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The emergence and rapid development of single-cell
technologies mark a paradigm shift in cancer research.
Various technology implementations represent powerful
tools to understand cellular heterogeneity, identify
minor cell populations that were previously hard to
detect and define, and make inferences about cell-to-cell
interactions at single-cell resolution. Applied to lym-
phoma, recent advances in single-cell RNA sequencing
have broadened opportunities to delineate previously
underappreciated heterogeneity of malignant cell dif-
ferentiation states and presumed cell of origin, and to
describe the composition and cellular subsets in the
ecosystem of the tumor microenvironment (TME). Clin-
ical deployment of an expanding armamentarium of
immunotherapy options that rely on targets and immune
cell interactions in the TME emphasizes the requirement
for a deeper understanding of immune biology in
lymphoma. In particular, classic Hodgkin lymphoma
(CHL) can serve as a study paradigm because of its
unique TME, featuring infrequent tumor cells among
numerous nonmalignant immune cells with significant
interpatient and intrapatient variability. Synergistic to
advances in single-cell sequencing, multiplexed imaging
techniques have added a new dimension to describing
cellular cross talk in various lymphoma entities. Here, we
comprehensively review recent progress using novel
single-cell technologies with an emphasis on the TME
biology of CHL as an application field. The described
technologies, which are applicable to peripheral blood,
fresh tissues, and formalin-fixed samples, hold the
promise to accelerate biomarker discovery for novel
immunotherapeutic approaches and to serve as future
assay platforms for biomarker-informed treatment
selection, including immunotherapies.
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Introduction
Recent technology development has significantly improved the
comprehensiveness and accuracy of single-cell measurements
in biology studies, and, in large part because of the progress in
single-cell genomics and multiparametric imaging, single-cell
studies are emerging as the new frontier and likely future
standard in cancer research. A wide array of single-cell analytic
tools offers broad-ranging molecular characterizations of cancer
cells on the DNA, RNA, protein, and epigenetic levels. Single-
cell measurements can overcome the major limitations of bulk
characterizations of heterogenous cell populations, where
measurements only represent averages and are usually domi-
nated by only the most abundant cell populations in a given
sample. Encouragingly, many studies using modern single-cell
technologies successfully identified novel rare and/or previ-
ously hidden phenotypes of cancer cells and immune cells as
part of the tumor microenvironment (TME).1-6 In addition, from
a historical perspective, single-cell analyses have played an
important role in investigating the pathogenesis of rare malig-
nant Hodgkin and Reed-Sternberg (HRS) cells of classic Hodg-
kin lymphoma (CHL). Of clinical importance, single-cell
characterizations using patient samples have shown the
potential to identify novel biomarkers for clinical decision-
making in the field of cancer immunotherapy.6-8 In particular,
lymphoid cancers have emerged as one of the most exciting
application fields for single-cell profiling because of the
importance of immune cell microenvironments for pathogen-
esis and as a therapeutic target for a wide variety of available
immunotherapies.

Here, we will summarize technical aspects of modern single-cell
technologies, including mass cytometry (CyTOF), single-cell
RNA sequencing (scRNA-seq), and multiplexed imaging, and
contextualize new insights from single-cell studies for lym-
phoma biology with an emphasis on CHL, TME cellular eco-
systems, and potential implications for clinical treatment
decisions.

Workflow of single-cell methodologies
scRNA-seq applications can serve to illustrate the multistep
nature of a typical single-cell workflow encompassing sample
processing, data preprocessing, and downstream computa-
tional analysis (Figure 1). Although initial single-cell technolo-
gies have faced significant challenges to obtain full transcripts
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Figure 1. Typical workflow for single-cell analysis. Target cell populations are purified from patient samples and constructed libraries from sorted cell populations are
sequenced. Next, raw data is preprocessed to remove poor quality cells followed by normalization. Subsequently, batch correction is performed to remove technical variations
due to multiple experiments. Finally, data are visualized by dimensionality reduction methods, and further downstream analyses are performed including differential
expression analysis, cell-to-cell communication prediction and trajectory analysis.
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from single cells at sufficient sequencing coverage, several
robust technologies, such as Smart-seq and massively parallel
RNA single-cell sequencing (MARS-Seq), have improved the
overall quality of sequencing.9,10 For example, MARS-Seq
increased technical stability and multiplex levels by employing
3 levels of barcording.9 Droplet-based approaches, including
Drop-seq and inDrop, recently enabled interrogation of a high
number of cells and are now widely used in various research
fields.11-13

Although high-dimensional data from single-cell technologies
are extremely informative, there are many challenges for inter-
pretation. For example, the limited sensitivity of mRNA detec-
tion in scRNA-seq data can lead to the presence of a large
proportion of low (close to noise level) or zero values (mea-
surement “drop-out”), representing a significant challenge. An
elegant solution might be the target capture enrichment of
single-cell genomic libraries to boost the signal of specific
genes of interest.6 In addition, the complexity of single-cell data
generated in the context of various physiological and disease
conditions leads to inevitable technical variation between
experimental batches, which has hampered the interpretability
1792 13 APRIL 2023 | VOLUME 141, NUMBER 15
of results after data integration. To minimize these batch
effects, a plethora of integration methods have been intro-
duced and summarized in benchmarking studies.14,15 After
quality control by preprocessing from raw outputs, unsuper-
vised methods, such as phenograph clustering,16 are often used
to discover phenotypic diversity in a sample, and cell types can
be annotated by expression of canonical cell markers and other
genes of interest. Subsequently, various types of downstream
analyses can be performed to describe differential states and
cell-to-cell interactions. However, a detailed description of
analytical pipelines is out of scope for the present review, and we
refer to excellent review articles that have summarized important
methodologies and tools such as batch correction and trajectory
analyses.14,17-20

From an experimental point of view, there are 2 major types of
samples to which we can apply single-cell technologies
(Figure 2), both with various advantages and disadvantages.
First, liquid biopsies (eg, blood) and disaggregated cell sus-
pensions, that require prior dissociation of tumors, can be used
for scRNA-seq and CyTOF as prominent application platforms.
Second, single-cell characterizations can be performed in
AOKI and STEIDL



Chromatin accessibility

Phylogeny

FFPET

Single cell analysis using dissociated samples

- Gene expression
- ATACseq
- TCR/BCR
- Protein expression
- DNA sequencing

- Spatial transcriptome
- Spatial proteomics
- FISH

Imaging analyses

Spatial
architecture

Cell to cell interaction

Nearest neighbor from NA CD4+LAG3+CD30-
to NA CD30+

Multiplexed images

Multidimentional
analyses

Distance analyses

22400

5300

5500

5700

5900

22600 22800

Cell X position

Ce
ll Y

 p
os

iti
on

23000 23200

–3
0

–30
–20
–10

0
10
20
30

–2
0

–1
0 0

UMAP 1

UM
AP

 2

10 20 30

Figure 2. Overview of single-cell and tissue architecture analyses. Two major specimen types are depicted to which single-cell technologies can be applied: (1) liquid
biopsies (eg, blood) and disaggregated cell suspensions and (2) histologically intact tissues such as FFPET allowing for single-cell measurements in a spatial context. These 2
approaches work synergistically.
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histologically intact tissues, allowing for single-cell measure-
ments in a spatial context using, for example, mass
spectrometry–based detection by laser abrasion (imaging mass
cytometry [IMC]), multiplexed ion beam imaging,21 multiplexed
imaging after DNA-based cell tagging, and high-plex in situ
spatial multiomics analysis.22-28 Each of these multiplexed
phenotyping approaches has their own strengths and limita-
tions related to varying infrastructure requirements, antibody
cost, the maximum number of protein targets, acquisition time
during slide scanning, and data processing and analysis. For the
latter, specific analysis requirements encompass solutions for
image segmentation and cell annotations that are affected by
limited resolution and low abundance of specific proteins
because of a lack of effective signal amplification systems.21,25-32

In particular, computational image segmentation, defining
cellular boundaries, is challenging in all current methodolo-
gies.29,33 For instance, IMC analyses are limited to 1 μm
imaging resolution, and although some analytic pipelines, such
as ilastik and CellProfiler, help mitigate these problems,34,35

most of these algorithms do not fully overcome segmentation
challenges, especially in high-density areas such as epithelial
layers.29

Considering the advantage of cell suspension–based analyses
such as scRNA-seq, they can capture the transcriptome data of
thousands of genes from a single cell, whereas cell suspension–
based analyses do not take into account important information
about the spatial architecture of the TME or phenotypically
diverse malignant subclones.2,5,16,36,37 In contrast, multiplexed
spatial assessment of immune cells in the TME has the potential
to reveal a complex, spatially resolved TME ecosystem, whereas
the dimensionality of data (ie, number of simultaneous mea-
surements per cell) might be lower compared with dissociated
cell-based methodology. Computational tools, such as spatial
variance component analysis, can serve as a powerful tool to
SINGLE-CELL BIOLOGY IN HODGKIN LYMPHOMA
provide a quantitative assessment of the cell-to-cell interactions
with spatially resolved molecular expression data.32 Another
strength of many platforms with spatial resolution is the appli-
cability to formalin-fixed paraffin-embedded tissue (FFPET)
samples, which are routinely available from diagnostic pathol-
ogy procedures in contrast to rarely available fresh frozen
samples.27,28 Indeed, FFPET-based multiplexed imaging tech-
niques have been used in the clinical trial setting for biomarker
development.31 However, overall, the full potential of single-cell
approaches in clinical studies and biomarker assay development
is yet to be realized. Considering the unique advantages and
limitations for each sample type and associated methodologies,
synergistic study designs with the availability of both cell
suspension and histologically intact tissues of the same study
cases harbor the potential to overcome the above-described
limitations (Figure 2).
Single-cell analyses in lymphoid cancers
The emergence of immunotherapy, including checkpoint
inhibitors (CPIs) and chimeric antigen receptor therapy, as part
of a new standard of care in lymphoma warrants a deeper
understanding of cellular interactions between lymphoma cells
and immune cells. Coinciding with this need, the number of
studies using single-cell techniques in the lymphoma field are
rapidly expanding4-6,36,38-45 and the main published works are
summarized in Table 1. Lymph node tissue as a primary site of
lymphoma disease manifestation represents a tumor niche with
a complex ecosystem of interacting immune cells, that changes
during disease progression. The dynamics of TME changes can
be categorized by the patterns of immune cell effacement,
reeducation, and recruitment.46 These processes lead to sig-
nificant interpatient and intrapatient heterogeneity of TME
features in a given disease entity.
13 APRIL 2023 | VOLUME 141, NUMBER 15 1793



Table 1. Summary of published literature related to single cell analyses in lymphoma

Disease entity Platforms Main focus Authors Reference

DLBCL scRNA-seq, cell-free DNA Biomarkers of CAR T-cell therapy Deng et al 6

DLBCL scRNA-seq, bulk RNA-seq Dissecting cellular heterogeneity Steen et al 44

DLBCL, follicular lymphoma scRNA-seq Intratumor heterogeneity and personalized therapy Roider et al 43

Follicular lymphoma scRNA-seq Subclones of cancer cells and Treg Andor et al 36

Follicular lymphoma scRNA-seq Cancer cells and TFH cells Haebe et al 38

Follicular lymphoma scRNA-seq, MC-IF Nonhematopoietic cells Abe et al 4

Follicular lymphoma scRNA-seq, MC-IF Cytotoxic CD4+ cells and cancer cells with low
MHC expression

Han et al 45

GCB cell scRNA-seq, bulk RNA-seq Cell of origin (follicular lymphoma) Milpied et al 40

GCB cell scRNA-seq, bulk RNA-seq Cell of origin (DLBCL) Holmes et al 39

Mantle cell lymphoma scRNA-seq, bulk RNA-seq Ibrutinib resistance Zhang et al 42

DLBCL, CHL IMC Spatial classification Colombo et al 48

CHL scRNA-seq, IMC MHC-II expression on HRS cells and LAG3+ Treg Aoki et al 5

CHL scRNA-seq, MC-IF CXCL13+ helper T cells Aoki et al 41

CHL CyTOF, TCR Biomarkers for PD-1 blockade Cader et al 79

CHL CyTOF T-bet+ T cells Cader et al 76

CHL MC-IF PDL1+ macrophages Carey et al 90

CHL MC-IF CTLA4+CD4+ T cells Patel et al 91

CHL scRNA-seq, MC-IF TOX2+CD4+ T cells Veldman et al 80

CAR, chimeric antigen receptor; DLBCL, diffuse large B-cell lymphoma.
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Previous studies have identified variation in nonmalignant
immune cell predominance and activation status to distinguish
immunologically “hot” from “cold” TMEs,47,48 and a large body
of biomarker literature exists that correlates TME composition
with clinical outcome, such as tumor-associated macrophages,
cytotoxic, and regulatory T cells (Treg).41,49-52 Moreover, several
studies have proposed microenvironment-driven classification
systems in lymphoma.53,54 However, past studies are often
limited by their reliance on identifying cell types using individual
single markers, such as single stain immunohistochemistry (IHC),
thus limiting insight into marker combinations and multidimen-
sional phenotypes needed for more precise subsetting of cell
populations and deriving functional state.

In contrast, scRNA-seq takes advantage of characterizing tran-
scriptome states at the single-cell level, revealing previously
unknown cellular diversity, including rare cell populations, in
both cancer cells and immune cells in the TME. In particular, the
emergence of novel drugs in the immunotherapy field warrants a
more comprehensive understanding of TME biology in lymphoid
malignancies because many drug targets are either expressed on
immune cells in the TME or at the interface between malignant
cells and neighboring cells. For example, CPIs are targeting
“immune checkpoint molecules,” such as programmed death
1794 13 APRIL 2023 | VOLUME 141, NUMBER 15
receptor 1 (PD-1), lymphocyte-activation gene 3 (LAG-3), and
cytotoxic T lymphocyte antigen 4 (CTLA-4), which are negative
regulators of T-cell activity.55 In fact, most single-cell studies in
the lymphoma field have focused on studying TME interactions
with the goal of developing biomarkers or uncovering novel
treatment targets (Table 1). Furthermore, single-cell analyses
have shed new light on the heterogeneity and developmental
stages of germinal center B (GCB) cells and the dynamic states of
GCB-derived B-cell lymphomas, with potential implications for
future classification systems,39,40,44 and several studies have
shown the potential of scRNA-seq to improve our understanding
of treatment response and resistance through precise molecular
profiling.42-44 Importantly, many studies are simultaneously using
imaging techniques to describe the spatial context in which
cellular populations, identified by single-cell sequencing, are
situated4,5,41,48 (Figure 2).
Early single-cell studies in Hodgkin
lymphoma (HL)
HL has a very distinctive TME that is unique among hemato-
logical malignancies. The malignant HRS cells of CHL, the main
AOKI and STEIDL
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form of HL, typically only represent less than 1% of cells in
tumor biopsies and are significantly outnumbered by nonma-
lignant cells, including lymphocytes, myeloid cells, and fibro-
blasts in the TME.56,57 Current pathogenesis models postulate
that HRS cells “recruit and reeducate” their TME to create an
immunosuppressive niche.58-61 CHL can be further categorized
into 4 subtypes mostly based on TME features: nodular
sclerosis, mixed cellularity, lymphocyte-rich (LRCHL), and
lymphocyte-depleted. PD-1 CPI, for example, nivolumab and
pembrolizumab, targeting malignant cell to immune cell cross
talk demonstrated high efficacy in CHL62-66 and are now
standard-of-care treatments in relapsed/refractory CHL.

The most prominent technical obstacle for the study of HL is the
scarcity of the malignant HRS cells, and single-cell sequencing
was pivotal to demonstrate that HRS cells are derived from B
cells in most of the cases. In 1994, Kuppers et al59 isolated
single HRS cells from histological sections of 3 patients with HL
by micromanipulation and analyzed individual HRS cells for
immunoglobulin variable (V) gene rearrangement using poly-
merase chain reaction, establishing that HRS cells were indeed
derived from a single malignant B-cell clone. Subsequently,
Kanzler et al67 reported somatic mutations in the VH gene
amplified from HRS cells together with nonfunctional Ig genes
in most of the HL cases, suggesting GCB-cell derivation of HRS
cells. In follow-up studies using similar approaches in paired
samples from different biopsy sites, the persistence and spatial
dissemination of a clonal HRS cell population were shown.68

Marafioti et al69 further confirmed these findings within a
larger HL case series.

Moreover, key genetic features of HRS cells were identified
through single-cell isolation of HRS cells,70-75 thereby pointing
to constitutive activation of the NF-κB pathway as one of the
hallmarks of HL. First, several groups detected mutations in the
NFKBIA gene from single HRS cells isolated from patients with
HL,72-75 and Schmitz et al71 further identified frequent somatic
mutations in the TNFAIP3 (A20) gene from microdissected HRS
cells, thus establishing these genes as tumor suppressors in the
pathogenesis of HL. Intriguingly, TNFAIP3 mutations were
observed at a significantly higher frequency in Epstein-Barr virus
(EBV)–negative HL than in EBV-positive HL. This is consistent
with the finding that somatic mutations in the NFKBIA gene
were also predominantly identified in EBV-negative cases.72

This suggests complementary functions of inactivation of
tumor suppressor genes of the NF-κB pathway and EBV infec-
tion, which also activates the NF-κB pathway through LMP1.
Constitutive activation of the JAK/STAT pathway through
SOCS1 mutations was also revealed by sequencing work using
laser-microdissected HRS cells.70 Cumulatively, these studies
described molecular similarities between HL and primary
mediastinal large B-cell lymphoma70,71 and established the
foundation for the current understanding of the molecular
pathogenesis of HL.

In summary, these early studies have already shown the
importance of genetic characterizations at the single-cell level,
and, as described in the following sections, more recent studies
using modern platforms have the transformational potential to
describe the complexity of the cellular ecosystem in CHL at
unprecedented spatial resolution and depth of simultaneous
measurements.
SINGLE-CELL BIOLOGY IN HODGKIN LYMPHOMA
Single-cell analyses using dissociated
samples in CHL
As a high-dimensional single-cell analysis tool, CyTOF enables
precise high-dimension protein detection. This single-cell
suspension–based method takes advantage of metal-tagged
antibodies to interrogate more than 50 protein markers simul-
taneously. In a first-of-its-kind study using a customized CyTOF
panel for CHL, Cedar et al comprehensively analyzed the TME
of 7 primary CHL samples.76 The study found a CHL-specific
high abundance of Th1-polarized and terminally differentiated
effector CD4+ T cells. Although Th1-polarized Treg cells generally
did not express PD-1, most of the effector Th1-polarized CD4+

T cells in CHL showed high expression of PD-1, indicating an
exhausted phenotype of this specific cell population. Moreover,
the study confirmed an association between major histocompat-
ibility complex class I (MHC-I) expression and B2M, a component
of the MHC-I complex on HRS cells, with a possible association
with latent EBV infection consistent with previous literature.77

These results indicate that, unlike in solid tumors, where PD-1 is
mainly expressed on CD8+ T cells, PD-1–related cross talk might
depend on MHC class II (MHC-II) restricted CD4+ T cells in CHL.
Consistent with this hypothesis, the expression of MHC-II but not
MHC-I on HRS cells was reported as a potential predictive
biomarker for the clinical response to nivolumab treatment in
CHL.78

The same group further expanded their CyTOF analyses to
relapse patients with CHL treated with PD-1 blockade in the
CheckMate 205 phase II clinical trial cohort (NCT02181738).79

Here, peripheral blood mononuclear cells were collected at
multiple time points, including pretreatment (cycle 1 day 1) and
at 2 time points during PD-1 blockade (cycle 2 day 1 and cycle 4
day 1), and compared with peripheral blood mononuclear cells
obtained from patients with newly diagnosed CHL and healthy
donors. CyTOF analyses revealed that the number of activated
natural killer cells and a CD3−CD68+CD4+GrB+ cellular subset
were associated with the response rate to PD-1 blockade. Simul-
taneously performed T-cell receptor (TCR) sequencing in the same
patient cohort also revealed a correlation between TCR repertoire
diversity and a favorable response to PD-1 blockade. These results
motivate follow-up studies into the antigen specificity of T-cell
clones and the dynamic assessment of clonal T-cell expansion
during checkpoint blockade. Although several previous studies
described that rosetting T cells in CHL are polyclonal,80-82 more
comprehensive TCR analyses in specific T-cell subsets, possibly
using single-cell TCR sequencing, are warranted.

As a complementary methodology, scRNA-seq provides an
opportunity to describe the TME of CHL through the tran-
scriptomic lineage assignment of individual cells. Aoki et al
characterized the TME of 22 CHL samples and control cells from
5 reactive lymph nodes5 and described the phenotypic diversity
of TME immune cell populations at a new level of resolution. As a
major finding in this study, LAG3+ type-I regulatory T cells83 were
identified as an expanded HL–specific cell population with
immunosuppressive function in the TME. Because scRNA
enables simultaneous measurement of typically more than 1000
genes per cell, this study also helped resolve coexpression pat-
terns of phenotypic markers in T-cell subsets. In particular, a
mutual exclusivity pattern between FOXP3 and LAG3 expression
was revealed in CD4+ T cells, suggesting that the
13 APRIL 2023 | VOLUME 141, NUMBER 15 1795
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immunosuppressive population of LAG3+ cells might have been
missed in previous single marker studies of immunomodulatory T
cells using only FOXP3 for their identification.5 Additional
context to the importance of LAG3+ CD4+ T cells was provided
by trajectory analysis84,85 in which LAG3 positivity was identified
as a late marker in the T-cell developmental trajectory, a finding
that is consistent with a model of tumor cell–induced type-I
regulatory T-cell phenotypes of terminally differentiated T cells.

scRNA-seq also helped to describe new contrast between his-
tologically defined CHL subtypes. LRCHL is a rare, but highly
instructive subtype, of CHL with a previously described high
proportion of reactive B cells in the TME,86 relative to other CHL
subtypes. Aoki et al again used scRNA-seq to compare LRCHL
(n = 8) with other HL subtypes (n = 20), including mixed cellu-
larity CHL and nodular sclerosis CHL.41 By analyzing the tran-
scriptomes of more than 140 000 individual cells, an abundance
of naïve B cells in the TME was confirmed, and a unique CD4+

helper T-cell subset with high expression of CXCL13 and PD-1
was found enriched in LRCHL compared with the other HL
subtypes. In addition, a relative paucity of Treg cells indicated
an overall very distinctive TME of LRCHL in the spectrum of
CHL. Detailed analysis of expression patterns of helper T-cell
subsets identified a unique CD4+PD-1+CXCL13+, but CXCR5-
negative, T follicular helper (TFH)-like cell population, and
bioinformatically inferred cell-to-cell interactions87 pointed to
LRCHL-specific cross talk of CXCR5+ B cells with CXCL13+ T
cells. Intriguingly, a similar CXCL13-producing TFH subset
lacking CXCR5 expression was recently identified in the TME of
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breast cancer,88,89 indicating the pathogenic importance of the
CXCR5/CXCL13 axis across cancer fields.

In summary, single-cell analysis of cell suspension samples
provides new opportunities to identify precise marker combi-
nations in cell populations and infer important cross talk
between cancer cells and immune cells in the TME with
unprecedented accuracy and measurement depth. These
insights have led to significant refinement of CHL pathogenesis
models (Figure 3). However, a number of limitations in pub-
lished scRNA-seq studies need to be acknowledged, including
the underrepresentation or complete lack of HRS cells in cell
suspension samples and the absence of information identifying
cells in a spatial context.5 In the following section, technology
solutions in intact histology tissues are described that address
these issues and synergize with cell-suspension approaches.

Technologies using intact histology
in CHL
Multicolor IHC (MC-IHC) and/or multicolor immunofluores-
cence (MC-IF) have been used to visualize specific cell pop-
ulations using 4 to 7 markers in CHL studies.5,41,80,90,91 Carey
et al gained important insights into tumor-associated macro-
phages that express PD-1 ligand (PD-L1) and described their
spatial relationship with PD-1+ T cells.90 Intriguingly, they found
that the abundance of PD-L1+ macrophages on average
exceeded the number of PD-L1+ HRS cells that typically harbor
copy number gains and amplifications of the PD-L1 locus on
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chromosome 9p24.1.90 In addition, their analysis confirmed the
direct contact between PD-L1+ macrophages and PD-1+ T cells.
These findings suggest that macrophages significantly
contribute to PD-L1–mediated immune modulation in CHL. At
the same time, their finding that PD-1+ CD4+ T cells were not
more abundant than other CD4+ T cells in the direct vicinity of
HRS cells leaves open questions about the dynamics of direct
cellular interaction between HRS cells and PD1+ T cells. More
recently, the same group further characterized the TME of CHL
using MC-IF using different marker combinations.91 Patel et al91

found enrichment of CTLA-4+ CD4+ and CD8+ T cells in CHL
tissues and their engagement with CTLA-4 ligand expressing
CD86+ HRS cells and macrophages. Interestingly, the identified
CTLA-4+ T-cell population mostly did not coexpress PD-1, and
the CTLA-4-CD86 cellular interactions seemed to be distinct
from the PD-1-PD-L1 interactions described previously.90 The
identification of these potentially independent cross talk
mechanisms suggest synergistic therapeutic efficacy of PD-1
and CTLA-4 targeting treatment in CHL92 and as shown in
solid cancers.93,94

MC-IF has also been used in combination with scRNA-seq to
validate coexpression patterns on the protein level and to
delineate spatial relationships among target cell populations.
Seven-marker MC-IF of FFPE cases on a tissue microarray,
that matched cell suspension samples interrogated by
scRNA-seq, confirmed the unique coexpression pattern of
PD1+CXCL13+CD4+ TFH-like cells in LRCHL described in the
previous section. Spatial analysis revealed that in 46% of
cases, cells formed “rosettes” surrounding HRS cells and that
CXCR5+ normal B cells were near CXCL13+ T cells by topo-
logical analysis. Of potential clinical importance, the abun-
dance of PD-1+CXCL13+ CD4+ T cells in the TME was
significantly associated with shorter progression-free survival
in LRCHL (P = .032), whereas single IHC positivity of PD-1 and
CXCL13 was not associated with outcome.

Rosetting CD4+ T cells that are in contact with the malignant
HRS cells have been described as a unique feature of CHL.
To understand the biology underlying this characteristic, Veld-
man et al80 effectively used MC-IF to further delineate the
coexpression pattern and topology of a previously reported
rosette-forming CD4+CD26− T-cell population.95 Here, the
transcriptional factors, TOX and TOX2, which are involved in
TFH cell development and T-cell exhaustion,96,97 were identi-
fied as key features of HRS cell–surrounding T cells. MC-IHC
analyses further uncovered high expression of CXCL13 and
PD-1 in this population, indicating an exhaustion phenotype of
these T cells, and scRNA-seq data served as further validation of
this unique phenotype. The translational significance of this cell
population as a biomarker and treatment target needs to be
investigated in future clinical trials.

Although conventional MC-IHC/IF is useful to investigate coex-
pression patterns and topography, the number of concurrent
markers in antibody panels remains limited. However, recently
introduced methodologies, such as IMC or antibody-based oligo-
nucleotide tagging, enable simultaneousdetectionofmore than40
markers. Using a customized marker panel for CHL, immunosup-
pressive LAG3+ Tr1 cells were demonstrated to be predominantly
in spatial contact with MHC-II–negative HRS cells, providing
additional insight into the question which cell populations
SINGLE-CELL BIOLOGY IN HODGKIN LYMPHOMA
participate in rosette formation.5 In contrast, classic FOXP3+ Tregs
were significantly enriched in the vicinity of MHC class-II–positive
HRS cells. These data suggest that inducible Tr1 cells in the direct
vicinity of malignant cells are only present if MHC-II, a ligand to
LAG3, is not expressed on tumor cells, providing additional proof
of concept that malignant cell phenotypes and TME architecture
are linked in CHL. Moreover, functional validation experiments
confirmed an inhibitory interaction betweenMHC-II–positive HRS
and Tr1 cells in a coculture system with an MHC-II–negative CHL-
derived L-428 cell line model.5

Future perspective
Single-cell analysis has already significantly added to the under-
standing of CHL biology (Figure 3) and might offer an opportunity
to more effectively subdivide CHL based on TME biology for
increased clinical utility. For instance, multiple rational TME-related
treatment targets, including PD-1, CTLA-4, and LAG3, have now
been identified,5,90,91 and refined classification might enable
classification-driven treatment choices. However, at this time, the
complex TME ecosystem of CHL has not been fully elucidated, and
the most effective biomarker principles and assay platforms have
not yet emerged from these studies.

An attractive pathogenesis model with a strong imprint on TME
composition and function might be the predominance of
certain cytokines and chemokines produced by HRS cells
forming immunosuppressive niches.98 The most recent studies
indeed focused on understanding the link between cytokine
and chemokine expression and specific cellular subsets, with
prominent examples being the importance of interleukin-6 for
induction of LAG3+ Tregs and interleukin-10 and transforming
growth factor β for CXCL13+ helper T-cell subsets.5,41 These
patterns might contrast with inflammatory milieus characterized
by high interferon gamma expression by various cell types.

Single-cell genomics and multiplexed imaging analyses provide
new opportunities to characterize the TME, including architec-
tural features, giving rise to the exciting new concept of devel-
oping “spatial biomarkers” in lymphoma. Cost effective and
standardized implementation of biomarker assays gives strong
consideration to FFPE-based solutions, as demonstrated in gene-
expression–based predictive biomarker assays from FFPET in
HL,99-101 and at the moment, this requirement points to limited
marker designs currently achievable by multiparametric IHC.
Considering the cost of single-cell methodologies, digital
cytometry based on deconvolution of bulk sequencing data
might be complementary to single-cell sequencing in clinical
practice and trials for certain research questions.44,102

Moving forward, exciting new single-cell technologies are
under development that hold the promise of deepening our
understanding of lymphoma single-cell biology. Using DNA-
barcoded antibodies, multiomics assays, such as RNA expres-
sion and protein sequencing and cellular indexing of
transcriptomes and epitopes by sequencing, now enable
simultaneous measurements of proteins and RNAs in single
cells.25,103,104 Novel platforms also enable simultaneous inter-
rogation of chromatin accessibility (ATAC) and gene expression,
thus layering on insight into gene regulation at single-cell res-
olution.105 In addition, single-cell DNA sequencing is currently
deployed to describe tumor heterogeneity and derive cellular
13 APRIL 2023 | VOLUME 141, NUMBER 15 1797
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phylogenies to infer temporal pathogenesis models. Spatial
imaging technologies with single-cell resolution have also been
introduced in several formats with more than 100-plex mea-
surements.106 Furthermore, with the expansion of applicability
to single nuclei from FFPET,107 unlocking multimodality single-
cell analyses from clinical trial samples could provide a
paradigm shift, enabling the discovery of predictors of immu-
notherapy response and treatment resistance where immuno-
therapy is showing curative potential for a subset of patients.108

In addition, obtaining multiple timepoint samples before and
after treatment would be an ambitious but feasible approach for
the discovery of novel dynamic biomarkers, as recently sug-
gested in HL and other lymphomas.31,99

In conclusion, single-cell technologies have set new standards
for the study of lymphoma biology with major new insights into
cellular heterogeneity and TME interactions as exemplified in
CHL. Although ongoing technology development will further
increase the resolution and comprehensiveness of information,
parallel biomarker translation studies and associated clinical
utility studies are imperative.
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