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Nodular lymphocyte-predominant Hodgkin lymphoma (NLPHL) is a rare lymphoma with sparse tumor B-cells and a favorable
prognosis. Variant growth patterns of NLPHL, however, often show advanced stage, progression to T-cell/histiocyte-rich large B-cell
lymphoma (THRLBCL) and a worse prognosis. We studied the tumor microenvironment (TME) of NLPHL and THRLBCL using
highplex imaging and spatial profiling at the single cell level. Our findings show distinct differences in TME composition and spatial
configuration that differ among typical and variant NLPHL and THRLBCL. Typical NLPHL show abundant helper T-cell subsets, while
THRLBCL show abundant cytotoxic T-cells and macrophages. Tumor B-cell size and content is lowest in typical NLPHL, followed by
variant NLPHL, and highest in THRLBCL, whereas an opposite trend characterized TME B-cells. CD4/CD8 double-positive T-cells are
seen in all NLPHL but not in the majority of THRLBCL and are spatially distant from LP-cells and TFH-rosettes. The differences in
macrophage/monocyte content in distinguishing NLPHL pattern E from THRLBCL is further corroborated in independent cohorts of
cases. Our results validate the current approach to classification and in addition provide novel insights that could be leveraged to
refine clinical management for patients with this spectrum of lymphomas.
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INTRODUCTION

Nodular lymphocyte predominant Hodgkin lymphoma (NLPHL;
also called nodular lymphocyte predominant B-cell lymphoma) is
a rare neoplasm derived from germinal center (GC) B-cells [1-4].
Although the prognosis of NLPHL is favorable with a 10-year
overall survival of >80%, up to 20-30% of patients experience
recurrences and/or progression to large B-cell lymphoma,
particularly, T-cell/histiocyte-rich large B-cell lymphoma (THRLBCL)
[3-14]. The neoplastic lymphocyte-predominant (LP) cells of
NLPHL form a small fraction of the tumor mass and are embedded
in a rich tumor microenvironment (TME). We previously described
six immunoarchitectural growth patterns of NLPHL which were
found to correlate with disease recurrence and progression [15].
The prognostic relevance among the two “typical” and four
“variant” growth patterns was subsequently confirmed and
validated in independent adult and pediatric patient cohorts [6,
10, 16-18]. The recognition of variant growth patterns and their
relationship to prognosis has prompted inquiries about the
biologic basis that underlie these histologically-defined patterns,
but has remained largely enigmatic.

De novo THRLBCL, unlike NLPHL, is associated with an
aggressive clinical course, although an indolent course is seen in
cases that arise from NLPHL [3, 6, 19, 20]. NLPHL and THRLBCL are
increasingly recognized as a true biologic continuum due to
striking similarities at the phenotypic and genetic levels. Despite
extensive gene expression and mutational profiling studies,

reproducible criteria to distinguish the variant patterns of NLPHL,
particularly pattern E, from THRLBCL has yet to be established
[6, 17, 21, 22]. Therefore, we studied the TME composition and
spatial organization at the single cell level using CO-Detection by
indEXing [CODEX® (rebranded as PhenoCycler™) [23-26] and a
curated 21-antibody panel that was specifically designed to target
tumor B-cells and immune cell subsets in the TME. By doing so, we
gained insights into previously unexplored cellular interactions
that could shed light on different growth characteristics asso-
ciated with the biological behavior of NLPHL and THRLBCL.

METHODS

Tissue samples

Formalin-fixed paraffin-embedded (FFPE) tissue from a total of 20 lymph
node excision biopsies were retrieved from the Stanford Pathology archive.
Ethics approval and consent to participate was obtained from the Stanford
University Institutional Review Board in accordance with the Declaration of
Helsinki and informed consent was obtained from all subjects (IRB Protocol
IDs 11974 and 45081). All cases were reviewed by two pathologists (SY and
YN). Sixteen NLPHL cases were selected based on immunoarchitectural
patterns using slides stained for hematoxylin and eosin (H&E) and CD20
immunohistochemistry according to Fan et al. [15]. Of these, 8 cases
contained typical patterns A and B, and 8 cases contained variant growth
patterns, C, D and E; none had diffuse variant pattern F. In addition, four
cases of THRLBCL were also selected which contained scattered tumor
B-cells in a diffuse background. For analysis purposes, NLPHL cases were
categorized into 3 groups: group 1, typical nodular growth patterns A and
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B; group 2, variant nodular growth patterns C and D; group 3, variant
diffuse growth pattern E. THRLBCL cases comprised group 4. Details of the
cases with the proportion of patterns are provided (Table 1).

Immunohistochemistry

Standardized automated immunohistochemistry (IHC) was performed on
Ventana Benchmark Ultra (Roche Tissue Diagnostics, Tucson, AZ) or Leica
BOND-IIl (Leica Biosystems, Buffalo Grove, IL). Commercially available
antibodies were used (Supplementary Table S1).

CODEX methodology

For CODEX antibody conjugations, 50ug of carrier-free antibodies
(Supplementary Table S1, Supplementary Fig. S1), were conjugated to
DNA oligonucleotide barcodes using conjugation kits (Akoya Biosciences,
CA). Antibodies were concentrated on a 50 kDa filter, equilibrated with
filtration buffer, and sulfhydryl groups activated by incubating for 30 min
at room temperature (RT) with reduction mix. Barcodes added to
antibodies were incubated for 2 h at RT, eluted in 100 ul storage buffer,
spun at 3000x g for 4min and stored at 4°C until use. Conjugated
antibodies were validated individually on positive control tissue and/or cell
line pellets prior to the multiplex run (Supplementary Fig. S1). Fluorescent
probes complementary to the DNA barcodes were added to the stained
tissue for 5 min and imaged.

For CODEX antibody staining, 15 % 15 mm representative area selected
from 4 um FFPE sections were mounted on CODEX® coverslips and stained
with a 21-antibody cocktail. Coverslips were deparaffinized, rehydrated,
and antigen retrieval performed using a pressure cooker for 20 min in 1X
citrate buffer, pH 6.0 (NovusBio) followed by heating for 20 min at high
pressure in 1X EDTA, pH 9.0 (Abcam). Autofluorescence was bleached as
per protocol [27]. The antibody cocktail was added to coverslips and
stained in a sealed humidity chamber at 4 °C overnight, washed, hydrated,
and fixed according to manufacturer’s protocol (Supplementary Table S1).

For multicycle setup and imaging, coverslips mounted on Akoya’s
custom stage was stained with Hoechst nuclear stain at a 1:2000 dilution in
1X CODEX buffer (Akoya). A 96-well plate for multicycle experiment was set
up and different fluorescent oligonucleotides were added to a reporter
stock solution (1:150 Hoechst stain and 1:12 dilution of assay reagent in 1X
CODEX buffer) at a final concentration of 1:50 in a total of 250 ul per well. A
blank cycle without fluorescent probes was performed at the start and end
of the experiment to capture autofluorescence (Supplementary Table S2).

Automated image acquisition and fluidics was performed using Akoya'’s
software driver CODEX Instrument Manager (CIM, version 1.29) and the
CODEX platform. Imaging was performed using a Keyence BZ-X810
microscope, fitted with a Nikon CFl Plan Apo 20X/0.75 objective. 11 z steps
were acquired with the pitch set at 1.5 in the BZ-X software. Raw tiff files
were processed using the CODEX Processor version 1.7.0.6 by Akoya to
generate a large, stitched tiff file. Data processing included deconvolution,
background subtraction and drift correction. Segmentation was performed
using the nuclear signal by finding a local intensity maxima and then
defining the radius for growth around this maxima. Threshold values for
region growth are user-defined, and we used a radius of 5 and a size cut
off factor of 0.1 to define the volume of a cell for accurate segmentation
results. Segmentation accuracy was morphologically checked across ROls
by pathologists as shown (Supplementary Fig. S2). The segmentation
algorithm accounts for spillover compensation of signal spillover from
neighboring cells. Segmentation masks, spatial coordinates and marker
intensities for all detected cells were then exported for further analysis
(Supplementary Fig. S2).

For CODEX analysis, four representative regions of interest (ROls) were
digitally selected from each case by two pathologists to ensure NLPHL
patterns were adequately represented (Supplementary Fig. S3). The
selected ROIs were comparable across all 20 NLPHL and THRLBCL cases
and the number of cells per ROI ranged between 10,431-65,884, mean +/
— SD of 33965.7+/— 14331.6. Multiplex Analysis Viewer (MAV, Akoya), an
ImageJ plugin, was used to visualize and validate marker expression,
determine segmentation accuracy, extract ROI's and gate data for further
analysis.

Clustering was performed in R using the Seurat package for unsupervised
clustering [28-33]. Populations were defined based on coexpression of
defining markers and confirmed by absence of other non-specific markers
to diminish the effect of overlapping signals. Post-clustering annotation of
cellular phenotypes was performed by the two pathologists.

Spatial analysis was performed using MAV, which defines interactions
based on spatial proximity. A distance of 3-30 um was used to calculate
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the number of interacting cells, which is a ratio that defines the likelihood
that cells within a 3-30 um radius from a particular cell are interacting with
each other meaningfully compared to doing so by chance. An interacting
cell as defined by MAV is any cell that falls within the predefined spatial
distance range. To better define TME cells for study, we broadly grouped
cell populations by phenotype and by their activation status as defined in
Table 2.

QuPath analysis for tumor cell size and macrophage/
monocyte counts

To assess tumor cell size, MEF2B immunohistochemistry (polyclonal, 1:200
dilution; Sigma-Aldrich, St Louis, MO), which targets tumor cell nuclei only,
was employed. We utilized QuPath (V0.4.4; https://qupath.github.io/) to
quantify nuclear area and perimeter of MEF2B positive tumor cells. Two
cores from each case were employed in constructing a TMA, which is
utilized for measuring nuclear diameters. QuPath was employed to
semiquantitatively evaluate the proportion of positive macrophage/
monocyte markers including PU.1, CD163, and CD14. Independent cohorts
of 15 NLPHL pattern E cases and 14 THRLBCL cases were utilized. Two
representative cores were selected from each case and the median
positive percentages were calculated.

Statistical analysis

R version 4.1.2 in R server and R console environments were used to
quantify cell population abundance per region/case. To consolidate values
across regions within each case, means were computed. For patterns,
values were averaged across regions that matched the pattern.
Significance testing at the region level was performed using rank-sum
Wilcoxon t tests. The abundances were normalized to mean zero and unit
variance. For visualization, R packages ‘ggplot2’ for bar and box plots and
‘ComplexHeatmap’ for heatmaps were used. To explore interactions
among cell populations, cell counts and interaction matrices describing
each population within each region from MAV were extracted. To account
for differences in the cell population sizes, we corrected each interaction
for the total number of cells involved in the interaction. We conducted
rank-sum Wilcoxon t tests for testing the significance of these interactions.
For visualizing interactions, we used the ‘chordDiagram’ R package and the
‘corrplot’” R package. All P-values were two-tailed and considered
significant at P<0.05. IBM SPSS Statistics (version 29) was utilized to
compute the median expression levels of macrophage markers and
nuclear perimeter. Statistical analysis was performed using the
Mann-Whitney U test to compare medians and determine statistical
significance.

RESULTS

Composition and abundance of tumor B-cells, and TME B-cells
and T-cells, vary in NLPHL and THRLBCL

The four analysis groups were evaluated by the 21-marker CODEX
panel (Table 1, Fig. 1A-L). Cell types and their functional status
were defined and visualized in each case and each ROI per case
(Table 2, Fig. 2 and Supplementary Fig. S4). Z-scores allowed
comparison of the proportion of each cellular phenotype in
relation to the overall number of cells within each ROI (Table 2 and
Supplementary Table S3; Fig. 2 and Supplementary Fig. S4).

Tumor B-cell numbers were highest in THRLBCL followed by
groups 3,2 and 1 NLPHL (groups 3 vs 1, p = 0.009; and groups 3 vs
2, p=0.05). In contrast, NLPHL showed significantly higher TME
B-cells in groups 1 vs 2 and 3 (p=0.003 and <0.0001,
respectively). The sparse TME B-cells in THRLBCL could not be
detected by the clustering algorithm (Fig. 2A-C).

T-cell subsets showed the following distributions: T-helper (TH)
cells (CD3/CD4) and activated TH cells (CD3/CD4/LAG3/CD69)
were more abundant in the NLPHL TME compared with the
THRLBCL TME (for TH, groups 1 vs 3 and THRLBCL, p =0.04 and
p =0.025, respectively; for activated TH, group 3 vs THRLBCL,
p=0.01). In contrast, regulatory T-cells (T-regs, CD3/CD4/FOXP3)
were low in group 1 and showed a gradual increase in the TME of
groups 2, 3 and THRLBCL. TFH cells (CD3/CD4/PD1/BCL6) were
more abundant in all groups of NLPHL relative to THRLBCL.
Interestingly, activated TFH cells (CD3/CD4/PD1/BCL6/LAG3/CD69)
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Table 2. Cell populations analyzed in NLPHL and THRLBCL.

Cell types (Z-scores) Phenotype

B-cell subsets

Tumor B* CD20/BCL6

TME B CD20/IgD

T-cell subsets

Helper T CD3/CD4

Activated Helper T CD3/CD4/LAG3/CD69
Follicular Helper T (TFH) CD3/CD4/PD1/BCL6
Activated TFH (aTFH) CD3/CD4/PD1/BCL6/LAG3/CD69
Cytotoxic T-cells CD3/CD8

Activated cytotoxic T CD3/CD8/LAG3/CD69
Regulatory T-cells (T-reg) CD3/CD4/FOXP3
CD4/CD8 double-positive T (DPT) CD3/CD4/CD8
Macrophage/Monocyte subsets

Macrophages CD68

Monocytes CD68/MPO/CD14

NLPHL THRLBCL
Group 1 Group 2 Group 3
—0.47 —0.35 0.36 1.10
0.77 0.28 —0.38 —1.61
0.50 0.15 —1.06 —0.40
—0.14 —0.00 1.01 —0.48
0.16 0.32 —0.05 —0.68
—0.55 —0.37 0.52 1.18
—0.05 —0.04 —0.21 0.29
—0.39 0.19 0.03 0.50
—0.31 0.14 0.12 0.34
0.17 0.24 —0.09 —0.59
—0.21 —0.29 —0.03 1.02
—0.54 0.12 0.18 0.79

“Lymphocyte Predominant (LP)-cells in NLPHL, and large atypical B-cells in THRLBCL

showed a reverse relationship with significantly lower abundance
in groups 1 vs 3 and THRLBCL (p=0.001 and <0.0001,
respectively), and groups 2 vs 3 and THRLBCL (p =0.03 and
0.002, respectively). In contrast, cytotoxic (CD3/CD8) and activated
cytotoxic (CD3/CD8/LAG3/CD69) T-cells were abundant in
THRLBCL relative to all groups of NLPHL (Table 2, Fig. 2A-C and
Supplementary Fig. S4).

Additionally, CD4/CD8 double-positive T (DPT)-cells were
detected in all NLPHL cases (group 1, 7 of 8 cases, 87.5%; group
2, 4 of 5 cases, 80%; and group 3, 2 of 3 cases, 66.7%). Among
THRLBCL, only 1 of 4 (25%) cases showed CD4/CD8 DPT-cells
(Table 2, Fig. 2A-C and Supplementary Fig. S4).

Macrophage/monocyte subsets are increased in THRLBCL
compared to NLPHL

Both macrophages (CD68) and monocytes (CD68/MPO/CD14)
were more abundant in THRLBCL compared to all NLPHL groups
(Table 2, Figs. 2A-C and 3A). There were some comparisons where
THRLBCL showed a statistically significant abundance in macro-
phages (THRLBCL vs group 2, p = 0.036), and monocytes (THRLBCL
vs. groups 1 and 2, p<0.001 and 0.017, respectively) (Supple-
mentary Table S4; Fig. 3B, C).

Overall, our analysis showed that macrophage/monocyte
content had the highest differences among all cell types analyzed
in NLPHL groups and THRLBCL (Fig. 3A-C). We then investigated
whether macrophage/monocyte content could aid in the separa-
tion of NLPHL pattern E from THRLBCL, which is well known to be
a difficult diagnostic boundary. Using individual immunohisto-
chemical staining for PU.1, CD163 and CD14, and QuPath image
analysis, we investigated independent cohorts of NLPHL pattern E
(15 cases) and THRLBCL (14 cases). Our results show that all three
markers are significantly increased in THRLBCL compared to
NLPHL pattern E, which substantiates the CODEX data (Supple-
mentary Table S4; Fig. 3B, C).

NLPHL and THRLBCL show distinct spatial organization

All spatial interactions among the cell types that were defined by
the 21-marker CODEX panel in NLPHL groups and THRLBCL were
calculated and illustrated (Table 3 and Supplementary
Tables S5-9; Fig. 4 and Supplementary Figs. S5, 6). Specific spatial
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interactions of the cellular populations analyzed are described in
detail below.

Tumor B-cells showed differences in spatial localization among
the NLPHL groups. In group 1, LP cells had the strongest
interaction/spatial proximity to TFH cells followed by TME B-cells
but did not interact strongly with cytotoxic or TH cells. In group 2,
TME B-cells were more proximal to LP cells than TFH cells.
Furthermore, there was a statistically significant stronger interac-
tion between LP cells and TFH cells in group 1 compared to group
2 NLPHL (p =0.04). In group 3, TFH cells showed the most spatial
proximity to LP cells, followed by TH cells and TME B-cells.
Macrophages and cytotoxic T-cells were spatially distant from LP
cells. Finally, in THRLBCL, TH cells were found to show the highest
proximity to tumor B-cells, followed by TFH cells, and then
macrophages and cytotoxic T-cells (Table 3 and Supplementary
Tables S5-9; Fig. 4 and Supplementary Figs. S5, 6).

TME B-cells were spatially proximal to TH and T-reg cells in typical
NLPHL with the highest level of TH-TME B-cell proximity in group 1
compared to groups 2 and 3 (p=0.002 and 0.035, respectively).
Similarly, T-regs interacted strongly with TME B-cells in group 1
compared to groups 2 and 3 (p =0.002 and 0.013, respectively).

TH and cytotoxic T-cell interactions showed significant differ-
ences in nodular versus diffuse configurations across NLPHL and
THRLBCL. There was a notable, significantly stronger interaction
between TH and cytotoxic T-cells in group 1 compared to group 3
and THRLBCL (p=0.002 and 0.017, respectively). Similarly,
TH-cytotoxic T-cell interactions were more pronounced in group
2 compared to group 3 and THRLBCL (p=0.012 and 0.03,
respectively). In addition, TH-macrophage interactions were
significantly higher in group 1 compared to groups 2 and 3
(p=0.06 and <0.0001, respectively), and between group 2 and
group 3 (p=0.012).

T-regs showed strong interactions with TME B-cells, macro-
phages, cytotoxic T-cells, and CD4/CD8 DPT-cells in group 1. In
contrast, T-regs and TFH populations showed stronger interactions
that were statistically significant in groups 2 and 3, as well as
THRLBCL in comparison to group 1 (p=0.004, 0.002, and 0.02,
respectively). The overall abundance of T-regs was, however, the
lowest in group 1 among all cases evaluated. Our spatial analysis
data takes into consideration the number of interactions between

Blood Cancer Journal (2024)14:92
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Fig. 1 Typical examples of multiplex images of NLPHL and THRLBCL generated by CODEX. Multiplex images of LP (NLPHL groups) and
tumor cells (THRLBCL) and the surrounding tumor microenvironment cell subsets are shown as follows: Group 1, nodular patterns A and B
(A-C); Group 2, nodular patterns C and D (D-F); Group 3, diffuse pattern E (G-1); and THRLBCL (J-L). Selected combinations of markers are
shown in each nodular or diffuse immunoarchitectural configuration to highlight the range of patterns seen in the different study groups.

populations in relation to the number of cells in each of the
studied groups (Table 3 and Supplementary Tables S5-9; Fig. 4
and Supplementary Figs. S5, 6).

Cytotoxic T-cells exhibited closer proximity to macrophages in
THRLBCL in comparison to groups 1, 2, and 3 (p > 0.05, 0.019, and
0.002, respectively). Furthermore, cytotoxic T-cells and TFH cells
were found to have the strongest spatial relationship in groups 2
and 3 as well as THRLBCL compared to group 1 (p =0.013, >0.05,
and 0.019, respectively) and was least consequential in THRLBCL.
Moreover, cytotoxic T-cells and T-regs showed a significant spatial
proximity in groups 1 and 2 compared to THRLBCL (p =0.0006
and 0.006, respectively).

CD4/CD8 DPT-cells were spatially distant from the vicinity of LP
cells and TFH-rosettes where most TME B-cell interactions with LP

Blood Cancer Journal (2024)14:92

cells were seen. The DPT-cells showed stronger interaction with
cytotoxic T-cells in groups 1 vs 2 (p = 0.047). These DPT-cells also
interacted with macrophages and T-regs in group 1 compared to
group 3 (p =0.02 and 0.03, respectively). Overall, cytotoxic T-cells,
T-regs, CD4/CD8 DPT-cells and macrophages were spatially distant
from LP cells when compared with TME B-cells and TFH cells in all
groups of NLPHL (Tables 2, 3 and Supplementary Tables S3, S5-9;
Figs. 2, 4 and Supplementary Figs. S5, 6).

Spatial proximity between macrophages and T-regs were
prominent in group 1 compared to group 3 and THRLBCL
(p=0.003 and 0.048, respectively). In contrast, the proximity
between macrophages and TFH cells was the highest in THRLBCL
compared to groups 1, 2 and 3 NLPHL (p <0.0001, 0.0001, and
0.001, respectively).
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Fig. 2 Cellular populations and their relative abundance as defined by co-expression of markers. Heatmap of population frequencies in
ROIs clustered by NLPHL groups and THRLBCL (A). Multiplex images show cellular populations stained with identifying markers in NLPHL and
THRLBCL (B); arrows indicate the following cell types: panel B1 shows LP cells (CD20/BCL6 in yellow), TFH cells (CD3/CD4/PD1/BCL6 in green),
and TME B cells (CD20/IGD in red); panel B2 shows TH cells (CD3/CD4 in orange) and TFH cells (green); panel B3 shows TH cells (orange),
activated TH (CD3/CD4/CD69/LAG3 in green), TFH (blue), and activated TFH (CD3/CD4/PD1/BCL6/CD69/LAG3 in yellow); panel B4 TH cells
(red), activated TH cells (green), TFH (yellow), activated TFH (blue); panel B4 shows TH cells (orange) and T-regs (CD3/CD4/FOXP3 in blue);
panel B5 shows cytotoxic T-cells (CD3/CD8 in red), activated cytotoxic T-cells (CD3/CD4/CD69/LAG3 in yellow); panel B6 shows macrophages
(CD68 in red) and monocytes (CD68/MPO/CD14 in blue); and panel B7 shows CD4/CD8 DPT-cells (blue). Diagram displays the relative
abundance of cellular populations and the most significant cell-cell interactions in groups 1, 2, and 3 NLPHL, and THRLBCL (C).

SPRINGER NATURE

Blood Cancer Journal (2024)14:92



S. Younes et al.

A Stacked Cell Type Bar Chart Grouped by Pattern
1.00

Cell Type

. Activated cytotoxic T

. Activated Follicular Helper T
B Activated Helper T

B cp4-cps T

. Cytotoxic T
|
l

0.75

Follicular Helper T
Helper T
Monocytes

- Large B/LP cells
Macrophages

. Regulatory T
B TME B cells

Abundance
o
3

0.25

0.00
Classic Variant.C.D Variant.E TCRBCL

Case

THRLBCL C
g 33

é P009 Grand Median=31.120

I 5'.« k“ :"‘0.0-
SRS I
R s
£ i
Pattern E THRLBCL
P <.001 Grand Median=12.240
Pattern E THRLBCL

P=OOO7 Grand Median=21.520

| o

Pattern E THRLBCL

Fig. 3 Relative abundance of macrophages and monocytes as assessed by CODEX and Immunohistochemistry. Stacked bar plot with
frequencies of cellular populations grouped by disease categories show the most striking difference in macrophages and monocytes (A).
Immunohistochemistry using individual macrophage/monocyte markers in independent cohorts of NLPHL pattern E and THRLBCL show
increased staining for PU.1 (B, top row), CD163 (B, middle row), and CD14 (B, bottom row). Bar plots show summary of QuPath derived
quantification of NLPHL pattern E and THRLBCL (C).
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Table 3. Interaction counts between LP cells and TME components.
Cell type NLPHL
Group 1
Tumor B-cells 0.26
TME B-cells 0.065
Helper T-cells 0.056
Follicular helper T-cells (TFH) 0.094
Cytotoxic T-cells 0.046
Regulatory T-cells (T-reg) 0.029
CD4/CD8 T-cells (DPT) 0.027
Macrophages/monocytes (mac/mono) 0.039

Tumor cell size differs in NLPHL and THRLBCL

Tumor cell nuclear area and perimeter showed a gradual increase
from groups 1 to 2 to 3 NLPHL (p < 0.001 for groups 3 vs 2, groups
3 vs 1 and groups 2 vs 1, p < 0.001 for nuclear area and p < 0.001
for groups 3 vs 1 and groups 3 vs 1; and p = 0.018 for groups 3 vs
2 for nuclear perimeter). Both nuclear measurements were smaller
in THRLBCL compared to group 3 NLPHL (p <0.001); however,
nuclear size of THRLBCL remained higher than both groups 1 and
2 NLPHL (p <0.001). (Supplementary Table S10; Supplementary
Fig. S7).

DISCUSSION

NLPHL and THRLBCL are considered to represent different
endpoints of the same disease spectrum [6]. Gene expression
profiling, copy number alterations, and mutational profiling
studies have further underscored the extensive overlap between
these entities [6, 27, 34-40]. Although the drivers of transforma-
tion from NLPHL to THRLBCL remain largely unknown, the
differences in prognosis highlight the critical need for more
robust criteria to distinguish NLPHL, especially pattern E, from
THRLBCL. Our results, in a small albeit carefully selected cohort of
NLPHL and THRLBCL, provide valuable insights to understand
tumor-TME dynamics and a baseline for further work to explore
their clinical implications.

Both NLPHL and THRLBCL have sparse tumor B-cells; however,
our data clearly show an ordered abundance of tumor B-cells from
least abundant in typical patterns, followed by variant patterns of
NLPHL, and most abundant in THRLBCL. Our spatial data further
captured substantial differences in the TME, both proximal to and
distant from tumor B-cells.

Nodular NLPHL patterns had increased TME B-cells and TH cells
but decreased activated TH cells compared to NLPHL pattern E
and THRLBCL. A strong TH and cytotoxic T-cell interaction was
seen in nodular groups, whereas interaction between TH and
tumor cells was more pronounced in diffuse pattern cases. Since
CD4 + T cells produce pro-inflammatory cytokines that lead to
recruitment and activation of innate effector cells [4], the
observed strong interactions between TH cells with cytotoxic
T-cells and macrophages may contribute to the superior prognosis
of typical NLPHL. The distinct cellular interactions noted exclu-
sively in group 1 NLPHL indicate that it is not the abundance of
TME components but rather the interactions among cell popula-
tions that is likely to underlie the histologic and associated
prognostic differences.

Notably, TFH abundance and activation status was higher in all
NLPHL groups compared to THRLBCL; activated TFH cells were
more abundant in diffuse compared to nodular patterns of NLPHL.
Spatial analysis showed that TFH cells were the closest to LP cells
in typical NLPHL and confirm prior observations that TFH-rosettes,
which form an immunologic synapses, were most abundant in

SPRINGER NATURE

THRLBCL
Group 2 Group 3
0.24 0.29 0.51
0.062 0.047 NA
0.045 0.047 0.095
0.058 0.079 0.075
0.034 0.044 0.04
0.029 0.029 0.027
0.034 0.034 NA
0.023 0.039 0.05

typical NLPHL [40-42], less frequent in variant patterns, and rare in
THRLBCL [6, 17, 43, 44].

The alignment of TH and TFH cell activation as revealed by
increased PD1 and CD69 expression in diffuse pattern E and
THRLBCL in our cohort is of interest. CD69, a marker of T-cell
activation, has also been detected by flow cytometry in NLPHL
[45]. Upon activation, PD1 and CD69 are simultaneously expressed
in activated TFH cells and induce an immunosuppressive
microenvironment by induction of T-cell exhaustion [46]. In
contrast to TH cells, the interaction between T-regs and TFH cells
was the least in group 1 NLPHL compared to the other groups.

The separation of variant NLPHL patterns, particularly, pattern E
from THRLBCL is difficult and sometimes impossible in routine
clinical practice using currently available diagnostic tools [47]. Our
results revealed insights that could potentially offer guidance for
clinical management and explain clinical behavior. Specifically, our
data yielded three unique TME features that distinguish NLPHL
from THRLBCL: (1) at least a two-fold increase in activated TH and
TFH cells in all NLPHL groups compared to THRLBCL; (2) a
remarkable abundance of macrophage/monocyte subsets and
cytotoxic T-cells in THRLBCL relative to NLPHL; and (3) detection of
CD4/CD8 DPT-cells in NLPHL but not in the majority of THRLBCL.

The differences in macrophage/monocyte content among
NLPHL and THRLBCL detected by CODEX, led us to use single
immunohistochemical stains with image analysis to confirm that
NLPHL pattern E has distinctly fewer macrophages and monocytes
compared to THRLBCL. We also found that macrophages form the
bulk of this difference. These findings have clinical implications
and offer a potential tool for discriminating NLPHL pattern E from
THRLBCL, especially when image analysis is used. Given the lack of
specificity of CD68 when used as a single immunohistochemical
marker in tissue sections, we employed PU.1, CD163 and CD14 for
our analysis. These markers are widely used in clinical practice and
could be combined with automated immunohistochemistry
platforms that have begun to incorporate image analysis for
quantitative read-outs. Once validated in larger cohorts of cases,
macrophage content assessment using image analysis could
prove to be of significant clinical benefit in the diagnosis of NLPHL
and THRLBCL. Prior work in the field has shown that high
macrophage content in NLPHL and THRLBCL correlates with the
acquisition of a tolerogenic TME and poor prognostic factors
including a lower complete remission rate, bulky disease, and
variant growth patterns [17, 48-51]. Therefore, measuring macro-
phage content has added value in diagnosis, although given the
substantial overlap in cellular composition in NLPHL and THRLBCL,
careful correlation with additional clinicopathologic features is
imperative for definitive diagnosis. In addition to macrophages,
difference in cytotoxic T-cell content and interactions with LP cells,
which were stronger in NLPHL pattern E compared to other NLPHL
groups, may influence responses to immune therapy and
prognosis as shown in other cancer types [52].
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Fig. 4 Spatial interactions and cellular phenotypes in NLPHL and THRLBCL. Spatial interactions by NLPHL groups 1, 2 and 3 as well as
THRLBCL are depicted by Circos plots, which represent the sum of all ROIs in each of the groups 1, 2 and 3 NLPHL, and THRLBCL (A). The
corresponding color matched Voronoi diagrams of clustered cell types represent examples of single ROIs in each group (B). Diagram of
cellular interactions demonstrate the spatial configuration of populations and specific cell-cell interactions between LP/tumor cells and the
tumor microenvironment in groups 1, 2 and 3 NLPHL, and THRLBCL (C).

Another difference between NLPHL and THRLBCL comes from flow cytometry [53]. The DPT-cells showed no discernible
CD4/CD8 DPT-cells detected by unsupervised clustering in interaction with LP cells and were spatially distant from LP cells
67-77% of NLPHL, with no significant difference among NLPHL and TFH rosettes. In group 1 NLPHL only, DPT-cells interacted with
groups. These DPT-cells were previously detected in NLPHL by cytotoxic T-cells, macrophages, and T-regs. Given that only a
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single case of THRLBCL had DPT-cells, further investigation of a
larger cohort of THRLBCL is warranted to confirm these
observations.

To the best of our knowledge, our study is the first description
of the composition and spatial configuration of TH, TFH, Tregs, and
their activated counterparts as well as macrophage/monocyte
subsets in NLPHL and THRLBCL. This annotation was made
possible by the simultaneous use of LAG3 and CD69 to define
activation status among T-cell subsets along with other subset-
specific markers for other lineages. Their individual functional
contributions to the pathogenesis and progression of NLPHL and
THRLBCL, however, requires further study.

Our data also demonstrated a gradual increase in tumor cell size
from the smallest tumor cells in typical NLPHL and largest in
variant NLPHL. In previous studies using 3-dimentional confocal
microscopy, nuclear volume and cell volume of THRLBCL tumor
cells was found to be increased in comparison to LP cells of NLPHL
[53]. In addition, in a cohort of 152 NLPHL cases, larger mean
nuclear size as measured by image analysis using QuPath software
correlated with variant growth patterns [54]. Although the exact
measurements are slightly different from our study, the overall
findings show variation in LP cell size which is increased in variant
pattern NLPHL compared with typical NLPHL. In addition, the
graded increase in tumor B-cell size in our cohort aligns with the
presence or absence of nodularity in the overall immunoarchi-
tecture of NLPHL and THRLBCL. Although nodularity and FDC
meshworks were not formally evaluated in this study, their
influence on tumor cell size may have implications for lymphoma
progression and capacity for dissemination in the less confined
architectural configurations that characterize variant NLPHL and
THRLBCL in contrast to typical NLPHL.

In conclusion, by deeply profiling the cellular composition and
spatial organization of NLPHL and THRLBCL, we corroborate
known associations and discover unrecognized novel cellular
interactions. These data offer insights regarding abundance,
functional status, and spatial distribution of specific cell popula-
tions at the single-cell level in whole tissue sections that were
carefully annotated by pathologists. Overall, this study provides a
validation of the current approach to classification of NLPHL and
its variant growth patterns, and THRLBCL. In addition, cell type
abundance measures were leveraged to validate distinct differ-
ences in macrophage/monocyte subsets between NLPHL pattern
E and THRLBCL, which is a difficult diagnostic boundary in clinical
practice. Furthermore, these data provide the groundwork for
further study of larger retrospective and prospective cohorts of
clinically well-annotated NLPHL and THRLBCL, to confirm and
validate the diagnostic utility and clinical implications of these
findings. Additionally, more detailed functional subset marker
panels could be utilized to differentiate activated TH cells
including TH1, TH2 and TH17, as well as follicular dendritic cells
in the transition from NLPHL to THRLBCL. Our approach also
provides a framework to address the broader paradigm of
architectural dismantling of the lymph node niche and its
substructures including changes in the secondary follicle in
neoplasia such as follicular lymphoma, and in non-neoplastic
conditions such as progressive transformation of germinal centers
and Castleman disease, among others.
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