencing technology will be required to validate these observations and to further elucidate the
biological differences between these entities. Beyond XPOI, enrichment of mutations in FBXW7
(regulating c-Myc/Notch turnover), NF-kB pathway genes (BIRC3, TRAF'3), and immune-related genes
(HLA-A) suggest that enhanced NF-«xB signaling and acquisition of immune evasion, hallmarks of de novo

CHL, may contribute to CHL-RT predisposition.

Despite these enrichments, the overall genetic profile of CLL/SLL with CHL-RT remains broadly similar
to conventional CLL/SLL. Highly recurrent de novo CHL mutations (B2M, SOCS1, STAT6, TNFAIP3,
ITPKB) were not detected, and no individual gene exceeded a 20% mutation frequency, suggesting that
CHL-RT risk reflects complex polygenic interactions rather than single driver events. Notably, the genetic
risk profile of CHL-RT appears distinct from DLBCL-RT, which is characterized by 7P53 disruption(15-
17), CDKN2A/B inactivation(16, 18), NOTCHI mutations(16, 17), and MYC activation(15-17), none of
which were enriched in our cohort (copy number data were unavailable to assess CDKN2A/B). This
distinction underscores that CHL-RT and DLBCL-RT, while both arising from CLL/SLL, are driven by

fundamentally different genetic programs.

This study has several limitations. The most significant is the lack of genetic data from isolated HRS cells.
Without these data, we could not identify HRS-specific mutations or compare clonally related with clonally
unrelated CHL-RT. Similarly, apart from PD-L1/PD-L2, copy number alteration data from isolated HRS
cells were not available, which limits direct comparison with de novo CHL. Our genomic analysis was
therefore focused on the CLL/SLL component. Although NGS was performed on bulk tissue, most recurrent
mutations had VAFs greater above 5%, suggesting that these alterations most likely arose in the CLL/SLL

population. Whether they are also present in the HRS cells could not be determined. Future studies using
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spatial single-cell sequencing of HRS cells will be needed to define the HRS-specific genomic alterations
in CHL-RT and to determine whether mutations identified in the CLL/SLL component are shared by HRS
cells. In addition, the small number of cases in some subgroups, particularly in the mIF and EBV-stratified
analyses, limited statistical power. Finally, this retrospective study included cases from multiple institutions
diagnosed over a long period (1995-2022) and treated with heterogeneous regimens, which precludes

definitive conclusions about survival outcomes.

In summary, this study provides the first integrated immunophenotypic and genomic characterization of
CHL-RT, establishing biological links to de novo CHL. These findings lay a foundation for future
mechanistic and therapeutic investigations of this rare and biologically distinct form of Richter

transformation.
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Table 1: Summary of patient cohort

CHL-RT type
Type 1 Type 2
(n=27) (n=50)
Sex,
male (%) 21 (77.8%) 36 (72%)
Age at CLL/SLL diagnosis, 63 (45 to 86) 64 (37 to 87)

median (range)

Age at CHL-RT diagnosis,
median (range)

71 (45 to 90)

70.5 (38 to 88)

<5% 26 (96.3%) 37 (74%)
HRS cells % in CLL/SLL tissue, 5-10% 0 6 (12%)
number (%)
>10% 1 (3.7%) 7 (14%)

Years from CLL/SLL to CHL-RT diagnosis,
median (range)

5.5 (0 to 35.0)

3.5(0 t0 22.1)

IHC for immune markers tested,

number (%) 18 (66.7%) 31 (60.0%)
Bulk NGS for CLL/SLL tested,
number (%) 18 (66.7%) 20 (40.0%)
FISH for PD-L1/PD-L2 tested,
number (%) 4 (14.8%) 8 (16.0%)
Multiplex IF tested,
number (%) 3 (11.1%) 3 (6.0%)
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FIGURE LEGENDS

Figure 1. Cohort composition and baseline immunophenotype of Hodgkin/Reed-Sternberg (HRS)
cells in classical Hodgkin lymphoma variant Richter transformation (CHL-RT).

(A) Summary of case contributions from three institutions and the number of cases included in
downstream immunophenotypic, tumor microenvironment, and molecular genetic analyses (MSK,
Memorial Sloan Kettering Cancer Center; Mayo, Mayo Clinic Rochester; NIH, National Institutes of
Health/National Cancer Institute).

(B) Representative histopathologic features of type 1 and type 2 CHL-RT. Type 1 CHL-RT demonstrate
scattered HRS cells (highlighted by CD30 IHC) within a chronic lymphocytic leukemia/small lymphocytic
lymphoma (CLL/SLL) background (highlighted by PAXS IHC), whereas type 2 CHL-RT shows HRS cells
embedded in a characteristic polymorphous inflammatory background.

(C) Comparison of baseline immunophenotypic features and Epstein-Barr virus (EBV) status of HRS cells,
assessed by EBER in situ hybridization, between type 1 and type 2 CHL-RT.

Figure 2. Immune evasion phenotype in CHL-RT compared with de novo CHL.

(A) Representative immunohistochemical images illustrating immune evasion marker expression patterns
in CHL-RT HRS cells (positive examples shown on the left, negative examples on the right), including
PD-L1, PD-L2, MHC-I, B2M, MHC-II, and CIITA. Representative HRS cells are indicated by black
arrows.

(B) Comparison of immune evasion marker expression, along with EBV status by EBER in situ
hybridization, in HRS cells from type 1 CHL-RT, type 2 CHL-RT, and de novo CHL. *, p <0.05.

(C) Comparison of immune evasion marker expression in HRS cells from type 1 CHL-RT, type 2 CHL-RT,
and de novo CHL by their EBV status. *, p < 0.05.

Figure 3. PD-L1/PD-L2 copy number alterations in CHL-RT compared with de novo CHL.

(A) Assessment of PD-LI1/PD-L2 copy number alterations (CNAs) in CHL-RT using combined CD30
immunofluorescence (IF) and PD-LI/PD-L2 fluorescence in situ hybridization (FISH) with CEP9
(centromeric probe for chromosome 9) as a control. Representative images demonstrate patterns classified
as normal, polysomy, gain, and amplification of PD-L1/PD-L2 (definitions provided in Materials and
Methods). For each field, paired images are shown, with the left panel displaying PD-L1, PD-L2, and CD30
signals, and the right panel displaying PD-L1, PD-L2, and CEP9 signals.

(B) Comparison of PD-L1/PD-L2 CNAs in HRS cells from CHL-RT versus de novo CHL.

Figure 4. Spatial immune microenvironment of HRS cells in type 1 and type 2 CHL-RT and de novo
CHL.

(A) Representative multiplex immunofluorescence (mIF) images depicting the cellular neighborhood
surrounding HRS cells in type 1 CHL-RT, type 2 CHL-RT, and de novo CHL. The six-marker panel
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includes CD68, PAXS5, CD86, LEF1, CTLA-4, and PD-1, with DAPI nuclear counterstain. HRS cells are
identified based on morphology and co-expression of PAXS5 and CD86 (highlighted by white arrows).

(B) Quantitative spatial analysis of CTLA-4* cells, PD-1* cells, and B-cell populations within a 75-pm
radius of individual HRS cells. A total of 33 HRS cells from three type 1 cases, 33 HRS cells from three
type 2 cases, and 17 HRS cells from two de novo CHL cases were analyzed. Black bars indicate group
medians. ** p <0.01; *** p <0.001; **** p <0.0001.

(C) Flow cytometric comparison of T-cell subsets between CHL-RT and de novo CHL, including CD4:CD8
ratio, proportion of CD25" T cells, and proportion of PD-1* cells within the CD4* T-cell compartment.
Black bars indicate group medians. *, p < 0.05.

Figure 5. Distinct mutational landscape of CLL/SLL associated with CHL-RT.

(A) Oncoplot summarizing pathogenic and likely pathogenic variants identified by targeted next-generation
sequencing (MSK-IMPACT-Heme) in bulk CLL/SLL samples from patients with CHL-RT. Genes
recurrently mutated in two or more samples are shown. CHL-RT subtype (type 1 vs type 2) and de-
identified patient IDs are indicated at the bottom of the plot.

(B) Comparison of mutation frequencies between type 1 and type 2 CHL-RT-associated CLL/SLL for
selected recurrently mutated genes. Differences did not reach statistical significance.

(C) Comparison of variant allele frequencies between type 1 and type 2 CHL-RT-associated CLL/SLL for
selected recurrently mutated genes. Black bars indicate group median.

(D) Comparison of mutation frequencies in CHL-RT-associated CLL/SLL versus a reference CLL/SLL
cohort derived from institutional databases and published cohorts. *, p < 0.05.

(E) Comparison of common cytogenetic abnormalities among type 1 and type 2 CHL-RT-associated
CLL/SLL and a reference CLL/SLL cohort. *, p < 0.05.

Figure 6. Paired sequencing of macrodissected CLL/SLL- and CHL-enriched areas in type 2
CHL-RT.

Targeted next-generation sequencing (NGS) results from paired macrodissected regions enriched for
CLL/SLL versus CHL from the same specimens in three patients with type 2 CHL-RT. Estimated neoplastic
burden in each region was assessed by PAX5 and CD30 [HCs. Detected mutations in paired regions are
displayed to infer clonal relatedness between the CLL/SLL and CHL components.

Figure 7. Clinical characteristics and outcomes of type 1 vs type 2 CHL-RT.

(A) Age at CHL-RT diagnosis for type 1 vs type 2 patients. Black bars indicate group median. ns,
statistically not significant.

(B) Interval from CLL/SLL to CHL-RT diagnosis in type 1 vs type 2 CHL-RT. Black bars indicate group
median. ns, statistically not significant.

22



(C-D) Kaplan—Meier overall survival (OS) analysis for all patients with type 1 versus type 2 CHL-RT,
calculated from either the time of CLL/SLL diagnosis (C) or the time of CHL-RT diagnosis (D).

(E-F) Kaplan-Meier OS analysis for patients with type 1 versus type 2 CHL-RT with available treatment
information for CHL-RT, calculated from either the time of CLL/SLL diagnosis (E) or the time of CHL-RT
diagnosis (F).

(G) Kaplan—Meier OS analysis from the time of CHL-RT diagnosis, stratified by treatment regimen
(CHL-directed vs. other therapies) in type 1 and type 2 CHL-RT. ** p <0.01.
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Supplementary

Supplementary table 1

Patient demographics, clinicopathologic characteristics, and ancillary testing

Demographics Ancillary tests IHC and ISH results Treatments and outcomes
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61 Type 2 F NA 56-60 <5% NA No No No + + - + NA NA + + + NA NA NA




62 Type 2 M NA 71-75 ~5% NA Yes No No + + - + - + + NA NA NA
AR > CpG > FCR > PCR ABVD > ibrutinib
63 Type 2 M 56-60 66-70 <5% 66.8 Yes Yes No + + NA NA + + - > pentostatin + AR Alive
CVP > fluda > CHOP > NA
64 Type 2 M 46-50 51-55 <5% 58.5 Yes No No =F S - a4 a4 S a4 cytoxan > chlorambucil > Deceased
R
65 Type 2 F 66-70 71-75 ~10% 252 Yes Yes Yes NA + - + + + + NA ABVD Deceased
66 Type 2 F 61-65 71-75 <5% 1342 No No No + NA NA NA NA NA NA NA NA Deceased
67 Type 2 M 61-65 61-65 <5% 0.1 No No No + NA NA NA NA NA NA NA R+MP>ABVD Deceased
R>PCR > CFAR > AR ABVD > IVIG >
y . 00 ) ofatumumab > R + MP >
68 Type 2 M 56-60 66-70 10-20% 117.5 Yes No No AR i i + + + BR>RT > dex > BV > Deceased
dex
69 Type 2 M 61-65 71-75 <5% 1122 Yes No No . + + + + + + chlorambucil > fluda > R + ABVD Deceased
MP > alemtuzumab
NA ABVD > R + MP > ABVD
70 Type 2 M 71-75 81-85 <5% 117 No No No + NA NA NA NA NA NA SECVIEP SR > Deceased
prednisone > BR >
ibrutinib > BR
71 * Type 2 M 71-75 76-80 <5% 42.4 Yes No No - + NA + + + + MP> obmutuzumab > BV Deceased
chlorambucil
7 Type 2 4145 51-55 <5% 138.2 No No No + NA NA NA NA NA NA fluda NA Deceased
73 Type 2 F 66-70 71-75 <5% 79.1 No No No . NA NA NA NA NA NA PCR + bevacizumab BV + nivolumab > ABVD Alive
PCR >R + MP > R-CVP > ABVD > IVIG >
prednisone prednisone > ofatumumab
74 Type 2 M 56-60 61-65 ~5% 69.7 Yes No No + + NA NA 4 + + > MP > ibrutinib > BV > Deceased
BCVPP > ProMACE-
cytaBOM
75 Type 2 M 61-65 71475 <5% 74.9 No No No ; NA NA NA NA NA Na | chlorambucil > prednisone | CHOP>R+MP>fluda> | o 00cog
> chlorambucil AR
76 Type 2 66-70 71-75 5-10% 339 No No No - 4+ - + + + + fluda NA Deceased
77 Type 2 F 66-70 86-90 <5% 211 No No No + + - + + + + NA NA Deceased

Abbreviations: ABVD: doxorubicin, bleomycin, vinblastine, dacarbazine. AD: doxorubicin and dacarbazine. Allo-SCT: allogeneic stem cell transplantation. AR: alemtuzumab and rituximab. Aute-SCT: autologous stem cell
transplantation. AVD: doxorubicin, vinblastine, dacarbazine. BCVPP: carmustine, cyclophosphamide, vinblastine, procarbazine, prednisone. Benda: bendamustine. BR: bendamustine and rituximab. BV: brentuximab vedotin.
CAR-T: chimeric antigen receptor-T cell therapy. CEPP: cyclophosphamide, etoposide, procarbazine, and prednisone. CFAR: cyclophosphamide, fludarabine, alemtuzumab, and rituximab. CHOP: cyclophosphamide,
doxorubicin, vincristine, and prednisone. COPP: cyclophosphamide, vincristine, procarbazine hydrochloride, and prednisone. CpG: CpG oligodeoxynucleotides. CVP: cyclophosphamide, vincristine, prednisolone. Dex:
dexamethasone. DHAP: dexamethasone, high-dose cytarabine, and cisplatin. EPOCH: etoposide phosphate, prednisone, vincristine, cyclophosphamide, and doxorubicin. FC: fludarabine and cyclophosphamide. FCR: fludarabine,
cyclophosphamide, and rituximab. Fluda: fludarabine. GCV: gemcitabine, cyclophosphamide, vincristine. GCVP: gemcitabine, cyclophosphamide, vincristine, prednisolone. GVD: gemcitabine, vincristine, and doxorubicin. GVP:

gemcitabine, vincristine, prednisolone. ICE: ifosfamide, carboplatin, and etoposide. IF: immunofluorescence. IHC: Immunohistochemistry. ISH: In-situ hybridization. IT: ibritumomab tiuxetan. IVIG: intravenous

immunoglobulin. Len: lenalidomide. mIF: multiplex immunofluorescence. MP: methylprednisolone. OB: obinutuzumab. ProMACE-cytaBOM: prednisone, methotrexate, Adriamycin, cyclophosphamide, etoposide, cytarabine,

bleomycin, vincristine, methotrexate. PCR: pentostatin, cyclophosphamide, and rituximab. Pembro: Pembrolizumab. R: rituximab. RT: radiation therapy. Ven: venetoclax.

Note: # For this patient, two samples—one with type 1 and another with type 2 CLL/SLL—were submitted for NGS studies.

* NGS studies were conducted on macrodissected CLL/SLL-enriched and CHL-enriched areas separately for each of these patients.




Supplementary table 2

Gene list for MSK IMPACT-Heme

ABLI ACTGI AKTI AKT2 AKT3 ALK ALOXI2B AMERI1 APC AR
ARAF ARHGEF28 ARIDIA ARIDIB ARID2 ARID3A ARID3B ARID3C ARID44 ARID4B
ARID5A ARID5B ASXL1 ASXL?2 ATM ATP6AP1 ATP6VIB2 ATR ATRX ATXN2
AURKA AURKB AXINI AXL B2M BACH2 BAPI BARDI BCLI10 BCLIIB
BCL2 BCL6 BCOR BCORLI BCR BIRC3 BLM BRAF BRCAI BRCA2
BRD4 BRIP] BTGI BTK CALR CARDI1 CASPS CBFB CBL CCNDI
CCND2 CCND3 CCNEI CD274 CD28 CD58 CD794 CD79B CDC73 CDHI
CDK12 CDK4 CDK6 CDK8 CDKNIB CDKN24 CDKN2B CDKN2C CEBPA CHEK1
CHEK2 cic CIITA CRBN CREBBP CRKL CRLF? CSFIR CSF3R CICF
CTNNB1 CUXI CXCR4 CYLD DAXX DDR?2 DDX3X DIS3 DNMT34 DOTIL
DTXI DUSP22 EED EGFR EGRI EP300 EP400 EPHA3 EPHAS EPHA7
EPHBI ERBB2 ERBB3 ERBB4 ERG ESCO2 ESRI ETNK1 ETV6 EZH2
FANCA FANCC FANCD2 FAS FATI FBXOI11 FBXW7 FGF19 FGF3 FGF4
FGFRI FGFR2 FGFR3 FGFR4 FLCN FLTI FLT3 FLT4 FOXL2 FOXO01
FOXPI FURIN FYN GATAI GATA2 GATA3 GNAII GNAI2 GNAI3 GNAQ
GNAS GNBI GRIN24 GSK3B HIi-2 H2BCS5 H3C2 H3CS8 HDACI HDAC4
HDAC7 HGF HIFI4 HISTIHIB HISTIHID HISTIHIE | HISTIH2AC | HISTIH2AG | HISTIH2AL | HISTIH2AM
HISTIH2BC | HISTIH2BG | HISTIH2BJ | HISTIH2BK | HISTIH2BO HLA-A HNFIA HRAS ID3 IDH1
IDH2 IGF1 IGFIR IGF?2 IKBKE IKZF1 IKZF3 IL7R INPP4B IRF1
IRF4 IRFS8 IRS2 JAKI JAK2 JAK3 JARID2 JUN KDM5A4 KDM5C
KDMo6A KDR KEAPI KIT KMT24 KMT2B KMT2C KMT2D KMT54 KRAS
KSR2 LCK LMO1 LTB MALTI MAP2K1 MAP2K2 MAP2K4 MAP3K1 MAP3K13
MAP3K14 MAPK]1 MAPK3 MCLI MDM?2 MDM4 MEDI2 MEF2B MENI MET
MGA MGAM MITF MLHI MOB3B MPEGI1 MPL MREI1 MSH?2 MSH6
MTOR MUTYH MYC MYCL MYCN MYDS88 NBN NCORI NCOR2 NCSTN
NF1 NF2 NFE2 NFE2L2 NKX2-1 NOTCHI NOTCH2 NOTCH3 NOTCH4 NPM1
NRAS NSDI NT5C2 NTRKI NTRK2 NTRK3 P2RYS8 PAK7 PALB?2 PARPI
PAXS PBRM1 PCBPI PDCDI1 PDGFRA PDGFRB PDPK1 PDS5B PHF6 PIGA
PIK3C2G PIK3C3 PIK3CA PIK3CG PIK3R1 PIK3R2 PIM1 PLCGI PLCG2 PMS2
PNRCI POTI PPP2RIA PRDM1 PRKARIA PTCHI PTEN PTPNI PTPNII PTPN2
RAD21 RADS0 RADS1 RAD5IB RAD5IC RAD5ID RADS2 RADS4L RAF1 RARA
RBI REL RET RHOA RICTOR RNF43 ROBO1 ROSI RPTOR RRAGC
RTELI RUNXI RUNXITI SAMHD1 SDHA SDHB SDHC SDHD SETBP1 SETDIA
SETDIB SETD2 SETD3 SETD4 SETDS5 SETD6 SETD7 SETDBI1 SETDB2 SF3B1
SGK1 SH2B3 SMAD?2 SMAD4 SMARCA4 SMARCBI SMARCDI1 SMCIA SMC3 SMG1
SMO SOCS1 SOXx2 SP140 SPEN SPOP SRC SRSF2 STAG1 STAG2
STAT3 STATSA STATSB STAT6 STK11 SUFU SUZ12 SYK TBLIXRI TBX3
TENT5C TERT TETI TET2 TET3 TGFBR2 TNFAIP3 TNFRSF14 TOPI TP53
TP53 TP63 TRAF2 TRAF3 TRAFS 7SC1 78C2 TSHR TYK2 U24F1
U2AF2 UBRS5 | Z144 Z121 VHL WHSC1 WTI XBPI XPOI1 ZRSR2




Supplementary materials and methods

Patient cohort

CHL-RT diagnoses were identified over a study period extending from 1995 to 2022 (8 cases were diagnosed
between 1995 and 2004, 30 cases between 2005 and 2014, and 39 cases between 2015 and 2025). Patients were
allocated into type 1 and type 2 CHL-RT groups based on the diagnoses rendered by one of three pathologists (ESJ,
RK, or WX). All cases subsequently underwent blinded central pathology review by YM and WX for diagnostic
confirmation. This cohort included 27 type 1 and 50 type 2 patients, with ten of the type 2 patients exhibiting
pathology samples that showed only CHL without morphological and immunophenotypic evidence of previously
diagnosed CLL/SLL. Among the 50 type 2 CHL-RT, 43 cases were diagnosed with lymph node biopsies, and the
remaining 7 cases were diagnosed with bone marrow biopsies. Notably, four patients demonstrated both type 1 and
type 2 diseases in separate pathological samples; for the purposes of this study, these patients were classified as
having type 2 diseases. Detailed information on patient numbers from each contributing institution is shown in

Figure 1A. No publicly deposited datasets were generated or used in this study. No animals were used in this study.

Immunohistochemistry (IHC) and in situ hybridization (ISH)

The following antibodies or probe were used: PD-L1 (clone: E1L3N), PD-L2 (clone: D7U8C), MHC-I (clone: A4),
B2M (clone: A0072), HLA-DR (MHC-II) (clone: TAL 1BS5), CIITA (clone: 7-1H), EBV-encoded RNA (EBER) ISH

(Ventana, 760-1209). Appropriate positive and negative controls were included and confirmed for all antibodies.

Multiplexed immunofluorescence (mIF)

Heat-induced epitope retrieval (HIER) was conducted using Epitope Retrieval Solution 2 (ER2, Leica) for 30
minutes. Each primary antibody—CD68 (clone PM-G1, Agilent Technologies), PAXS5 (clone D7H5X, Cell
Signaling Technology), CD86 (clone E2GS8P, Cell Signaling Technology), CTLA-4 (clone CAL49, abcam), LEF1
(clone EPR2029Y, abcam), and PD-1 (clone NAT105, Millipore Sigma) —was applied sequentially for 30 minutes
at room temperature. Antibody dilutions were optimized through prior titration on normal and neoplastic control
tissues. Secondary detection employed species-specific SuperBoost™ Poly HRP antibodies (ThermoFisher),
followed by tyramide signal amplification using the Opal 6-Plex Detection Kit (Akoya Biosciences). After each
round, antibodies were stripped via HIER with ER2. Slides were counterstained with 4',6-diamidino-2-phenylindole
(DAPI) and mounted using ProLong™ Gold antifade reagent (ThermoFisher). mIF-stained slides were scanned at
20% magnification using a Phenolmager (Akoya/Quanterix) whole-slide scanner. Whole-slide images were imported
into the HALO image analysis platform (version (4.0), Indica Lab). Cell segmentation was performed using the
HALO (Nuclei Seg V2) module, with nuclei identified based on DAPI staining. Marker positivity thresholds were

established using internal positive and negative controls and applied uniformly across all samples. Subsequently,



150 x 150 um regions of interest (ROIs) centered on Hodgkin and Reed-Sternberg (HRS) cells were manually
annotated to evaluate the tumor microenvironment within a 75 um radius. HRS cells were identified based on
nuclear size and morphology, as well as expression of CD86. Quantitative outputs, including the number of PD-1* T
cells (defined by co-expression of LEF1 and PD-1 in the absence of all other markers), CTLA-4* T cells (defined by
co-expression of LEF1 and CTLA-4 in the absence of all other markers), B cells (defined by expression of PAXS),
and histiocytes (defined by expression of CD68) within ROIs, were exported for downstream statistical analysis.

None of the CHL-RT cases analyzed by mIF had both type 1 and type 2 diseases in separate pathological samples.

Flow cytometric analysis

Flow cytometric studies were performed on all samples in a standard manner as part of routine clinical practice at
MSKCC. Tissue biopsy specimens were finely minced in RPMI 1640 growth medium using scalpel blades, then
filtered and resuspended in RPMI. Needle aspirates and biopsy needle rinses were suspended in RPMI. Cells in
RPMI were then stained with a 21-antibody assay (CD2, CD3, CD4, CDS5, CD7, CDS, CD10, CD14, CD19, CD20,
CD22, CD25, CD26, CD38, CD45, CD56, CD279 (PD-1), TCRys, TCRCP1, Kappa, Lambda) designed to evaluate
both B and T cells. Due to availability and periodic changes in clinical laboratory protocols, some cases were stained
with only portions of this modular panel separately. Following staining and incubation, cells were lysed, fixed,
washed, and resuspended. Up to 500,000 cells were acquired on a Fluorescence-activated cell sorting (FACS) Canto
10 color flow cytometer (BD), BD LSR Fortessa X-20 20 color flow cytometer (BD), or BD FACSymphony A3 28
color flow cytometer (BD). Results were analyzed with custom Woodlist software (generous gift of Wood BL,
Children’s Hospital of Los Angeles, Los Angeles, CA, USA). All assays were initially assessed by a single
pathologist (A.C.).

Combined CD30 immunofluorescence and PD-L1/PD-L2 FISH analysis

Following immunophenotyping with mouse anti-CD30 antibody (clone: Ber-H2) labeled with
aminomethylcoumarin acetate (AMCA), a blue fluorescent dye, the tissue slides with coverslips were briefly
reviewed and documented under a fluorescence microscope to assess the intensity and quality of CD30 staining.
After removing the coverslips, the slides were washed in 2x saline-sodium citrate (SSC) buffer at room temperature
for 5 minutes, then fixed in 10% neutral buffered formalin for 20 minutes. The slides were subsequently dehydrated
in ascending alcohol concentrations (70%, 85%, and 100%) for 5 minutes each. Next, the slides underwent
pretreatment with a 20 mM citrate buffer and 1% NP-40 mixture (pH 6.0-6.5) for 10 minutes, followed by protease
digestion at 40°C for 10-15 minutes (Abbott Molecular, Des Plaines, IL). The dehydration process was repeated
with 2-minute immersions in 70%, 85%, and 100% alcohol. For fluorescence in situ hybridization (FISH), probes
for PD-L1 (Spectrum Orange) and PD-L2 (Spectrum Green) (both from Empire Genomics, Buffalo, NY) were used,
along with CEP9 (Spectrum Aqua) (Abbott Molecular, Des Plaine, IL) as an internal control for chromosome 9 copy
number (all from Genomic Empire, Buffalo, NY). FISH testing follows the standard protocol. Briefly, after applying



the FISH probes to the tissue areas, both tissue and probes were co-denatured at 94° C for 7 minutes, and then
incubated at 37° C overnight, followed by post-hybridization washing in 2xSSC/0.3% NP-40 at 77° C for one
minute. The sections were counterstained with an antifade medium lacking DAPI (Vector Laboratories, Burlingame,
CA). Slides were examined under a fluorescence microscope equipped with appropriate filters for CD30

immunofluorescence and PD-L1/PD-L2 and CEPY probes.

Next-generation sequencing (NGS)

The NGS was performed by MSK-IMPACT (Integrated Mutation Profiling of Actionable Cancer Targets)-Heme
assay, a hybrid-capture-based platform designed to capture all canonical exons of 400 key oncogenes and tumor
suppressor genes implicated in hematologic malignancies. This includes genes that are either druggable by approved
therapies or are targets of experimental therapies currently under investigation in clinical trials at our institution.
Unlike the paired sequencing approach used in routine clinical practice, which incorporates matched normal tissue
to distinguish somatic from germline variants, the NGS analyses in this study were performed without matched
normal controls. Consequently, germline variants and patient-specific single nucleotide polymorphisms (SNPs) may

be present in the data.

NGS was performed on bulk CLL/SLL FFPE tissue from 17 patients with type 1 CHL-RT and 15 patients with type
2 CHL-RT, two separate bulk CLL/SLL FFPE tissue from a patient who exhibited either type 1 or type 2 CHL-RT in
different samples, and bulk FFPE tissue from three patients with type 2 CHL-RT with samples showing only CHL
with a high density of HRS cells (comprising more than 10% cellularity) but no morphologic and flow cytometric
evidence of previously diagnosed CLL/SLL. In addition, macrodissection was performed on samples from three
patients with type 2 CHL-RT who displayed distinct areas that were enriched for either CLL/SLL or CHL, allowing
for separate analysis of the CLL/SLL and CHL components. In total, NGS was performed on 43 samples from 39
patients, comprising 18 CLL/SLL samples from type 1 CHL-RT, 19 CLL/SLL samples from type 2 CHL-RT, and 6
CHL-enriched samples from type 2 CHL-RT.

Statistical analysis

Numerical data were analyzed using Student's t-test. Categorical data were compared by Fisher’s exact test. Overall
survival was calculated from the initial date of diagnosis until the date of death or last follow-up. Survival data were
visualized using Kaplan-Meier curves and analyzed with the two-sided log-rank (Mantel-Cox) test. The statistical
analysis was performed using GraphPad Prism (RRID:SCR 002798) or R (version 4.2.2). The oncoplot was
generated by ggplot2 (RRID:SCR_014601) in R (version 4.2.2). Statistical significance was defined as a p-value
less than 0.05. Given the rarity of the disease, all eligible patients identified during the study period were included.

No formal sample size calculation was performed, as the cohort size was constrained by case availability.





