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ABSTRACT
Nodular lymphocyte-predominant Hodgkin lymphoma (NLPHL) is a rare B-cell

malignancy with an indolent course, yet some cases relapse or transform to T-
cell/histiocyte-rich large B-cell ymphoma (THRLBCL). Biological factors underlying
poor outcomes in NLPHL are largely unknown, and the relationship between
THRLBCL and untransformed NLPHL has not been systematically defined. We
analyzed 178 NLPHL and 22 THRLBCL cases using whole-transcriptome RNA
sequencing and clinical data. NLPHL patients were younger, had limited-stage
disease, and better outcomes than THRLBCL patients. Variant immuno-architectural
patterns (IAP) in NLPHL showed THRLBCL-like transcriptional profiles, especially
with splenic involvement and high Lymphocyte-Predominant International Prognostic
Score (LP-IPS). In-silico deconvolution of the tumor microenvironment (TME)
revealed B-cell enrichment in classic NLPHL, intermediate profiles in variant NLPHL,
and increased activated CD4+ and CD8+ T-cells and macrophages in THRLBCL.
Higher follicular helper T-cell content was associated with shorter event-free survival
in an exploratory analysis. NLPHL cases showed strong B-cell and T-helper
signatures, whereas THRLBCL cases were enriched for macrophage and cytotoxic
T-cell pathways and expressed higher immune checkpoint genes, suggesting an
immunosuppressive TME. Signatures defined a spectrum from classic to variant
NLPHL and THRLBCL. External validation in independent cohorts reproduced this
gradient, supporting a continuous microenvironmental spectrum spanning NLPHL
and THRLBCL.



INTRODUCTION

Nodular lymphocyte-predominant Hodgkin lymphoma (NLPHL), also referred to as
nodular lymphocyte-predominant B-cell ymphoma (NLPBL)', is a rare B-cell
malignancy characterized by unique clinicopathological features, with a global
incidence of approximately 1-3 cases per million annually’-2. Compared to classic
Hodgkin lymphoma (cHL), NLPHL predominantly affects middle-aged males, usually
presenting with isolated peripheral lymphadenopathy?. Although the clinical course of
NLPHL is generally indolent and survival rates in young adults approach those of the
general population, some patients experience recurrent disease and/or
transformation to T-cell/histiocyte-rich large B-cell ymphoma (THRLBCL), an

aggressive lymphoma associated with poor outcomes*~’.

The histological complexity of NLPHL is captured by the Fan classification, which
comprises six immuno-architectural patterns (IAP; patterns A—F)8. Classic patterns
(A—B) exhibit malignant cells within a predominantly nodular B cell-rich tumor
microenvironment (TME), while variant patterns (C—F) feature extrafollicular LP cells
and/or a more diffuse and T-cell-rich TME2. In particular, variant pattern E closely
resembles THRLBCL, complicating accurate diagnosis?2. Additional NLPHL
architectural patterns beyond the Fan classification have also been described?®.
The prognostic significance of the IAP classification in NLPHL is controversial. Early
studies suggested that variant patterns correlate with worse clinical outcomes®11,
and a pooled GHSG analysis of 583 patients reported significantly worse outcomes
for patterns D-E versus A-C and F'2. In contrast, a large international retrospective
study conducted by the Global NLPHL One Working Group found no independent
prognostic significance of individual patterns after adjusting for relevant clinical
parameters'3. Instead, the study introduced the Lymphocyte-Predominant
International Prognostic Score (LP-IPS), which assigns one point each for the
following criteria: age 245 years, stage IV disease, hemoglobin level <105 g/L,
and splenic involvement'3. Higher LP-IPS scores (22 points) were significantly
associated with worse progression-free survival, overall survival, and an increased
risk of transformation’. These conflicting data highlight an unmet need to define
whether variant patterns add prognostic value beyond established clinical risk
factors.



Despite their distinct clinical presentations, NLPHL and THRLBCL share overlapping
morphological and immunophenotypic characteristics, notably sparse malignant B
cells embedded within an immune-rich TME"2. Prior comparative studies analyzing
gene expression profiles, copy number variations, and mutational landscapes
underscore significant similarities between the malignant cells of both entities,
suggesting a potential continuum between NLPHL and THRLBCL'#-"°. The main
distinctions relate to differences in TME composition and cellular interactions.

Earlier profiling of the non-malignant TME component suggested that THRLBCL
exhibits a more tolerogenic immune profile than NLPHL?°. Recently, Subramanian
et al. conducted a large multimodal analysis of 171 NLPHL cases, defining 34 cell
states across 14 lineages to organize NLPHL cases into three
lymphocyte-predominant ecotypes (LPE1-3) with prognostic associations?'. Notably,
these associations were affected by whether patients received single-modality
therapy or combined-modality therapy?'. Another large study used NanoString-based
profiling to examine immune checkpoint biomarkers in NLPHL and classic Hodgkin
lymphoma and reported enrichment of PDCD1 (PD-1) and TIGIT expression in
NLPHL?2.

In addition, studies using high-plex immunofluorescence have recently advanced our
understanding of the TME, highlighting its structured cellular composition and spatial
organization, and further emphasizing the role of the TME in shaping clinical
behavior?324, Although the importance of the TME in NLPHL and THRLBCL is
evident, genomic studies have historically focused predominantly on malignant cells,
overlooking broader TME implications. To address this gap, we performed
comprehensive gene expression profiling of tumors in a large, multicenter cohort of
NLPHL and THRLBCL patients as part of the Atlas of Blood Cancer Genomes
(ABCG) initiative. Importantly, the tumor samples comprised malignant cells
embedded within the TME, allowing us to investigate the role of the TME in tumor
dynamics and patient outcomes.



METHODS

Cohort and pathology review

The cohort included formalin-fixed paraffin-embedded (FFPE) tumor samples from
178 patients with NLPHL and 22 patients with THRLBCL, collected across 24
institutions as part of the Atlas of Blood Cancer Genomes (ABCGQG) initiative. Tissue
biopsies and clinical data were collected with local institutional review board approval
at each center in accordance with the Declaration of Helsinki. Written informed
consent was waived because the study was retrospective and patient information
was de-identified. A central panel of expert hematopathologists confirmed each
diagnosis and classified NLPHL into immuno-architectural patterns (IAP) A to F using
established histologic criteria. All THRLBCL cases were de novo, with no
documented prior history of NLPHL. Sample timing relative to diagnosis is detailed in

the Supplementary Methods.

RNA sequencing and processing

Nucleic acid extraction and library preparation used the Duoseq Research Kit (Data
Driven Bioscience, Durham, NC) in RNA mode. Libraries were sequenced on the
lllumina NovaSeq X platform. Two hundred cases met whole-transcriptome RNA
sequencing (RNA-seq) quality standards. Reads were trimmed, aligned to the
human genome (GRCh38), and quantified at the gene level.?53' Counts were
restricted to protein-coding genes and normalized with DESeq2.3? Immune-cell
fractions were estimated with FARDEEP using the LM22 leukocyte signature
matrix.3334 Full pipeline steps and software versions are provided in the

Supplementary Methods.

Expression signature and external validation

Differential expression was assessed with DESeq2 across sequential and grouped
IAP comparisons. A top-scoring pair (TSP) approach was used to derive a signature
separating classic NLPHL, variant NLPHL, and THRLBCL.3® Samples were split
75/25 into training and test sets, stratified by splenic involvement. Signature
performance was assessed in the test set and across 1,000 bootstrap iterations. The

signature was then applied without refitting to two independent public cohorts, Van



Loo et al.?? and Subramanian et al.?" Gene selection, scoring, and cohort handling

are described in the Supplementary Methods.

Pathway and statistical analysis

Over-representation analysis was performed with clusterProfiler,3¢ using xCell,
CIBERSORT, and MSigDB Hallmark and canonical pathway (C2) gene sets as the
universe.?-3 All analyses used R version 4.5.0. Heatmaps and volcano plots were
generated with pheatmap and EnhancedVolcano.*%4! Principal component analysis
and permutational multivariate analysis of variance (PERMANOVA) were used to
compare the diagnoses. Survival analyses of Tth content were exploratory and
corrected for multiple testing. In the Subramanian cohort, the score and the Tfh
fractions were tested against freedom from progression with LP-IPS-adjusted Cox
models (Supplementary Methods). Categorical variables were compared with the
Fisher exact test and continuous variables with the Wilcoxon rank-sum test.
Discrimination was quantified by receiver operating characteristic area under the
curve (ROC-AUC). Survival was analyzed by Kaplan-Meier estimation with the log-
rank test and by univariable and multivariable Cox regression, reported as hazard
ratios (HR) with 95% confidence intervals (Cl).4?43 Overall survival (OS) was
measured from diagnosis to death from any cause. Event-free survival (EFS) was

measured from diagnosis to progression, transformation, or death from any cause.

RESULTS

Patient characteristics and clinical outcomes

Table 1 summarizes the baseline clinical features. Patients with NLPHL were
significantly younger at diagnosis compared to those with THRLBCL (median age: 42
vs 55 years). Both entities predominantly affected males (71% NLPHL, 84%
THRLBCL). Limited-stage disease (68%) and a low LP-IPS score (0—1 point, 76%)
were more common in NLPHL, whereas THRLBCL patients frequently presented
with advanced-stage disease (89%) and a higher rate of splenic involvement (53%).
All THRLBCL cases were de novo, with no prior history of NLPHL documented at
diagnosis.

Of the reviewed NLPHL cases, IAP could be assessed in 140 samples (79%),
among which classic patterns A—B were most frequent, accounting for 61%



(Supplementary Table S1). Among NLPHL patients, those with splenic involvement

were older at diagnosis (median age: 49 vs. 40 years, p = 0.02).

Treatment modalities varied by disease stage and diagnosis. Radiotherapy was most
commonly administered for limited-stage NLPHL (39%), while chemotherapy, mainly
ABVD, was the most common regimen for advanced-stage disease (73%)
(Supplementary Table S1). Rituximab was included in first-line therapy in
approximately one-third of NLPHL cases. In contrast, nearly all THRLBCL patients

received R-CHOP immunochemotherapy.

With a median follow-up of 6.4 years (range 0-39 years), NLPHL patients exhibited
favorable outcomes, including a 5-year OS rate of 96% and an EFS rate of 78%
(Figure 1A-B). However, 30 NLPHL patients experienced relapse, and transformation
to aggressive lymphoma occurred in five cases. Patients with THRLBCL had
significantly worse prognosis, with 5-year OS and EFS rates of 70% and 47%,
respectively (Figure 1A-B).

Adverse prognostic factors identified in NLPHL included advanced stage (Figure 1C-
D, OS, p =0.03; EFS, p <0.01), presence of splenic involvement (Figure 1E-F, OS
and EFS, p <0.01), and LP-IPS =2 points (Figure 2A-B, OS and EFS, p <0.01).
Variant patterns were associated with a trend toward poorer survival (Figure 2C-D).
However, these differences did not reach statistical significance (OS, p = 0.1; EFS, p
=0.2).

Gene expression profiles reveal distinct immune landscape signatures in
NLPHL and THRLBCL

Principal component analysis showed that NLPHL and THRLBCL occupy a largely
shared transcriptional space, with the THRLBCL cases shifted along the first
component rather than forming a separate cluster (Figure 3A). Diagnosis accounted
for only 2.6% of the total variance in gene expression (PERMANOVA p = 0.0001).
Accordingly, 19 of 22 THRLBCL cases fell inside the ellipse holding 95% of the
NLPHL distribution, and the three outside had advanced-stage disease. The shift
was toward the variant patterns. Over all genes, 21 of 22 THRLBCL cases lay closer
to the average expression profile of variant than of classic NLPHL (p = 0.002).



NLPHL showed marked upregulation of canonical B-cell-associated and stromal
genes (e.g. MS4A1/CD20, CD79B, and COL19A1) (Figure 3B, Supplementary Table
S6). In contrast, THRLBCL exhibited elevated expression of genes associated with
macrophage activation and monocyte differentiation (e.g., MT1G, CD163, FCGR1A)
and higher expression of immune checkpoint-related genes (HAVCR2/TIM-3, IDO1),
as well as T-cell-associated genes (GZMH), suggesting cytotoxic T-cell activity
(Figure 3B, Supplementary Table S6).

Figure 3C shows a supervised heatmap in which genes were pre-selected by
differential expression analysis and samples ordered by diagnostic class. Ordering
NLPHL samples by IAP highlighted distinct expression patterns across IAP
categories. NLPHL cases with classic patterns showed strong B-cell-associated
signatures, whereas variant patterns, particularly IAP E, displayed intermediate
gene-expression profiles that more closely resembled THRLBCL. NLPHL cases with
splenic involvement demonstrated substantial transcriptional overlap with THRLBCL
and were enriched for variant patterns, further supporting their biological proximity to
THRLBCL. In addition, NLPHL cases with a high LP-IPS (=2 points) or advanced
stage showed gene-expression patterns that shifted toward a THRLBCL-like profile
(Figure 3C). In contrast, we did not identify distinct transcriptional signatures
associated with adverse clinical outcomes (relapse, transformation, or death) or with
patient sex among NLPHL cases.

Figure 4A and Supplementary Table S2 illustrate a transcriptional continuum as
NLPHL progresses through IAP categories and ultimately toward THRLBCL. In
pairwise comparisons, expression of differentially expressed genes was associated
with macrophage activation and increased inflammation. T-cell cytotoxicity increased
gradually through the IAP categories, being highest in THRLBCL. Conversely, the
genes in the B cell lineage were downregulated along the same trajectory.
Overrepresentation analysis of upregulated genes (Figure 4B) highlighted
enrichment of innate immunity and macrophage-associated pathways, whereas the
corresponding analysis of downregulated genes (Figure 4C) emphasized loss of B-
cell receptor signaling and B-cell maturation signatures.

Expression analysis captures transcriptional continuum from NLPHL to
THRLBCL
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To investigate the transcriptional continuum from NLPHL IAP A-E to THRLBCL, we
developed robust gene signatures using the top scoring pair analysis (TSP) method
(Supplementary Table S4). IAP F was excluded from this analysis due to the small
number of available cases (n=4). This approach identified gene pairs that reliably
differentiated between classic NLPHL, variant NLPHL, and THRLBCL across the
entire cohort. The resulting heatmap illustrated progressive transcriptional shifts
correlating with IAP progression from classic NLPHL (IAP A-B) to variant NLPHL (IAP
C-E), culminating in THRLBCL (Figure 5A).

Gene pairs selected for the TSP signature consisted of one immune-response-
related gene upregulated in THRLBCL or variant NLPHL, paired with one B-cell-
related gene significantly upregulated in classic NLPHL. This approach yielded two
major expression signatures: a B-cell signature and an immune signature.
Aggregated signature scores showed significant differences across individual
patterns and IAP categories in both training and test datasets as well as
bootstrapped datasets (Supplementary Table S5). Classic NLPHL cases exhibited
the lowest scores, variant NLPHL showed intermediate values, and THRLBCL
displayed the highest scores, confirming a stepwise molecular transition along the
disease spectrum (Figures 5B—E). An independent, cross-validated classifier
reproduced this ordering, yielding out-of-fold THRLBCL probabilities that increased
from classic NLPHL through variant NLPHL to THRLBCL (AUC 0.95; Spearman p =
0.61, p <0.001; Figure S1).

External validation of the immune/B-cell signature score

We next tested whether the signature score generalizes to independent public
datasets. In Van Loo et al.?° (GSE7788; 10 NLPHL and 10 THRLBCL), the score
robustly separated THRLBCL from NLPHL (ROC-AUC=1.00; Wilcoxon p < 0.01;
Figure S2). In Subramanian et al.?", restricting to cases with unambiguous IAP
patterns and pooling the published training and validation cohorts (Classic n=71;
Variant n=31) showed higher scores in variant compared with classic NLPHL (ROC-
AUC=0.80; Wilcoxon p < 0.01; Figure S3; Supplementary Table S9). In that cohort
the score was also higher in patients with high LP-IPS or advanced stage

(Supplementary Table S11).
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Tumor microenvironment deconvolution highlights cellular differences
between NLPHL and THRLBCL

Given that gene expression in these cases predominantly stems from the TME due
to the sparsity of malignant cells, we estimated relative immune cell proportions
across NLPHL and THRLBCL by in silico cell-type deconvolution. Analysis revealed
notable differences in immune cell composition among classic NLPHL, variant
NLPHL, and THRLBCL (Figure 6A, Supplementary Table S3). Consistent with
histopathological observations and gene expression data, classic NLPHL showed a
higher relative abundance of B cells, including both memory B-cell (Figure S4A) and
naive B-cell subsets (Figure S4B). Macrophage composition varied notably among
the entities, with THRLBCL showing significantly elevated proportions of both M1-like
(Figure 6B) and M2-like macrophages (Figure 6C) compared to classic and variant
NLPHL. However, classic and variant NLPHL did not differ significantly in M2-like

macrophage proportions.

THRLBCL exhibited the highest proportion of activated CD4+ memory T cells,
followed by variant and classic NLPHL (Figure S4C). In contrast, resting CD4+
memory T cells showed an inverse pattern, being significantly more abundant in
classic NLPHL and decreased in variant NLPHL and THRLBCL (Figure S4D).
Follicular helper T cells (Tfh; Figure 6D) were significantly more abundant in both
classic and variant NLPHL compared to THRLBCL, with no significant differences
between NLPHL subgroups. Finally, THRLBCL displayed the highest infiltration of
CD8+ T cells (Figure S4E), accompanied by a significant reduction in naive and
memory B-cell populations.

Activated NK cells (Figure S4F) and resting NK cells (Figure S4G) were significantly
enriched in THRLBCL compared to both classic and variant NLPHL, although no
significant difference was found within NLPHL IAP subgroups. Regulatory T-cell
fractions (Figure S4H) were comparable across all groups. Neutrophils, although
rare, were most abundant in THRLBCL (Figure S4l).

Integration of clinical data showed that higher proportions of cytotoxic and activated
T-cell subsets in NLPHL correlated with advanced stage, higher LP-IPS scores, and
splenic involvement, consistent with their transcriptional profiles aligning more

closely with THRLBCL. Interestingly, among the 22 deconvolved populations, a high

12



(above median) proportion of Tfh cells showed the strongest association with EFS
(HR 2.67, 95% CI1 1.21-5.87; log-rank p = 0.011), although no population remained
significant after correction for multiple testing (q = 0.22; Supplementary Table S10).
Notably, patients with high Tth cell levels exhibited elevated expression of genes
associated with cytotoxic T-cell immunity (CD5, GZMK) and higher expression of
immune checkpoint-related genes (TOX, PDCD1/PD-1, CTLA4, TIGIT)
(Supplementary Table S7). Within the high LP-IPS stratum (Figure 7A-B), baseline
clinical characteristics, including age, sex, and stage, were equally distributed
between patients with high versus low Tfh cell abundance. However, splenic
involvement was more frequent in patients with high Tth (70% vs 36%)
(Supplementary Table S8). The Tfh association was not confirmed in the
Subramanian cohort (HR 1.43, 95% CI 0.68-3.04, adjusted for LP-IPS). In that
cohort, the LP-IPS itself was not prognostic either (Supplementary Table S11). All

four transformations in our cohort occurred in Tfh-high patients.

These results indicate that NLPHL and THRLBCL represent a transcriptional and
microenvironmental continuum, and that NLPHL cases with THRLBCL-like
microenvironmental and clinical features (splenic involvement, high LP-IPS) are
associated with poorer outcomes, whereas the remaining NLPHL cases generally

follow a favorable course.

DISCUSSION

In this study, we systematically analyzed a cohort of 200 patients with NLPHL and
THRLBCL, providing a comprehensive evaluation of gene expression profiles,
immune microenvironment composition, and their associations with clinical and
pathological characteristics. Centralized pathology review conducted by expert
hematopathologists ensured consistent classification and accurate diagnosis across
cases, emphasizing the critical role of international collaboration in studying rare

hematological malignancies.

Comparative molecular profiling that jointly examined both NLPHL and THRLBCL
has historically been limited to small cohorts. Van Loo et al. analyzed a microarray
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dataset comprising 10 NLPHL and 10 THRLBCL cases and reported transcriptional
features consistent with a more tolerogenic host immune response in THRLBCL?.
A relationship between NLPHL and THRLBCL has been proposed repeatedly. The
morphological overlap was recognized early, with the description of a diffuse T-
cell/histiocyte-rich pattern within NLPHL® and of NLPHL with nodules resembling
THRLBCL“5. The LP cells are a clonal population of germinal-center-derived B cells
with somatically mutated immunoglobulin genes®. Studies of the malignant cells
have shown that microdissected LP cells resemble tumor cells of THRLBCL, that
their expression profiles are highly similar'®, and that they share genomic imbalances
6. The same genes are recurrently mutated in both entities'”'°, as whole-genome
sequencing has recently confirmed'8. An earlier comparative genomic hybridization
study, however, reported distinguishable patterns*®. Clonally related transformation
from NLPHL to aggressive B-cell ymphoma has been demonstrated in a subset of
patients*’. Graded microenvironmental alterations across this spectrum have also

been described4®.

Recently, Subramanian et al.?! presented a large NLPHL-focused multimodal atlas
that combined bulk RNA-seq with digital deconvolution and EcoTyper** to derive 34
cell states across 14 lineages, which organize into three lymphocyte-predominant
ecotypes (LPE1-3). LPE3 was associated with worse freedom-from-progression
after single-modality therapy but not after combined-modality therapy, and
incorporating LPE3 into LP-IPS improved relapse prediction?'. In contrast, our study
was explicitly designed to quantify and model the transcriptional relationship
between NLPHL (across IAP categories) and THRLBCL, and to link this molecular
continuum to clinically actionable risk features, including splenic involvement and LP-
IPS. The two studies are complementary, and the published Subramanian data

allowed an external test of our signature.

Our cohort enabled us to investigate the transcriptional divergence between NLPHL
and THRLBCL, highlighting distinct molecular signatures that define each entity.
NLPHL was characterized by strong B-cell-related gene expression and immune
pathways involving naive and helper T cells. In contrast, THRLBCL displayed

pronounced macrophage-, monocyte-, and cytotoxic T-cell-associated signatures,
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consistent with its immunologically active and histiocytic-rich TME. Furthermore,
variant NLPHL cases showed intermediate transcriptional profiles, reinforcing a
transcriptional continuum from classic NLPHL to THRLBCL. To capture this spectrum
quantitatively, we derived a robust immune/B-cell signature score that showed strong
external validity in independent public datasets, maintaining its discriminative
performance without refitting or reweighting. In the Van Loo et al. cohort?°, the score
separated NLPHL from THRLBCL (ROC-AUC = 1.00), and in the Subramanian et al.
cohort?! it discriminated variant from classic NLPHL (ROC-AUC = 0.80). The score
tracks clinical risk features but was not itself associated with outcome in either cohort
(Supplementary Table S11). These transcriptional programs are therefore
reproducible across platforms and cohorts and could aid classification in

diagnostically challenging cases.

Our examination of the tumor microenvironment provided further insights into cellular
compositions, with classic NLPHL showing a predominant B cell-rich TME, while
variant NLPHL and THRLBCL demonstrated increasing infiltration of activated T cells
and macrophages. Notably, NLPHL cases with splenic involvement exhibited
significant transcriptional and TME overlap with THRLBCL, supporting the clinical

observation that splenic involvement indicates a high-risk phenotype.

Clinically, our analyses confirmed the prognostic significance of the LP-IPS score
and disease stage in NLPHL, and showed that these clinical factors closely align
with the molecular features typical of THRLBCL. Notably, NLPHL patients with a
higher proportion of Tfth cells had shorter EFS in an exploratory analysis. This is
paradoxical, as Tfh cells are typically associated with preserved nodular architecture
in NLPHL and are virtually absent in THRLBCL. One explanation is that these cells
are functionally exhausted rather than supportive, since patients with high Tfh cell
levels co-expressed immune checkpoint genes including TOX, PDCD1, CTLA4, and
TIGIT. The association did not, however, survive correction for multiple testing and
could not be separated from splenic involvement (Supplementary Table S10). It was
not confirmed in the Subramanian cohort, which has a progression-only endpoint
and shorter follow-up. Whether immune cell composition adds prognostic information
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to the LP-IPS therefore remains open and needs testing in larger cohorts with

harmonized endpoints.

We observed higher expression of checkpoint genes in THRLBCL and in high-risk
NLPHL, including patients with elevated Tth cell proportions and high LP-IPS.
Notably, HAVCR2 (TIM-3) and LAG3 were progressively upregulated across NLPHL
IAP categories toward THRLBCL. IDO1 and PDCD1LG2 were most prominently
enriched in THRLBCL, supporting a gradient of increasing immune checkpoint
activity along the biological spectrum. Gunawardana et al. similarly reported higher
expression of immune checkpoint genes in NLPHL than in classic Hodgkin
lymphoma using NanoString?2. Taken together, these data support checkpoint-
associated microenvironment states in NLPHL and motivate future studies to define

their cellular sources and spatial organization.

While the strengths of our study include a large multicenter cohort, centralized
pathology review, and standardized sequencing at a single center, we also recognize
some limitations. Incomplete clinical data for some cases, treatment heterogeneity
across institutions, and the inclusion of specimens collected at relapse or at an
unconfirmed time point rather than exclusively at initial diagnosis limited our ability to
comprehensively analyse clinical outcomes. Furthermore, the relatively small
number of clinical events, particularly within NLPHL, restricted our capacity to
robustly associate specific gene expression patterns with clinical outcomes such as
death, relapse, or transformation. In addition, because our profiling is based on bulk
transcriptomics and in silico deconvolution, we cannot directly resolve the spatial
localization of checkpoint-expressing cells or infer functional immune-checkpoint
activity. Because the malignant cells are sparse, the bulk transcriptome mostly
reflects the microenvironment. Whether the malignant cells of NLPHL and THRLBCL
are the same cannot be settled with our data. Thus, our results motivate subsequent
spatially resolved and functional validation studies. Finally, the cross-sectional

design precluded longitudinal profiling of individual patients across disease states.
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Nonetheless, our findings deepen the biological understanding of NLPHL and
THRLBCL, highlighting a transcriptional continuum between these entities and
identifying splenic involvement as a potential indicator of aggressive disease biology.
To date, THRLBCL has been considered a distinct entity’-2. However, our data show
that the microenvironment draws no sharp line between the two. This is in keeping
with the clinical picture, in which a THRLBCL-like pattern occurs within NLPHL and
THRLBCL can arise after NLPHL. Whether THRLBCL should be regarded as a
subset of NLPHL is for studies of the malignant cells'#-'946 and for the classification
bodies*® to decide. Indeed, the International Consensus Classification has already
renamed NLPHL as NLPBL, citing its close relationship to THRLBCL as one of the

reasons’.

Taken together, this study provides a systematic quantitative characterization of the
transcriptional continuum across all NLPHL IAP categories and THRLBCL. It also
derives a molecular signature of this spectrum that is reproducible across
independent cohorts and sequencing platforms. Further studies, ideally prospective
and incorporating standardized treatment protocols, are warranted to test whether
immune cell composition adds prognostic information to the LP-IPS and to explore
the clinical utility of the signature. Our work also highlights the importance of large-
scale international collaborations in advancing research on rare lymphomas, laying a

foundation for future translational and clinical studies.
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TABLES

Table 1. Patient demographics

Characteristic

NLPHL (N = 178)

THRLBCL (N = 22)

Age at diagnosis, median
(IQR), years

42.0 (27.1-54.9), N=165

55.4 (37.4-65.9), N=17

Missing, n 13/178 5/22

Sex

Male 117/165 (70.9%) 16/19 (84.2%)
Female 48/165 (29.1%) 3/19 (15.8%)
Missing, n 13/178 3/22

Stage

Limited 97/143 (67.8%) 2/18 (11.1%)
Advanced 46/143 (32.2%) 16/18 (88.9%)
Missing, n 35/178 4/22

Splenic involvement

Yes

18/149 (12.1%)

8/15 (53.3%)

No 131/149 (87.9%) 7115 (46.7%)
Missing, n 29/178 7122
LP-IPS

High (=2) 32/132 (24.2%) —
Low (0-1) 100/132 (75.8%) —
Missing, n 46/178 —
IAP

A 58/140 (41.4%) —1
B 28/140 (20.0%) —1
C 21/140 (15.0%) —1
D 16/140 (11.4%) —1
E 13/140 (9.3%) —
F 4/140 (2.9%) —7
Missing, n 38/178 —

First-line therapy

Watch and wait

16/135 (11.9%)

0/16 (0.0%)

Rituximab 9/135 (6.7%) 0/16 (0.0%)
Radiotherapy 35/135 (25.9%) 0/16 (0.0%)
Chemotherapy 48/135 (35.6%) 15/16 (93.8%)
Combined modality 27/135 (20.0%) 1/16 (6.3%)
treatment

Missing, n 43/178 6/22

Patient status

Alive 130/140 (92.9%) 8/15 (563.3%)
Dead 10/140 (7.1%) 7/15 (46.7%)
Missing, n 38/178 7/22

Values are n/N (%) with N the patients with available data, or median (Q1-Q3).

TDefined for NLPHL only. IAP, immuno-architectural pattern. LP-IPS, Lymphocyte-

Predominant International Prognostic Score.
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FIGURE LEGENDS

Figure 1. Survival outcomes and covariates in NLPHL and THRLBCL according

to stage and splenic involvement.

Overall survival (A) and event-free survival (B) for patients diagnosed with NLPHL
and THRLBCL.

Overall survival (C) and event-free survival (D) stratified by limited versus advanced-

stage disease in NLPHL patients.

Overall survival (E) and event-free survival (F) stratified by splenic involvement in
NLPHL patients.

Figure 2. Survival outcomes and covariates in NLPHL and THRLBCL according
to LP-IPS and IAP categories.

Overall survival (A) and event-free survival (B) stratified by LP-IPS category (low

risk, 0—1 point versus high risk, 22 points) in NLPHL patients.

Overall survival (C) and event-free survival (D) stratified by IAP category in NLPHL

patients.

Figure 3. Gene expression profiles differentiate between NLPHL and THRLBCL.

(A) Principal component analysis of NLPHL (green circles) and THRLBCL cases (red

squares). The dashed line is the 95% concentration ellipse of the NLPHL cases.

(B) Volcano plot depicting differentially expressed genes between NLPHL and
THRLBCL cases. Selected genes with absolute log2 fold change =1.5 and adjusted
P < 0.05 are highlighted.

(C) Heatmap of the differentially expressed genes of NLPHL and THRLBCL cases.
NLPHLs are separated by individual IAPs. Clinical annotations are displayed at the

top.
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Figure 4. Gene expression heterogeneity between NLPHL IAPs and THRLBCL.

{A) Heatmap displaying t-statistics from pairwise comparisons between successive
IAP categories, between IAP groupings, and between NLPHL and THRLBCL. Each
column represents a comparison contrast. Positive t-statistics indicate upregulation
in the second group, and negative t-statistics indicate downregulation. Selected
representative genes are highlighted. The t-statistics of all 185 genes are provided in

Supplementary Table S2B.

(B-C) Overrepresentation analysis plot from gene set enrichment analysis for

upregulated (B) and downregulated (C) genes.

Figure 5. Immune signatures in NLPHL and THRLBCL.

(A) Heatmap displaying expression of genes that reflect innate immunity (“Ilmmune
Signature”) and B cell-mediated immunity (“B-cell Signature”). Genes included in
each signature are indicated to the right. The individual IAPs and categories are

indicated at the top.

(B-C) Box plots showing TSP score by individual IAP and THRLBCL on the training
(C) and test sets (D).

(D-E) Box plots showing TSP score by IAP category and THRLBCL on the training
(D) and test sets (E).

All pairwise comparisons are significant at p<0.05 unless otherwise indicated.

Figure 6. Tumor microenvironment of NLPHL and THRLBCL.

(A) Heatmap displaying tumor microenvironment composition as calculated from
semi-supervised in silico cell-type deconvolution using the LM22 immune signature
matrix. Cell types are shown on the right. Clinical annotations are displayed at the

top.
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(B-D) Box plots displaying the relative proportion of the indicated cell types in each
IAP category and THRLBCL. All pairwise comparisons are significant at p<0.05

unless otherwise indicated. NS, not significant.

Figure 7. Survival of NLPHL patients according to LP-IPS category and

follicular helper T-cell abundance.

(A-B) Overall survival (A) and event-free survival (B) curves for patients diagnosed
with NLPHL stratified by LP-IPS category and the relative follicular T-helper cell
abundance. p, log-rank test across the four groups. The Tfh contrast within each LP-

IPS stratum is exploratory (Supplementary Table S10).
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Supplementary Methods

Sample collection, library preparation, and sequencing

The study cohort included formalin-fixed paraffin-embedded (FFPE) tumor samples from 178 patients
with NLPHL and 22 patients with THRLBCL, collected across 24 institutions globally as part of the
Atlas of Blood Cancer Genomes (ABCG) initiative. Tissue biopsies and clinical data were collected with
approval from the local institutional review board at each center. A central panel of expert
hematopathologists reviewed all cases to confirm the diagnosis of THRLBCL and to classify each
NLPHL case into immuno-architectural patterns (IAP) A to F using established histologic criteria. Of
the 178 NLPHL samples, 145 were obtained at initial diagnosis and 10 at relapse. Of the 22 THRLBCL
samples, 14 were obtained at initial diagnosis and 6 at relapse. All THRLBCL cases were de novo, with
no prior history of NLPHL documented in the clinical records. For the remaining samples, the timing
of the biopsy relative to diagnosis could not be confirmed.

All nucleic acid extractions and sequencing library preparations were performed with the Duoseq
Research Kit (EPXv3, Data Driven Bioscience, Durham, NC) in RNA mode, following the
manufacturer's protocol. All libraries were sequenced on the lllumina NovaSeq X platform and
analyzed according to manufacturer recommendations. Two hundred cases met the quality threshold
and satisfied whole-transcriptome RNA sequencing (RNA-seq) quality standards.

RNA sequencing pipeline

FASTQ files containing RNA-seq reads were trimmed using Trimmomatic (v0.39) in paired-end mode
to remove lllumina-specific adapter sequences and low-quality reads. The STAR aligner (v2.7.1) was
used to map RNA reads to the human genome and transcriptome (GRCh38.p12, Ensembl release 98,
with a PAR mask on chrY). Reads with at least one primary alighment to the human genome were
extracted using samtools (v1.13) and further filtered based on manufacturer recommendations using
GATK (v4.1.2.0). Transcript quantification was performed using salmon (v1.2.1), and the transcript-
level data were summarized to the gene level using the tximport (v1.14.2) library in R. The result was
a matrix representing the raw read counts for each gene per patient sample. This matrix was
restricted to include only the expression of the protein-coding genes captured by exome sequencing.
Genes with missing or uniformly low expression were excluded from further analysis, and the
remaining expressed genes were normalized across the entire sample set in R using the DESeq2
(v1.40.2) library. Immune-cell fractions were estimated using FARDEEP with the LM22 leukocyte
gene-signature matrix, as implemented for CIBERSORT and CIBERSORTx deconvolution.

Expression-based signature construction

NLPHL samples labeled with IAP A through E, along with THRLBCL samples, were each split into 75/25
train-test sets, stratified to maintain balanced spleen involvement across splits. Differential
expression analysis was conducted using DESeq2 on the training set for the following sequential IAP
comparisons: A versus B, B versus C, C versus D, D versus E, and E versus THRLBCL. Additional
grouped comparisons were performed between patterns A-B and C-E, as well as between all NLPHL
and THRLBCL training samples. A universe of 185 genes was defined by first selecting genes that were
differentially expressed (adjusted P value <0.1 and |log2 fold change| >0.5) in both the A-B versus C-
E and the NLPHL versus THRLBCL comparisons, or that were included in the LM22 gene list. This gene
set was then further restricted to those with log2 fold changes that consistently moved in the same
direction across successive comparisons spanning IAP A through E to THRLBCL. This universe was



used to select 15 top-scoring pairs (TSP), comprising 30 genes capable of distinguishing patterns A-B
and C-E using the R library switchBox. For this step, samples were classified into high-risk and low-risk
groups. Samples with spleen involvement, or IAP C through E, or THRLBCL were defined as high-risk,
and IAP A and B with no spleen involvement were defined as low-risk. The 15 selected pairs
(Supplementary Table S4) were fixed after training and applied unchanged to the test set and to the
bootstrap resamples. For each sample, we computed (i) a pairwise vote score, the number of pairs in
which the immune gene's expression exceeded that of its B-cell partner (range 0-15, ties counted as
0), and (ii) an aggregate score, the sum of the DESeq2-normalized counts of the immune genes minus
that of the B-cell genes. Both are given in Supplementary Table S5. For visualization (Figure 5B—E),
aggregate scores were transformed as log2(score + |min| + 1), where min is the lowest aggregate
score across all 158 samples. Performance was assessed in the test set. To further evaluate signature
generalizability, we performed 1,000 bootstrap iterations, assessing performance in distinguishing
both grouped patterns (A-B versus C-E) and individual patterns or diagnostic classes. Significance of
comparisons was assessed using the Wilcoxon rank-sum test.

External validation

External validation of the granular score was performed in two independent public cohorts without
refitting or reweighting. First, we analyzed the Van Loo et al. microarray dataset (GSE7788), which
includes 10 NLPHL and 10 THRLBCL cases. Affymetrix probe sets were mapped to gene symbols, and
for each gene, one probe with the highest variance across samples was selected before scoring.
Second, we analyzed the bulk RNA-seq transcripts-per-million (TPM) gene expression matrices and
corresponding clinical tables from Subramanian et al., which provide separate NLPHL training (n=109)
and independent validation (n=62) cohorts. For the comparison of primary classic versus variant
NLPHL, the published training and validation subsets were pooled. To enable an unambiguous classic
versus variant NLPHL comparison, we restricted analyses to cases confined to classic patterns A/B
only (A, B, or A/B) or confined to variant patterns C-F only. Cases spanning both A/B and C-F patterns,
or with missing or uncertain IAP annotation, were excluded. The granular score was computed for
each sample using the same pre-specified approach defined in our training cohort. Group differences
were assessed using the Wilcoxon rank-sum test, and discrimination was quantified using the
receiver operating characteristic area under the curve (ROC-AUC). In every cohort, the score is the
sum of the 15 immune genes minus the sum of the 15 B-cell genes (the pairings are given in
Supplementary Table S4), computed on each platform's own expression values: DESeq2-normalized
counts in our cohort, GC-RMA log2 intensities in the Van Loo data (one probe per gene, the probe
with the highest variance) and TPM in the Subramanian data. Supplementary Table S5 lists the raw
difference and Figure 5 shows its log2 after a constant shift. Figures S2 and S3 are on the external
platforms' scales. The rank-based pair vote (number of pairs in which the immune gene exceeds the
B-cell gene) was computed alongside and is reported in Supplementary Table S5 for our cohort and
Supplementary Table S9 for the external cohorts. AL139020.1 has no probe on the GPL570 array and
is absent from the Subramanian matrices, so 14 of the 15 pairs are used in the external cohorts.

Cross-validated confirmation of the continuum

To confirm that the classic to variant to THRLBCL ordering was not an artifact of the top-scoring-pair
construction, we trained an independent classifier using fully nested leave-one-out cross-validation

on the same DESeq2-normalized expression matrix. Within each outer fold, the 2,000 most variable

genes were selected and standardized (z-scored). These features were used to fit an L2-penalized



logistic regression with balanced class weights discriminating NLPHL from THRLBCL. The
regularization strength was tuned by five-fold inner cross-validation. Feature selection and
standardization were performed inside each fold so that no sample contributed to its own prediction.
The resulting out-of-fold THRLBCL probability was examined across NLPHL IAP categories and
THRLBCL (Online Supplementary Figure S1).

Pathway analysis

To delineate the biological processes underlying the differential expression between groups, we
performed an over-representation analysis of the model genes whose expression levels were
associated with the transcriptional continuum between NLPHL and THRLBCL. The analysis was
conducted using the clusterProfiler library in R. The overall pathway universe consisted of xCell and
CIBERSORT gene sets, as well as Hallmark and canonical pathway (C2) gene sets from the Human
Molecular Signatures Database (MSigDB).

Statistical analyses

All statistical analyses were performed with R (v4.5.0). Heatmaps were generated using the R
package pheatmap and volcano plots using EnhancedVolcano. The Fisher exact test was used to
assess differences in the frequency of dichotomous clinical variables. The Wilcoxon rank-sum test
was used for non-parametric comparisons between two groups. Discrimination performance was
quantified using ROC-AUC where indicated. For survival analysis, Kaplan-Meier estimates with the
log-rank test, as well as univariable and multivariable Cox regression, were used, implemented with
the R packages survival and survminer. Overall survival (OS) was defined as the time between the
date of diagnosis and death from any cause. Event-free survival (EFS) was defined as the time from
diagnosis to disease progression, transformation, or death from any cause.

Principal component analysis and PERMANOVA

Principal component analysis was run on the DESeq2-normalized, log2-transformed expression
matrix (16,852 genes, 200 samples, mean-centered and not scaled). The variance explained by
diagnosis was estimated with PERMANOVA on Euclidean distances (9,999 permutations). The 95%
concentration ellipse of the NLPHL cases was drawn in the PC1-PC2 plane assuming a bivariate
normal distribution. To place THRLBCL relative to the NLPHL patterns, the distance of each THRLBCL
case to the average expression profile of classic (n = 86) and of variant (n = 54) NLPHL was computed
over all genes (Euclidean distance on the same matrix, leaving out the 38 NLPHL cases without a
pattern assignment), and the median difference between the two distances was compared with its
distribution under 9,999 random reassignments of the classic and variant labels (one-sided p).

Follicular helper T-cell analyses

All 22 deconvolved populations were tested by median split for association with EFS (log-rank test) in
the 123 NLPHL patients with survival data. Two populations that were zero in all samples could not
be tested. P values were corrected across the 20 testable populations with the Benjamini-Hochberg
procedure. Cox models for Tfh content are given unadjusted, adjusted for LP-IPS category or splenic
involvement, and, in the 106 patients with a granular LP-IPS score, with splenic involvement entered
separately from the rest of the score, and, in the 121 patients with known stage, with the score
components (age 245 years, stage llI-IV, splenic involvement) as separate covariates. Firth-penalized
Cox regression was used where events were few (Supplementary Table S10).



External outcome test in the Subramanian cohort

Subramanian et al. (reference 21 of the main manuscript) published TPM expression matrices for
their training (n = 109) and validation (n = 62) cohorts together with immunoarchitectural pattern,
LP-IPS, stage, treatment and freedom from progression. Pattern was coded as classic (A or B only, n =
71), variant (C—F only, n = 31) or mixed. Freedom from progression was analysed in the 128 patients
with follow-up, excluding 8 treated with rituximab alone as in the source study (30 progressions). The
30-gene signature was applied without refitting, and 29 of the 30 genes were present (AL139020.1 is
absent), so 14 of the 15 gene pairs were usable. The score was computed as in the other cohorts, the
sum of the immune genes minus the sum of the B-cell genes on TPM, and is shown and modelled as
its log2 after a constant shift. Associations with pattern, LP-IPS and stage were quantified by ROC-
AUC and Wilcoxon tests, and freedom from progression by Cox regression per standard deviation of
the score, stratified by cohort and adjusted for LP-IPS. Tfh fractions were estimated with FARDEEP
and the LM22 matrix and tested in the same way. As a reference, the LP-IPS and stage were tested in
the same 128 patients and in our own survival set (Supplementary Table S11).

Software packages are cited in the reference list of the main manuscript, unless otherwise indicated.
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Figure S1 (A-C). Cross-validated confirmation of the NLPHL-to-THRLBCL continuum. Out-of-fold
probabilities from an independent classifier of NLPHL versus THRLBCL. (A) Box plots of the THRLBCL
probability across classic NLPHL, variant NLPHL, and THRLBCL. (B) Receiver operating characteristic
(ROC) curve for the discrimination of THRLBCL versus NLPHL. (C) Box plots of the THRLBCL probability
within variant NLPHL across IAP C—F. All pairwise comparisons are significant at p<0.05 unless
otherwise indicated.
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Figure S2 (A-B). External validation of the signature score in Van Loo et al. (A) Box plots showing the
distribution of the signature score across NLPHL and THRLBCL samples. (B) Receiver operating
characteristic (ROC) curve evaluating discrimination of THRLBCL versus NLPHL using the signature
score. All pairwise comparisons are significant at p<0.05 unless otherwise indicated.
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Figure S3 (A-B). External validation of the signature score in Subramanian et al. (A) Box plots showing
the distribution of the signature score in classic versus variant NLPHL samples. (B) Receiver operating
characteristic (ROC) curve evaluating discrimination of variant versus classic NLPHL using the
signature score. All pairwise comparisons are significant at p<0.05 unless otherwise indicated.
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Figure S4 (A-1). Tumor microenvironment of NLPHL and THRLBCL. Box plots showing the relative

proportion of the indicated cell types in each IAP category and THRLBCL. All pairwise comparisons are

significant at p<0.05 unless otherwise indicated. NS, not significant.



Supplementary Tables
Supplementary Tables S1-S11 are provided as a separate Excel file, one table per sheet.

Supplementary Table S1. Clinical information for the 200 sequenced patients: diagnosis, age, sex,
stage, splenic involvement, LP-IPS, IAP, first-line therapy, outcome, sequenced biopsy and biopsy site.

Supplementary Table S2. (A) Log2 fold changes for the sequential IAP comparisons and NLPHL versus
THRLBCL (training set), with direction. (B) t-statistics of the 185 genes shown in Figure 4A for the six
comparisons, with direction.

Supplementary Table $3. Deconvolved immune cell fractions (FARDEEP, LM22), 22 populations per
sample, for the 200 samples.

Supplementary Table S4. The 15 top-scoring gene pairs of the signature with the log2-normalized
expression of the 30 genes in all samples.

Supplementary Table S5. Signature score and pair vote per sample, with IAP group and training or
test set (n = 158).

Supplementary Table S6. Differential expression between NLPHL and THRLBCL (DESeq2): log2 fold
change relative to NLPHL, adjusted P value and direction for genes with |log2 fold change| 21.5 and
adjusted P < 0.05.

Supplementary Table S7. Genes differentially expressed between Tfh-high and Tfh-low NLPHL
(DESeq2, adjusted P < 0.05; log2 fold change relative to Tfh-low).

Supplementary Table S8. Clinical characteristics of Tfh-high versus Tfh-low patients within the high
LP-IPS stratum (n = 20 and 11). P values, Fisher’s exact test.

Supplementary Table S9. External validation of the signature score in Van Loo et al. and
Subramanian et al.: Wilcoxon P and ROC-AUC with 95% CI for the summed score and for the pair
vote.

Supplementary Table $10. Tfth content and event-free survival in NLPHL (n = 123): log-rank tests of
all deconvolved populations with Benjamini—Hochberg q values, Cox models for Tfh content, and the
Tfh by LP-IPS interaction.

Supplementary Table S11. Signature score and Tfh content in the Subramanian et al. cohort: cohort
description, score versus pattern and clinical features, Tfh content versus freedom from progression,
and reference outcome models.
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