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Abstract

Classic Hodgkin lymphoma (cHL) is histologically defined by rare Hodgkin and Reed-
Sternberg (HRS) cells embedded within an extensive, biologically active immune microen-
vironment that HRS cells actively recruit and reprogram to sustain their own survival. For
decades, diagnosis has relied on morphology and a limited immunohistochemical panel
(CD30, CD15, PAX5, CD20, EBER), an approach that confirms disease identity but provides
little insight into the immune ecosystem that governs prognosis and treatment response.
Over the past fifteen years, discovery of near-universal 9p24.1/CD274-PDCD1LG2-JAK2
copy-number alterations, CIITA gene fusions, B2M mutations, and NF-«kB/JAK-STAT path-
way activation has progressively reframed cHL—conceptually rather than through a formal
reclassification—as a genetically driven disorder of immune evasion. In parallel, multiplex
immunohistochemistry, imaging mass cytometry, digital spatial profiling, spatial tran-
scriptomics, single-cell sequencing, whole-slide digital pathology, and machine-learning
algorithms now allow the tumor-immune ecosystem to be mapped at unprecedented res-
olution. This convergence is giving rise to what we term “precision immunopathology”:
an overarching conceptual framework, rather than a formal diagnostic category, that com-
bines morphology with immune, molecular, spatial, and computational data and that,
once prospectively validated, may refine prognostic stratification, prediction of benefit
from PD-1 blockade and other immunotherapies, and non-invasive disease monitoring
through circulating tumor DNA. At present, beyond the standard diagnostic panel, no
tissue biomarker is required to select patients for PD-1 blockade or CD30-directed therapy.
This review summarizes the evolution from conventional to precision immunopathology in
cHL, discusses the technologies enabling this transition, grades each candidate biomarker
and assay by level of evidence and clinical readiness (routine, clinically validated but non-
routine, or investigational), incorporates the move of PD-1 blockade into first-line therapy
(SWOG 51826) and the BrECADD regimen (HD21), proposes a minimum dataset for an
integrated precision immunopathology report, and discusses the practical barriers—tissue
availability, cost, turnaround time, standardization, and regulatory validation—that must
be overcome before an ecosystem-centered diagnostic model can be translated into routine
hematopathology practice.
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1. Introduction

Classic Hodgkin lymphoma (cHL) is a B-cell-derived lymphoid neoplasm character-
ized by a strikingly small population of malignant Hodgkin and Reed-Sternberg (HRS)
cells—typically about 1-5% of the cellularity of the involved tissue [1,2]—surrounded by
a florid, reactive infiltrate of T cells, B cells, macrophages, eosinophils, plasma cells, and
stromal elements [3,4]. This numerical paradox, in which a minority neoplastic popula-
tion coexists with, and actively depends upon, an overwhelming reactive background,
has long framed cHL as a paradigmatic model of tumor-microenvironment interdepen-
dence within oncology more broadly [3]. Epidemiologically, cHL shows a bimodal age
distribution and remains one of the most curable lymphoid malignancies with modern
combination chemotherapy, yet a clinically meaningful subset of patients relapse or become
primary refractory, and others are over-treated relative to their true risk, underscoring the
need for biomarkers that anticipate treatment failure—or unnecessary toxicity—before
either occurs [5,6].

For most of its diagnostic history, cHL pathology has been “tumor-centered”: the
pathologist identifies HRS cells by morphology, confirms lineage and subtype with a stan-
dard immunohistochemical panel, and assigns a histological subtype according to the
World Health Organization (WHO) classification of lymphoid neoplasms [7-9] or, more
recently, the International Consensus Classification (ICC) [10]. This approach is robust
for establishing a diagnosis—and for separating cHL from its biologically distinct relative,
nodular lymphocyte-predominant Hodgkin lymphoma, which has been recognized as a dis-
tinct entity for decades on the basis of its divergent immunophenotype and clinical behavior
and has recently been re-designated nodular lymphocyte-predominant B-cell lymphoma by
the ICC [9,10]—but it is largely blind to the biological features—antigen presentation status,
checkpoint expression, spatial immune architecture, genomic alterations—that determine
why some tumors respond durably to a given therapy while others progress despite an
apparently identical morphological picture.

The clinical stakes of this diagnostic blind spot are not trivial. Frontline combina-
tion chemotherapy, typically anthracycline-based, cures the large majority of newly di-
agnosed patients regardless of histological subtype, yet clinicians currently have few
tools beyond baseline clinical risk scores and interim imaging to identify, at diagnosis,
which patients truly need treatment intensification and which could be safely spared
additional toxicity [5,6]. A biopsy-based assay capable of resolving the same informa-
tion that interim positron-emission tomography currently provides only after one or
two cycles of chemotherapy—or of identifying, up front, patients whose tumor biology pre-
dicts primary resistance to standard chemotherapy but exquisite sensitivity to checkpoint
blockade—would meaningfully change how this disease is risk-stratified and treated from
the outset.

Conventional prognostic stratification in cHL is based almost exclusively on clin-
ical and imaging parameters. In early-stage disease, risk factors defined by the ma-
jor cooperative groups (German Hodgkin Study Group, EORTC/LYSA, and NCCN)—
including a large mediastinal mass, elevated erythrocyte sedimentation rate, B symp-
toms, extranodal involvement, and the number of involved nodal areas—separate fa-
vorable from unfavorable disease and guide treatment intensity [5,6]. In advanced-
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stage disease, the International Prognostic Score (IPS) combines seven factors (serum
albumin < 4 g/dL, hemoglobin < 10.5 g/dL, male sex, age > 45 years, stage IV disease,
leukocytosis > 15 x 10° /L, and lymphocytopenia < 0.6 x 10°/L or <8% of white cells) [11];
because its discriminatory power has declined with contemporary therapy;, it has recently
been refined by the Advanced-Stage Hodgkin Lymphoma International Prognostic Index
(A-HIPI), which models continuous clinical variables [12] and has been externally validated
within the GHSG HD21 trial [13]. Functional imaging adds baseline total metabolic tumor
volume (MTV) [14] and, above all, interim positron emission tomography—computed to-
mography (PET-CT) response assessed by the Deauville scale, which currently underpins
response-adapted treatment [15,16]. None of these tools, however, directly captures the
biology of the HRS cell or of its microenvironment.

Over the last decade and a half, a series of discoveries has repositioned cHL as a dis-
ease actively sculpted by, and actively sculpting, its immune microenvironment. Genomic
and fluorescence in situ hybridization (FISH)-based analyses demonstrated recurrent copy-
number alterations of the 9p24.1 locus—present in nearly all cases, most often as relative
copy gain and, in about one-third of cases, as amplification—which contains CD274 (en-
coding PD-L1), PDCD1LG2 (encoding PD-L2), and JAK?2, providing a genetic basis for the
near-universal overexpression of PD-1 ligands that helped rationalize checkpoint-inhibitor
therapy in this disease [17,18]. Complementary work identified recurrent CIITA gene
fusions that transcriptionally silence MHC class II expression [19] and B2M mutations that
abrogate MHC class I presentation [20], revealing convergent, HRS-cell-intrinsic strategies
of antigen-presentation escape layered onto a chronically active NF-«kB signaling back-
ground that itself cooperates with JAK/STAT pathway activation to sustain the malignant
phenotype [4,21]. Of note, this reframing did not result from a single formal redefinition
of the disease: it emerged progressively from these landmark genomic studies, published
between 2010 and 2019 [17-20,22,23], whereas both the WHO classification and the ICC
still define cHL on morphologic and immunophenotypic grounds [9,10]. These molecular
insights have been paralleled by an equally rapid expansion of technologies capable of
resolving the spatial architecture of the immune infiltrate—multiplex immunohistochem-
istry and immunofluorescence, including cyclic immunofluorescence [1,24], imaging mass
cytometry [25], digital spatial profiling [26,27], spatial transcriptomics [2,28,29], and single-
cell approaches such as mass cytometry and single-cell RNA sequencing [30,31]—alongside
whole-slide digital pathology [32] and machine-learning tools [33-35] that may quantify
and integrate these layers with greater reproducibility than manual assessment, although
their clinical value remains to be established.

The convergence of molecular pathology, spatial biology, digital pathology, and
artificial intelligence is transforming cHL diagnostics from a tumor-centered exercise
into what we term “precision immunopathology”. We use this expression as an over-
arching conceptual framework—not as an established or formally recognized diagnostic
category—to denote an ecosystem-centered approach that integrates the malignant clone
with its immune and stromal context to support diagnosis, prognosis, treatment prediction,
and disease monitoring (Table 1, Figure 1). This review is organized around the principal
diagnostic domains through which this transition is occurring—conventional morphology
and immunohistochemistry, immune and checkpoint profiling, spatial immunopathology,
molecular pathology, and digital pathology with artificial intelligence—before considering
which of these layers currently inform clinical decision-making, which remain investiga-
tional, and what practical barriers must be overcome before they can be integrated into
routine practice. Throughout the review, and in Tables 2-8, biomarkers and assays are
classified into three levels of clinical readiness: (i) established routine diagnostic biomark-
ers; (ii) clinically validated but non-routine biomarkers, supported by trial-embedded or
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independently validated data but not required for treatment decisions; and (iii) investi-
gational or emerging technologies, whose value has so far been shown only in discovery
or retrospective cohorts. We also consistently distinguish between diagnostic, prognostic
(associated with outcome irrespective of therapy), and predictive (associated with benefit
from a specific therapy) biomarkers.

This review builds on, but is distinct from, our previous syntheses, each of which
focused on a single biological or technological domain: the contribution of the tumor
microenvironment to checkpoint-inhibitor therapy [36], immune checkpoint molecules
in Hodgkin lymphoma and other hematological malignancies [37], the morphology, phe-
notype, genotype, and cell of origin of HRS cells [38], artificial intelligence in cHL [39],
and predictors of sensitivity to immune therapies [40]. The distinctive contribution of the
present work is diagnostic and operational: it (i) integrates these domains into a single,
tiered diagnostic framework centered on the pathology report; (ii) grades each candidate
biomarker and assay according to the clinical question addressed, level of evidence, fea-
sibility on routine formalin-fixed, paraffin-embedded (FFPE) material, turnaround time,
availability of standardized scoring, and potential to change treatment decisions (Table 6);
(iii) proposes a minimum dataset for an integrated precision immunopathology report
(Table 7); and (iv) translates it into a scenario-based testing algorithm that specifies a
core panel for every case, the clinical scenarios that warrant additional analyses, and the
results expected to change management (Table 8); and (v) discusses the practical barri-
ers to implementation and the clinical populations in which the framework may need
adaptation. Overlap with our earlier reviews has been kept to the minimum necessary
for a self-contained synthesis, and readers are referred to them for in-depth discussion of
individual domains.

Table 1. Precision immunopathology in classic Hodgkin lymphoma: from conventional pathology to
integrated biological profiling *.

From
Conventional Pathology

To Precision Immunopathology

Current Capability
and Clinical Status

Anticipated Benefit (Requires
Prospective Validation)

Morphological diagnosis and
disease classification

Integrated biological
characterization of the tumor and
immune ecosystem

Diagnosis and
classification: routine

Refined prognosis,
treatment prediction, and disease
monitoring

Identification of Hodgkin and
Reed-Sternberg (HRS) cells and
histological subtype

Morphology integrated with
immune, molecular, and spatial
profiling

Morphology and standard IHC:
routine

More comprehensive
disease characterization

Limited immunohistochemistry
(e.g., CD30, CD15, PAX5, CD20,
EBER)

Multiparametric assessment of
immune checkpoints, antigen
presentation, immune-cell
composition, macrophage
polarization, stromal remodeling,
and spatial organization

Investigational; not
required for treatment selection
(Table 6)

Identification of immune escape
mechanisms and therapeutic
vulnerabilities

Spatial analysis:
Qualitative evaluation of tissue
architecture

Multiplex IHC/IF, cyclic
immunofluorescence, digital
spatial profiling, imaging mass
cytometry, and
spatial transcriptomics

Research use
only (investigational)

Characterization of immune-cell
neighborhoods and functional
tissue organization

Molecular pathology: Selected
ancillary molecular tests

Integration of FISH, NGS,
transcriptomics, single-cell
technologies, and ctDNA

9p24.1 FISH and targeted NGS:
investigational; ctDNA: clinically
validated, non-routine (Table 6)

Identification of recurrent
genomic alterations (e.g., 9p24.1,
B2M, CIITA, JAK/STAT, NF-kB),
biologically relevant subgroups,

and non-invasive monitoring

Digital pathology: Visual
microscopic evaluation

Whole-slide imaging and
quantitative digital pathology

WESI: routine in some
centers; quantitative analysis:
investigational

Standardized
and reproducible biomarker
assessment
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Table 1. Cont.

From

Conventional Pathology

Current Capability
and Clinical Status

Anticipated Benefit (Requires

To Precision Inmunopathology Prospective Validation)

Artificial intelligence (AI): Not
routinely incorporated

Machine-learning algorithms
integrating histological, molecular,
radiological,
and clinical data

Decision support, predictive
modeling, and reduction of
observer variability

Investigational; no cHL-specific
tool approved

Overall approach:

Tumor-centered pathology

Ecosystem-centered pathology
integrating malignant cells with
the tumor microenvironment

Foundation for precision
immunopathology and
personalized medicine

Conceptual framework

* This table provides a conceptual overview; readiness tiers, level of evidence, and supporting
references for individual biomarkers and assays are given in Table 6. “Current capability and
clinical status” refers to routine practice as of 2026; benefits listed as anticipated require prospective
validation. Abbreviations: ctDNA, circulating tumor DNA; FISH, fluorescence in situ hybridization;
IF, immunofluorescence; IHC, immunohistochemistry; NGS, next-generation sequencing; WSI, whole-
slide imaging.

Literature Search and Selection

This narrative review is based on a literature search of PubMed /MEDLINE, Scopus, and
Web of Science covering January 2000 to August 2026; seminal earlier studies were included
when they established concepts still in current use. Search terms combined “classic(al) Hodgkin
lymphoma” or “Hodgkin Reed-Sternberg cell” with topic-specific terms, including “tumor
microenvironment”, “PD-L1”, “9p24.1”, “MHC class 1”, “MHC class 11", “B2M”, “CIITA”,

ZA7: VTS A

“macrophages”, “multiplex immunohistochemistry”, “multiplex immunofluorescence”, “imag-

7 /a7

ing mass cytometry”, “digital spatial profiling”, “spatial transcriptomics”, “single-cell”, “circu-
lating tumor DNA”, “digital pathology”, “artificial intelligence”, “deep learning”, “nivolumab”,
“pembrolizumab”, and “brentuximab vedotin”. Reference lists of relevant articles were hand-
searched. Priority was given to (i) primary studies in cHL, particularly prospective clinical
trials and their correlative biomarker analyses; (ii) large retrospective cohorts with indepen-
dent validation; (iii) meta-analyses and systematic reviews; and (iv) classification documents.
Narrative reviews were used mainly for context. Congress abstracts were considered only for
practice-relevant, trial-embedded biomarker data not yet published in full, and are identified as
such. Only English-language articles were included. Because the selection was not systematic,
some selection bias cannot be excluded; to mitigate it, conflicting or negative results were
actively sought for each biomarker discussed

From conventional pathology to precision immunopathology in classic Hodgkin lymphoma

Morphology &
Histological
Subtyping

HRS-cell

identification

Immune & Spatial Digital
Sta';,d:n"edl IHC Checkpoint Immuno- :lt:l::luolar Pathology
Profiling pathology 9y & Al
= >
CD30, CD15, PD-L1/L2, MHC I/ll, mIHC, IMC/CODEX, FISH, NGS, ctDNA, WSI, ML/DL
PAX5, CD20, EBER macrophages DSP, spatial -omics single-cell integration

Integrated, ecosystem-centered precision immunopathology report
(diagnosis ¢ prognosis * treatment prediction ¢ disease monitoring)

Figure 1. Conceptual evolution of cHL diagnostics from conventional, tumor-centered morphology
(boxes 1 and 2: morphology /histological subtyping and the standard immunohistochemical panel)
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through four additional layers of biological characterization (boxes 3-6) toward an integrated,
ecosystem-centered precision immunopathology report. The six boxes correspond to the five diag-
nostic domains discussed in the text, conventional morphology and immunohistochemistry being
represented by boxes 1 and 2. Only boxes 1 and 2 are currently part of routine diagnostic practice; the
integrated report represents a conceptual goal whose prognostic and predictive components require
prospective validation.

2. Conventional Pathology: Morphology and Standard Immunohistochemistry

The diagnosis of cHL still begins with recognition of HRS cells: large, often binucleated or
multinucleated cells with prominent eosinophilic nucleoli and an “owl-eye” appearance, em-
bedded within a reactive background whose composition varies systematically by histological
subtype—nodular sclerosis, mixed cellularity, lymphocyte-rich, and lymphocyte-depleted—as
recognized by the current WHO classification [7,9,38]. Because HRS cells frequently lack most B-
cell surface markers despite arising from germinal-center B cells, immunophenotyping remains
essential to confirm the diagnosis: HRS cells are typically CD30-positive, often CD15-positive,
weakly or heterogeneously PAX5-positive, and negative or only weakly positive for CD20 and
CD79a [9,41]. In quantitative terms, CD30 is expressed by HRS cells in virtually all cases (a
defining feature, with membranous and paranuclear Golgi-type staining); CD15 is positive
in approximately 75-85% of cases, often in only a proportion of HRS cells; PAX5 shows weak
nuclear positivity—weaker than in reactive B cells—in about 90% of cases; CD20 is detected
in about 30-40% of cases, usually in a minority of HRS cells and with variable intensity; and
CD79a is expressed less frequently. HRS cells are negative for CD45 and show strong nuclear
MUM1/IRF4 expression in nearly all cases [7,9,38]. Loss of the B-cell transcription factors OCT2
and BOB.1, or discordant expression of one without the other, is a well-established feature that
helps distinguish cHL from CD30-positive large B-cell lymphomas and anaplastic large-cell
lymphoma when morphology alone is ambiguous [41]. EBER in situ hybridization identifies
EBV-positive cases, which account for approximately 30-40% of cases in Western countries,
with marked variation according to histological subtype (about 75% of mixed cellularity versus
10-40% of nodular sclerosis cases), patient age (higher in children in low-income settings and
in older adults), geography, and immune status (nearly all HIV-associated cases) [9,38,42], and
which carries independent pathogenetic and, in some series, prognostic significance [43,44].

CDa30 itself deserves particular emphasis, not only as a diagnostic marker but as a
therapeutic target in its own right: this tumor necrosis factor receptor superfamily member,
first characterized on HRS cells, provided the biological rationale for the antibody—drug
conjugate brentuximab vedotin, and its signaling biology—including soluble CD30 shed-
ding and bidirectional interaction with CD30-ligand-bearing T cells in the surrounding
infiltrate—illustrates how a purely “diagnostic” marker can double as a mechanistic node
in the tumor-immune crosstalk addressed throughout this review [45,46]. Because CD30
is expressed by HRS cells by definition, CD30 immunostaining confirms the presence of
the target but is not used to select patients for brentuximab vedotin, and no expression
threshold has been validated; in CD30-positive non-Hodgkin lymphomas, responses to
brentuximab vedotin have been observed across a wide range of CD30 expression levels,
including low-level expression [47]. Despite its enduring diagnostic value, this conven-
tional panel, summarized alongside the extended immune and spatial markers discussed
below in Table 2, provides essentially no information about the functional state of the
surrounding immune infiltrate, the antigen-presentation competence of the tumor cells,
or the presence of therapeutically actionable checkpoint pathways—precisely the gap that
precision immunopathology aims to close.
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Table 2. Standard versus extended immunohistochemical and immune-marker panel in classic
Hodgkin lymphoma, with type of evidence and current level of clinical implementation.
Conventional Precision- Type of Evidence and
Marker/Assay Diagnostic Role Immunopathology Extension Implementation Level Ref.
Target of brentuximab vedotin;
CD30 Diagnostic; expressed by HRS  expression confirms the target, Diagnostic: routine. [9,45-47]
cells in virtually all cases but no threshold is used for Predictive: not established ’
patient selection
CD15 Diagnostic lineage-supportive Component of Diagnostic: routine [9,38,41]
marker (~75-85% of cases) multiplex panels & ' ”
Confirms B-cell origin . Comp.opent of . . .
PAX5 (weak+) (weak in ~90% of cases) multiplex/digital panels for Diagnostic: routine [9,41]
¢ lineage confirmation
B-cell programme assessment Included in multiplex panels
CD20/CD79a/OCT2/BOB.1  (CD20 in ~30-40%, usually a [ Mp X P Diagnostic: routine [38,41]
S for cell-of-origin refinement
minority of HRS cells)
Strong nuclear positivity Component of
MUM1/IRF4 in nearly all cases; P Diagnostic: routine [7,38]
. . multiplex panels
supports diagnosis
Prognostic associations
EBER (in sit inconsistent across age groups Diagnostic: routine.
hbri di(;r; tsilo;:) EBV status and cohorts; correlates with Prognostic: inconsistent; not [43,44,48]
Y LMP1 and used for treatment selection
macrophage/cytokine profile
Reflects 9p24.1 status; Predictive: exploratory
. (retrospective,
supports the therapeutic . S
. . trial-correlative); not
PD-L1/PD-L2 (IHC on Not part of standard panel rationale for PD-1 blockade; required for [17,18,49]
HRS cells) P P higher HRS-cell PD-L1 libilite ) ! e
expression associated with chgt Lic}iljssistiolr(;frss also
longer PFS after nivolumab expression. Investigational
p2M/MHC class I Loss associated with inferior Progli';(c))ts tli;g?g?\fgz?we'
(IHC; B2M mutation by Not assessed outcome after chemotherapy benefit £ p PD-1 blockad [20,49]
sequencing) in a retrospective series ene ltln?er;ltigat-iona(l)c ade.
Predictive for PD-1 blockade:
MHC class II (HLA-DR Retained HRS-cell MHC class  exploratory. Prognostic after
IHC; CIITA alteration by Not assessed II associated with complete chemotherapy: [19,20,49,50]
FISH/sequencing) remission after nivolumab heterogeneous across
studies. Investigational
Quantitative/spatial Prognostic: inconsistent
CD68/CD163 Not part of standard panel macrophage density thresholds across [48,51-54]
(macrophages) L P
and polarization cohorts. Investigational
Extended checkpoint
CTLAA4, LAG3, Not assessed panel; rationale for Investigational [37,55,56]
TIM-3, TIGIT SIS
combination immunotherapy
Prognostic: single
FOXP3 (Treg)/ Not assessed Treg: cytotoxic-cell ratio retrospective series. [57]

Granzyme B (cytotoxic)

Investigational

Routine, established routine diagnostic biomarker; investigational, research use only. Prognostic, asso-
ciated with outcome irrespective of therapy; predictive, associated with benefit from a specific therapy.
No marker listed is currently required to establish eligibility for PD-1 blockade or brentuximab ve-
dotin. Abbreviations: EBER, Epstein—Barr virus-encoded small RNA; IHC, immunohistochemistry;
PFS, progression-free survival.

3. Immune Profiling: Checkpoints, Antigen Presentation,
and Immune Escape

The cHL microenvironment is now understood as an actively engineered, immune-
privileged niche rather than an incidental bystander population [58,59]. HRS cells secrete
cytokines and chemokines that recruit a specific immune infiltrate—including CD4+ T
cells that physically rosette around HRS cells, regulatory T cells (Tregs), M2-polarized
tumor-associated macrophages (TAMs), eosinophils, and mast cells—while simultaneously
deploying multiple, partially redundant mechanisms of immune evasion [51,57,60]. The
predominance of CD4+ T cells is not incidental but actively orchestrated by HRS cells:
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HRS cells produce the chemokines CCL17/TARC and CCL22/MDC, which attract CCR4-
expressing Th2 and regulatory CD4+ T cells [61]; rosetting CD4+ T cells are retained in
close contact with HRS cells through immunological synapses involving HLA class I and
CD58 [60]; HRS-cell-derived galectin-1 favors a Th2/regulatory T-cell-skewed infiltrate
and the selective apoptosis of Thl and cytotoxic effector cells [62]; and frequent loss
of MHC class I on HRS cells limits the stimulus for CD8+ T-cell expansion [20,22]. As a
consequence, CD8+ T cells are relatively scarce in the immediate vicinity of HRS cells [30,31].
The composition of this recruited infiltrate is not static: a small retrospective series has
suggested that it differs between patients who respond to frontline ABVD and those who do
not [63,64], and larger correlative studies, including one embedded in the E2496 Intergroup
trial, have shown that its composition is associated with outcome [51,52]. These data
support the prognostic relevance of the immune ecosystem, whereas its predictive value
for specific therapies remains to be established prospectively.

The best-characterized evasion mechanism is overexpression of PD-L1 and PD-
L2, driven by 9p24.1 copy-number alterations, which are detectable in nearly all cases
(97% in the largest FISH series), most frequently as relative copy gain (56%) and as amplifi-
cation in about one-third of cases (36%), and further enhanced transcriptionally through
JAK2-mediated signaling [17,18]. The level of 9p24.1 alteration itself stratifies outcome after
standard therapy, amplification being associated with shorter progression-free survival [18];
broader profiling of checkpoint-protein expression across the T-cell and macrophage com-
partments has further suggested, in a retrospective cohort, that the balance of inhibitory and
stimulatory signals is more strongly associated with outcome than any single marker [65].

In the setting of PD-1 blockade, the most informative tissue data derive from the correl-
ative analysis of the CheckMate 205 trial. In patients with relapsed /refractory cHL treated
with nivolumab, higher-level 9p24.1 copy gain and higher PD-L1 expression on HRS cells
were associated with longer progression-free survival, and HRS-cell expression of MHC
class I was associated with complete remission, whereas 32M/MHC class I expression was
not predictive of complete remission or progression-free survival [49]. Peripheral blood
and single-cell studies point in the same direction: response to PD-1 blockade has been
associated with the abundance and T-cell receptor diversity of circulating CD4+ T cells and
with B-cell features; PD-1 is expressed in cHL not only by T cells but also by NK cells and
monocytes/macrophages; and a proinflammatory IL13+ monocyte/macrophage signature
has been linked to resistance [66-68]. Together, these findings indicate that the efficacy of
PD-1 blockade in cHL relies largely on MHC class Il-restricted CD4+ T-cell responses and
on MHC class I-independent innate effectors rather than on classical CD8+ cytotoxicity.
They also mean that MHC class I and class II loss cannot be regarded as interchangeable
escape mechanisms: their clinical meaning differs between chemotherapy-era prognosis
and response to PD-1 blockade. Importantly, however, these associations derive from
retrospective analyses of relatively small trial subsets; no validated cut-off has been defined
for PD-L1 expression, 9p24.1 copy number, or MHC class II expression, and responses
are also observed in patients with lower PD-L1 expression. None of these parameters is
therefore currently used to select or exclude patients for PD-1 blockade [40,49,69].

Distinguishing a predictive from a prognostic effect is not straightforward with the
data currently available. A biomarker is prognostic if it is associated with outcome ir-
respective of the treatment received, and predictive only if its association with outcome
differs according to treatment; formally, a predictive effect requires a significant treatment-
by-biomarker interaction, tested prospectively or in a prospective-retrospective analysis
of archived specimens from a randomized trial comparing the therapy of interest with
a control [70,71]. CheckMate 205 and KEYNOTE-087 were single-arm studies, so that
associations observed within them cannot, on their own, separate a predictive effect of PD-1
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blockade from a general prognostic effect in relapsed /refractory disease [49,72,73]. Indirect
support for a therapy-specific effect comes from the observation that some of these biomark-
ers behave differently after chemotherapy and after PD-1 blockade: 9p24.1 amplification
was associated with shorter progression-free survival after standard first-line therapy [18],
whereas higher-level 9p24.1 copy gain was associated with longer progression-free sur-
vival after nivolumab [49]; decreased or absent 32M/MHC class I expression was associ-
ated with inferior progression-free survival after first-line chemotherapy with or without
radiotherapy [20] but not with outcome after nivolumab [49]; and decreased or absent
MHC class II expression was unrelated to outcome after first-line therapy in the same
series [20] but was associated with a lower complete remission rate after nivolumab [49].
Such therapy-dependent differences are consistent with, but do not prove, a predictive
effect, because the cohorts differ in disease setting (newly diagnosed versus relapsed after
ASCT), endpoints, and scoring methods. To our knowledge, no treatment-by-biomarker
interaction analysis of these tissue biomarkers has been reported from a randomized trial
of PD-1 blockade in cHL, such as KEYNOTE-204 (pembrolizumab versus brentuximab ve-
dotin) [74] or SWOG 51826 (nivolumab-AVD versus brentuximab vedotin-AVD) [75]; such
analyses represent the most direct route to establishing predictive value. In the first trial
of nivolumab in cHL, all evaluable pretreatment specimens showed 9p24.1 copy gain and
increased PD-L1/PD-L2 expression [76], and because 9p24.1 alterations are near-universal, a
biomarker-negative population large enough to test whether therapy could safely be withheld
would be very small.

Antigen presentation is concurrently disrupted at both MHC class I and class II. Loss
of beta-2-microglobulin (B2M), through mutation or deletion, abrogates surface MHC
class I expression and was associated with inferior outcome after standard chemotherapy,
independently of 9p24.1 status, in a retrospective series [20], but, as noted above, does not
predict failure of PD-1 blockade [49]. CIITA gene fusions, first described as a recurrent
structural variant in cHL and primary mediastinal large B-cell lymphoma, transcriptionally
silence MHC class II while simultaneously juxtaposing CIITA to strong enhancers that
drive overexpression of its fusion partners—a dual mechanism combining immune escape
with oncogenic dysregulation [19]. The prognostic significance of MHC class Il loss after
conventional chemotherapy, by contrast, has been heterogeneous across studies, with an
adverse impact reported in some series but not in others [20,50]. These lesions are not mutu-
ally exclusive. In a series of 108 uniformly treated patients, decreased or absent 32M/MHC
class I and MHC class II expression on HRS cells was found in 79% and 67% of cases,
respectively, with no significant association between the two [20]; given the near-universal
9p24.1 alterations described above, most tumors combine 9p24.1-driven PD-L1/PD-L2 over-
expression with reduced expression of at least one class of MHC molecules. Whole-exome
sequencing of flow-sorted HRS cells has likewise identified recurrent alterations in several
immune-evasion pathways—including 9p/9p24.1 copy gains and genes of the MHC class
I antigen-presentation pathway such as B2M, the latter more frequent in EBV-negative
cases—supporting complementary rather than mutually exclusive mechanisms of immune
evasion [22,23]; CIITA fusions, by contrast, account for only a minority of cases with MHC
class II loss [19,20]. Whether the combination of these alterations carries prognostic or
predictive information beyond that of each alteration alone has been examined only to a
limited extent. In the chemotherapy-treated series, 9p24.1 amplification was associated
with inferior progression-free survival in patients whose HRS cells had decreased or absent
F2M/MHC class I expression, whereas no effect was apparent in the few patients (n = 3)
with amplification and retained MHC class I expression; in multivariable models, decreased
MHC class I expression retained adverse prognostic significance independently of 9p24.1
amplification and advanced stage [20]. In the setting of PD-1 blockade, the combined effect
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of these alterations has not, to our knowledge, been formally evaluated, and no composite
score has been validated [49]. The coexistence of these lesions should therefore be regarded
as biologically established, whereas its clinical significance remains investigational.

Beyond the PD-1 axis, additional checkpoint molecules shape the cHL microenvi-
ronment. CTLA-4 has been identified on a distinct, largely PD-1-negative T-cell subset
within the HRS-cell niche, suggesting parallel, non-overlapping inhibitory circuits that
could inform rational combination checkpoint strategies rather than sequential single-agent
blockade [55]. LAG-3, TIM-3, and TIGIT, together with other emerging checkpoint targets,
have also been reported on subsets of T cells within the cHL microenvironment, broadening
the immune-checkpoint landscape and the corresponding therapeutic opportunity beyond
PD-1/PD-L1 alone [37,56].

Macrophages represent a second, largely independent, prognostic arm of the im-
mune microenvironment. Since the original description linking high densities of CD68-
positive macrophages to inferior survival, subsequent studies using CD163 and com-
binations of CD68 clones have shown that macrophage polarization state and spatial
distribution—rather than raw density alone—carry prognostic information, and that their
prognostic impact in chemotherapy-treated patients depends on the expression of check-
point molecules, such as PD-L1 and IDO-1, by the macrophages themselves [48,51-54].
That the same nominal biomarker (a CD68- or CD163-defined macrophage count) has
yielded inconsistent prognostic thresholds across cohorts is itself instructive: it illustrates
why a single immunohistochemical marker, however biologically plausible, cannot sub-
stitute for a multiparametric, spatially resolved assessment of the myeloid compartment.
EBV-positive cases show a distinct macrophage and cytokine profile, and LMP1 expression
has been linked to outcome in some series [43]; however, the prognostic value of EBV
status has varied across studies, age groups, and regions, and a meta-analysis of 42 stud-
ies found an association of EBV positivity with poorer overall survival, with substantial
heterogeneity across subgroups. These observations further illustrate how viral status
intersects with the broader immune landscape [43,44]. Collectively, these findings establish
immune profiling—encompassing checkpoint expression, antigen-presentation machinery,
and macrophage/T-cell composition—as a biologically indispensable, but conventionally
invisible, layer of cHL pathology, while also showing that most immune-profiling biomark-
ers remain prognostic associations derived from retrospective cohorts rather than validated
predictive tools.

These convergent mechanisms of immune evasion—checkpoint overexpression,
antigen-presentation loss, and T-cell dysfunction—are not randomly distributed within the
tumor but are organized in a spatially structured niche immediately surrounding the HRS
cell, in which the physical proximity of immune effectors to the malignant clone shapes the
local balance between immune surveillance and immune privilege (Figure 2).
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Figure 2. Layered conceptual model of immune evasion around the Hodgkin and Reed-Sternberg
(HRS) cell. Layer 1 (core): intrinsic genomic alterations—9p24.1 copy gain/amplification [17,18],
B2M loss [20,22], CIITA alterations [19], and NF-kB/JAK-STAT activation [4,21-23]. Layer 2 (inner
ring): cellular interactions—PD-L1/PD-L2-PD-1 engagement [17,18]; M2-like, PD-L1+
macrophages [48,51-54]; a CD4-dominant T-cell niche that includes FOXP3+ regulatory T cells and
LAG-3+ regulatory-type CD4+ T cells [30,31,57]; CTLA-4+ PD-1— CD4+ T cells [55]; and MHC class
I and class II loss, shown separately because retained MHC class II has been associated with response
to PD-1 blockade, whereas MHC class I status has not [49]. CD8+ T cells are relatively scarce in
the immediate vicinity of HRS cells [30,31]. Layer 3 (outer ring): tissue-architectural layer contrast-
ing immune-inflamed neighborhoods (MHC class I+ HRS cells with CD8+ T cells and MHC class
II+ macrophages) and immunosuppressive, regulatory T-cell-high or T-cell-excluded neighborhoods,
as described in newly diagnosed cHL [1]. Dashed arrows linking these neighborhood types to treat-
ment response or to resistance/relapse risk represent hypotheses, not validated clinical relationships
or decision rules; the study that introduced these neighborhood categories did not assess outcome [1].
Figure 2 depicts the layered conceptual model (genomic, cellular, and architectural layers), whereas
Figure 3 depicts the cellular composition of the HRS-cell niche.
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Figure 3. Cellular composition of the Hodgkin and Reed-Sternberg (HRS) cell niche. The
niche is dominated by CD4+ T cells, including rosetting CD4+ T cells held in contact with HRS
cells through HLA class II- and CD58-dependent immunological synapses [60], FOXP3+ regu-
latory T cells [57], LAG-3+ regulatory-type CD4+ T cells [30,31], and CTLA-4+ PD-1— CD4+ T
cells [55]. Other components include M2-like CD68+ CD163+ macrophages, which frequently express
PD-L1 [48,51-54]; B cells, eosinophils, mast cells, and fibroblasts /stromal cells [3,58,59]; and CD8+
T cells and NK cells, which are relatively scarce in the immediate vicinity of HRS cells (dotted
arrow) but may contribute, together with CD4+ T cells, to the effect of PD-1 blockade [30,31,66,67].
Central labels indicate the main HRS-cell-intrinsic escape mechanisms: 9p24.1-driven PD-L1/PD-L2
overexpression [17,18], MHC class I loss (B2M) [20], and MHC class II loss (CIITA) [19]; retained MHC
class II, unlike MHC class I, has been associated with response to PD-1 blockade [49]. Arrows denote
bidirectional signaling, including checkpoint ligand—receptor interactions and cytokine/chemokine
crosstalk (e.g., CCL17/TARC and CCL22 attracting CCR4+ CD4+ T cells [61]). Unlike Figure 2, which
presents a layered conceptual model, this figure is intended as a cellular inventory of the niche.

4. Spatial Immunopathology: Multiplex, Imaging Mass Cytometry,
and Digital Spatial Profiling

Because immune escape in cHL depends on direct, juxtacrine interactions between
rare HRS cells and their immediate neighbors, bulk or single-marker assays cannot fully
capture the spatial logic of the tumor-immune synapse; the technologies summarized
in Table 3 were developed to close precisely this gap. Multiplex immunohistochem-
istry and immunofluorescence (mIHC/mIF) allow simultaneous visualization of multiple
markers—typically six to nine with commercially available tyramide-based multiplex
immunofluorescence—on a single tissue section while preserving spatial context. We
have previously proposed that mIHC-based characterization of the cells directly surround-
ing HRS cells, rather than average tissue-wide marker positivity, could help optimize
checkpoint-inhibitor therapy in relapsed or progressive cHL [24]; this remains a proposal
that has not yet been tested in a prospective patient-selection study. Highly multiplexed
imaging extends this principle to dozens of parameters, either through cyclic immunofluo-
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rescence (e.g., Cell DIVE and CODEX/PhenoCycler) or through metal-tagged antibodies
(imaging mass cytometry, IMC). Using cyclic immunofluorescence and spatial transcrip-
tomics in 36 newly diagnosed cHL, Pourmaleki et al. linked MHC class I expression on
HRS cells to immune-inflamed neighborhoods containing CD8+ T cells and MHC class
II+ macrophages, and identified T-cell-excluded and regulatory T-cell-high neighborhoods;
this study did not include an outcome endpoint [1]. Using IMC on 71 paired diagnostic
and relapse biopsies from patients with relapsed/refractory cHL, Aoki et al. developed
a four-parameter spatial score (RHL4S: CXCR5+ HRS cells, PD-1+ CD4+ T cells, CD68+
macrophages, and CXCR5+ B cells) that separated patients with different outcomes af-
ter high-dose chemotherapy and autologous stem-cell transplantation (ASCT) and was
validated in an independent cohort using multicolor immunofluorescence [25]. Notably,
this score is associated with post-transplant outcome, not with response to checkpoint
blockade, and has not been evaluated prospectively. Antecedent mass cytometry (CyTOF)
and single-cell RNA-sequencing studies of dissociated cHL tissue had already shown that
the T-cell compartment is dominated by a CD4-rich, regulatory and exhausted phenotype
distinct from that of reactive lymph nodes, providing the immunophenotypic foundation
that spatial platforms have since mapped back onto intact tissue architecture [30,31].

Digital spatial profiling (DSP) platforms couple region-of-interest selection with multi-
plexed protein or RNA readout, enabling quantitative, spatially resolved analysis of stan-
dard formalin-fixed, paraffin-embedded tissue without the need for tissue dissociation [26].
Applied specifically to cHL, DSP has been used to dissect the spatial dynamics of CD4+
T-cell subsets around HRS cells [27], and genome-scale spatial mapping approaches have
begun to identify tumor-cell survival factors embedded within the local microenvironment
that would remain invisible to bulk sequencing of whole tissue sections [2]. Spatial tran-
scriptomics, which overlays whole-transcriptome or targeted gene-expression data onto
tissue coordinates, is rapidly being adopted across lymphoma pathology generally and is
beginning to generate cHL-specific insights into the spatial organization of the HRS-cell
niche and its surrounding stroma [28,29]. Single-cell RNA sequencing has complemented
these spatial approaches by defining disease-specific T-cell subsets that are not found in
reactive lymphoid tissue, several of which appear to represent direct products of chronic
antigen exposure and checkpoint engagement within the tumor niche [31,77]. More recently,
single-cell RNA sequencing combined with spatial analysis of patients treated with PD-1
blockade has identified complementary roles of CD4+ T cells, B cells, and IL1p3+ mono-
cytes/macrophages in response and resistance [68], and genome-scale spatial mapping has
shown that the HRS-cell neighborhood forms a distinct niche enriched in helper T cells [2].

These studies, however, should be interpreted as biological discovery or retrospective
validation rather than clinically validated prediction. Most derive from single institutions or
relatively small cohorts (typically a few dozen to around one hundred patients), analyzed on
specialized platforms with bespoke marker panels and analytical pipelines; reproducibility
across platforms, laboratories, and pre-analytical conditions has not been systematically
assessed; and, to our knowledge, no spatial signature has yet been validated prospectively
or incorporated into treatment decisions in cHL. Accordingly, the terms “predict” and
“predictor” in this context refer to statistical associations with outcome in discovery or
retrospective validation cohorts, and all spatial technologies are classified as investigational
in Tables 3 and 6.

Collectively, these technologies convert the tumor microenvironment from a quali-
tative background observation into a quantitative, spatially resolved biomarker source,
and suggest that where immune cells sit relative to HRS cells may be as biologically—
and potentially clinically—informative as which immune cells are present in the first
place (Figure 3).
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Table 3. Spatial, single-cell, and computational technologies applied to the classic Hodgkin lymphoma
tumor microenvironment, with current level of clinical implementation.

Representative Application in cHL Current
Technology Platforms Readout (Study Design) Implementation Ref.
Level
Spatial and Single-Cell Technologies
Immune composition
Opal (tyramide around HRS cells;
Multiplex IHC/ signal . g . proposed for optimizing Investigational
immunofluorescence amplification); ’l;i;g;(lj(fgrlz 6e? sperc(;fgi? checkpoint-inhibitor (feasible on FFPE; [24,54,65]
(mIHC/mIF) sequential p therapy (perspective); not standardized)
chromogenic mIHC prognostic checkpoint
profiling (retrospective)
Tens of protein HRS-cell neighborhood
Cyclic Cell DIVE; markers s}i)ngle—cell mapping in newly Investigational [1]
immunofluorescence CODEX/PhenoCycler spatial resolution diagnosed cHL (no
P outcome endpoint)
Spatial score (RHL4S)
associated with outcome
Imaging mass Hyperion ~40 I;iﬁi;asgged after ASCT in R/R cHL Investieational [25]
cytometry (IMC) Y subcellular resolution : (retrospectlye; . 5 )
independent validation
by mlIF)
High-dimensional T-cell subset discovery;
single-cell im- peripheral immune
C h%ag; Cri]:,ﬁr-rslegt}i,al) Helios munophenotyping of signature associated Investigational [30,66]
yE P dissociated tissue with response to PD-1
or blood blockade
Region-of-interest
Digital spatial . protein/RNA CD4+ T-cell s
profiling (DSP) NanoString GeoMx quantification on spatial dynamics Investigational [26,27]
FFPE tissue
Visium: Slide-seqV2: Whole/targeted HRS-cell niche
Spatial transcriptomics CosMx SMIq ’  transcriptome with organization; tumor-cell Investigational [2,28,29]
spatial coordinates survival factors
Disease-defining T-cell
. Droplet-based . o subsets; immune
RNSAlréglel;ceiliin scRNA-seq ;I:nlsec-?e]ilt 2:;2&?5?’ rewiring associated Investigational [31,68,77]
q & platforms & with resistance to PD-1
blockade
Digital pathology and computational tools (not multi-omic technologies)
Routine in some
Sy . . s Remote consultation; centers
nglg—slhde Enlaglng/ Sdhd.et slcar_mer + D1g1t1zecll.gI&E/ diagnostic (consultation; [32]
igital pathology igital viewer IHC slides concordance review primary diagnosis
where validated)
HRS-cell and T-cell
g content associated with
Digital image analysis Quarlltlt.atlvef 1mage- Al;tfqmgted Cel\}\lsl outcome after ABVD Investigational [78]
analysis software quantification on (two-center, retrospective;
no external validation)
cHL: deep-learning
quantification of
picrosirius red-stained
. collagen in pediatric HL A .
Machine-learning/ Convolunlonal lAut.cf).matt.ed/ (ot sufficient as InI\_/I(istlgatl.?.r’latl, | [33-35,39,79,80]
deep-learning models neura.- classiication stand-alone prognostic no cHL-Specliic too sl addiiiad
network classifiers quantification approved

tool). Other lymphomas:
subtype classification
(retrospective proof
of concept)

Abbreviations: ABVD, doxorubicin, bleomycin, vinblastine, dacarbazine; ASCT, autologous stem-cell
transplantation; FFPE, formalin-fixed, paraffin-embedded; R/R, relapsed/refractory; WSI, whole-
slide imaging. Multiplexing capacity is indicative and depends on platform and panel design.

5. Molecular Pathology: Genomic Landscape and Liquid Biopsy

Because HRS cells constitute such a small fraction of the tumor mass, molecular char-

acterization of cHL required methodological innovation before it could proceed at all. Flow-
sorting or laser-capture microdissection of HRS cells followed by exome or genome-wide
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sequencing confirmed recurrent alterations converging on the NF-«B pathway, including
TNFAIP3/A20 inactivation, alongside the 9p24.1, B2M, and CIITA alterations described
above [22,23,81]. Additional recurrent alterations include inactivating mutations of SOCS1
and PTPN1 and mutations of STAT6 and CSF2RB (JAK/STAT pathway), NFKBIE and
TNFAIP3 mutations and REL/2p16 gains (NF-kB pathway), and mutations of GNA13,
ITPKB, XPO1 (including the E571K hotspot), and ARID1A [22,23,81-84]. Contrary to the
earlier assumption of a low mutational load, EBV-negative cHL has been shown to carry
one of the highest mutational burdens reported across cancers, with microsatellite
instability-associated and APOBEC-related signatures—features that may contribute to the
efficacy of PD-1 blockade [22]. NF-«B activation, achieved through both canonical and non-
canonical routes, appears to be a near-universal feature of HRS cells and cooperates with
JAK/STAT signaling to sustain the anti-apoptotic, proliferative, and immunomodulatory
phenotype that defines the malignant clone (Table 4) [4,21].

The practical difficulty of obtaining sufficient malignant material from cHL tissue
has made circulating tumor DNA (ctDNA) genotyping particularly valuable in this dis-
ease. Targeted sequencing of cell-free DNA can recover the mutational profile of HRS
cells non-invasively—plasma variant allele fractions often exceed those measured in bulk
tissue [85]—and has been used to track clonal evolution and to detect genetic heterogeneity
not always appreciated on a single tissue biopsy [82]. Pretreatment and on-treatment
ctDNA levels correlate with response and outcome in retrospective and prospective
cohorts [82,85,86], and ultrasensitive methods can detect radiographically occult mini-
mal residual disease [85]; however, systematic data on the lead time between molecular
and clinical or radiologic relapse remain limited. The approach has been extended to
pediatric cHL, in which diagnostic tissue is often especially limited [87], and has been
used to define molecularly distinct genomic subtypes directly from plasma—two subtypes
(H1 and H2) with distinct clinical, prognostic, transcriptional, and immunological cor-
relates in one study [85], and three biologically defined subtypes, validated in pediatric
and adult trial cohorts including HD21, in another [88]. Importantly, these plasma-based
classifications were derived in patients whose diagnosis had already been established
histologically on tissue; they represent molecular characterization that complements, rather
than replaces, the diagnostic biopsy, which remains indispensable to establish the diagnosis,
determine the histological subtype, and exclude morphologic and immunophenotypic
mimics. Trial-embedded data are now emerging: in a correlative analysis of the 51826
trial, so far reported only in abstract form, ctDNA-based molecular tumor burden after
two cycles and at the end of therapy was more strongly associated with outcome than
PET-based response assessment [89].

Several limitations nevertheless temper these promising results. Assays differ substan-
tially in technology (hybrid-capture panels, phased-variant enrichment sequencing, digital
PCR), gene content, and limits of detection; optimal sampling time-points and thresholds
defining molecular response or minimal residual disease have not been harmonized; and,
most importantly, no study has yet shown that ctDNA-directed modification of therapy

v

improves patient outcome. The terms “feasible”, “prognostic”, and “clinically actionable”
should therefore not be used interchangeably: ctDNA genotyping is feasible and prognostic,
but not yet clinically actionable outside clinical trials. At present, therefore, ctDNA has
no established clinical utility in cHL for diagnosis, staging, or treatment selection; its use
is limited to clinical trials and prospective studies, and it cannot independently guide
treatment decisions. Likewise, FISH-based assessment of 9p24.1 and targeted sequencing
are technically feasible in specialized laboratories, but because nearly all cases carry a
9p24.1 alteration and no threshold has been validated to withhold therapy, their use to

select patients for PD-1 blockade remains investigational. The most realistic near-term
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application is ctDNA-based response assessment within prospective trials, where it may

complement, and eventually refine, PET-based response adaptation.
The WHO classification has evolved in step with this molecular understanding: the

2016 revision already incorporated emerging genetic insights into lymphoid neoplasm
classification generally [8], and both the current fifth edition of the WHO classification [9]
and the ICC [10] integrate genetic data into the definition of many lymphoid neoplasms.
For cHL, however, the definition and subtyping remain essentially morphologic and im-

munophenotypic, and no genomic feature is currently required for diagnosis. Molecular

pathology in cHL has thus moved from a purely research tool toward a source of biologi-

cally informative, and increasingly non-invasively obtainable, biomarkers whose clinical

actionability still requires prospective demonstration.

Table 4. Recurrent molecular and genomic alterations in classic Hodgkin lymphoma, distinguishing

biologically established alterations from biomarkers used in routine clinical decision-making.

Alteration . . .
. Functional Biological/ ..
Gene/Locus (%ggégzﬁ;)te Consequence Clinical Significance Current Clinical Use Ref.
Rationale for PD-1
Copy-number Increased blockade; amplification  Biologically established;
alteration in PD-L1/PD-L2 associated with FISH available but
9p24.1 (CD274/ ~97%: relative copy transcription; shorter PFS after not used for treatment [17,18,49]
PDCD1LG2/JAK2) gain (~56%), further standard therapy; decisions o
amplification (~36%), JAK2-mediated higher-level gain (investigational
polysomy (~5%) induction associated with longer as predictor)
PFS after nivolumab
Inferior outcome after
. chemothera . . .
B2M Inactivating Loss of surface MHC (retrospective)l;gi,lot Biologically established; 1, >, 41
mutation/deletion class I expression predictive for not used clinically
PD-1 blockade
Dual immune-escape/
Loss of MHC class oncogenic mechanism;
CIITA £ i?glrtl}‘segfftelizl II expression; retained MHC class 1T Biologically established; [19,49]
alteration fusion-partner associated with not used clinically !
overexpression response to
PD-1 blockade
TNFAIP3/A20 and Constitutive ~
NE-«B pathwa NFKBIE inactivating canonical/ Supports HRIS cell Biologically established; [4,21-23]
p y mutations; non-canonical NF-«B d surxlz.lfva . not used clinically . N
REL/2p16 gain activation and proliferation
SOCS1 and PTPN1 c N
inactivation; STAT6 S ooperates wit - . . .
JAK/STAT pathway ~ mutation (~30-40%); S%’T“s?ltu“ﬁe NF-xB; supports PD-L1  Biologically established; 1, ) 5, o5 g1
CSF2RB mutation; sighaliing induction not used clinically
JAK2 gain
G-protein, B-cell
receptor/calcium, XPO1 E571K
Other recurrently GN. A)I(%é§PKB’ nuclear-export, detectable in plasma, I L )
. . : nvestigational [22,23,83,84]
mutated genes (E571K), ARID1A and chromatin- with possible
! remodeling prognostic value
pathways
Potential target of
IL4R Truncating mutations IL—l'o’.-depfendent IL-4Ro-blocking Investigational [85]
signaling . . . C
antibodies (preclinical)
. H1/H2 subtypes; Distinct genomic, - L
ctDNA-defined . . . LS Distinct clinical and T &
. biologically defined transcriptional, and ; Investigational [85,88]
genomic subtypes CtDNA stibtypes immune profiles prognostic correlates
Non-invasive Disease monitoring, Investigational;

Genome-wide somatic
variants (ctDNA)

Variants recoverable
from cell-free DNA

genotyping of
HRS-cell clone

molecular response,
and residual-disease
detection; prognostic

trial-embedded
validation ongoing

[82,85-87,89]

Frequencies are approximate and derived from the cited series; they vary with detection method
(FISH, tissue sequencing, or ctDNA). Abbreviations: ctDNA, circulating tumor DNA; FISH, fluores-

cence in situ hybridization; PFS, progression-free survival.
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6. Digital Pathology and Artificial Intelligence

The multiplicity of markers, platforms, and spatial layers generated by precision
immunopathology creates a practical challenge: reproducible quantification and integration
at a scale compatible with routine diagnostic workflows. Whole-slide imaging (WSI)
converts glass slides into high-resolution digital files that can be annotated, quantified,
and shared for remote consultation; studies directly comparing digital and glass-slide
diagnosis in hematopathology have identified specific, recurring discrepancy patterns
that now inform quality-assurance protocols for digital adoption in routine practice [32].
Once digitized, tissue sections become amenable to computational analysis: in other
lymphoma entities, retrospective proof-of-concept studies have shown that deep-learning
classifiers trained on whole-slide images can, for example, distinguish follicular lymphoma
from follicular hyperplasia [33] or classify chronic lymphocytic leukemia and follicular
lymphoma images [80] with high accuracy. Evidence specific to cHL is considerably more
limited. Whole-slide digital image analysis has been used to quantify HRS-cell and T-
cell content as predictors of outcome after ABVD in a two-center retrospective cohort of
85 patients, without external validation [78], and a deep-learning approach has been applied
to quantify picrosirius red-stained collagen as a candidate prognostic metric in pediatric
Hodgkin lymphoma, the authors concluding that it was not sufficiently accurate to serve
as a stand-alone prognostic tool [79].

Beyond diagnostic classification, machine-learning approaches are being developed
across the full spectrum of lymphoma histopathology—from initial diagnosis and subtyp-
ing to prognostic modeling and treatment-response prediction—with a rapidly growing
literature that includes systematic reviews [34] spanning conventional machine learning,
deep convolutional networks, and, increasingly, multimodal models that combine his-
tology with clinical and molecular data. More broadly, artificial intelligence in digital
pathology has been framed as a foundational enabling technology for precision oncology
generally, capable of extracting quantitative, reproducible features from routine histology
that complement, and in some cases anticipate, molecular and genomic findings [35]. A
dedicated synthesis has similarly outlined how artificial intelligence may help resolve spe-
cific diagnostic and prognostic challenges in cHL, from subtype recognition to biomarker
quantification [39]. In cHL specifically, where HRS cells are rare and manual immune-
cell quantification is labor-intensive and subject to substantial inter-observer variability,
algorithmic quantification of checkpoint expression, macrophage density, and spatial neigh-
borhood composition could offer a route to standardized, scalable biomarker assessment
that would be impractical to achieve by manual review alone (Table 3).

Realizing this potential in routine practice will require several concurrent develop-
ments: prospective, multi-institutional validation of candidate algorithms on cohorts that
reflect real-world staining and scanning variability rather than single-center training data;
standardization of pre-analytical variables, including fixation time, antibody clone, and
antigen-retrieval protocol, all of which materially affect quantitative immunohistochemical
output; transparent reporting of model performance across patient subgroups to avoid
propagating existing diagnostic biases into automated tools; and regulatory frameworks
for clinical deployment of computational pathology algorithms that remain, in most ju-
risdictions, under active development rather than fully established. These requirements
are particularly pressing in cHL. To our knowledge, no Al tool has been approved by
regulatory agencies or deployed in clinical practice for cHL-specific diagnostic, prognostic,
or predictive use; most published models are retrospective proofs of concept derived from
one or a few institutions, and their performance is vulnerable to dataset shift—including
scanner and staining variability, differences in case mix and histological subtype distribu-
tion, and changes in pre-analytical handling. Interpretability of model outputs, external
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validation on independent multi-institutional cohorts, and prospective evaluation of the
impact on diagnostic accuracy and patient outcome are therefore prerequisites for clinical
use [34,35,39]. Accordingly, all Al-based applications are classified as investigational in
Tables 3 and 6.

7. Clinical Translation: Biomarker-Driven Immunotherapy

The molecular and immune biology described above has already reshaped clin-
ical management of cHL, and is summarized alongside its underlying rationale in
Table 5. The demonstration that HRS cells almost universally overexpress PD-L1/PD-
L2 provided the rationale for testing PD-1 blockade in relapsed or refractory cHL, and
nivolumab produced substantial response rates in an early-phase trial in heavily pretreated
patients, a result subsequently confirmed with durable responses in an expanded, multico-
hort phase II study [72,76]. Pembrolizumab likewise showed marked activity in relapsed or
refractory disease [73] and, in a randomized phase III comparison, demonstrated superior
progression-free survival compared with brentuximab vedotin, establishing checkpoint
blockade as a standard option in this clinical setting [74]. Brentuximab vedotin itself,
targeting CD30, produced durable remissions in its pivotal phase II trial in relapsed or
refractory disease [90] and, when incorporated into frontline combination chemotherapy,
improved outcomes for patients with advanced-stage disease in the ECHELON-1 trial, with
benefit sustained on extended follow-up [91,92]. More recently, PD-1 blockade has moved
into the frontline setting: in the phase IIl SWOG 51826 trial, nivolumab plus doxorubicin,
vinblastine, and dacarbazine (N-AVD) improved progression-free survival compared with
brentuximab vedotin-AVD in patients aged 12 years or older with newly diagnosed stage
HI-IV cHL [75], with benefit maintained at 3 years in adolescents [93] and particularly
pronounced, together with better tolerability, in patients aged 60 years or older [94]. On
the basis of 51826, the U.S. Food and Drug Administration (FDA) approved nivolumab in
combination with AVD in March 2026 for adult and pediatric patients aged 12 years or older
with previously untreated stage III-IV cHL, without any biomarker requirement [95]. In
parallel, the PET-guided BrECADD regimen (brentuximab vedotin, etoposide, cyclophos-
phamide, doxorubicin, dacarbazine, and dexamethasone) proved more effective and better
tolerated than escalated BEACOPP in the phase III GHSG HD21 trial [96], establishing a
further CD30-directed frontline standard. Regulatory approval, labeled indications, reim-
bursement, and availability of these frontline regimens nevertheless differ between regions:
for example, N-AVD has been approved by the FDA [95] and subsequently by the European
Commission [97], whereas BrECADD has been approved in the European Union [98] but
not, to our knowledge, in the United States. The choice among these regimens therefore
also depends on local regulatory status, reimbursement, and guidelines. Notably, none
of these regimens requires a tissue biomarker for patient selection beyond the diagnosis
of cHL itself. Response-adapted strategies using interim PET-CT imaging to escalate or
de-escalate chemotherapy intensity, validated in large international trials, further illustrate
how an imaging-based biomarker already personalizes treatment in this disease, providing
a template that molecular and immune biomarkers may eventually extend or refine [15,16].

Despite this progress, predictive biomarkers for checkpoint-inhibitor response in cHL
remain less mature than in many solid tumors, where tumor mutational burden and PD-L1
immunohistochemistry are more directly actionable; lymphoma biology, with its distinct
genetic mechanism of PD-L1 upregulation and its reliance on innate as well as adaptive
antitumor immunity, requires dedicated predictive frameworks rather than direct extrapo-
lation from solid-tumor paradigms [69]. In particular, no percentage of PD-L1-, PD-1-, or
CD30-positive cells has been validated as a threshold predicting efficacy. CD30 is expressed
by HRS cells by definition, and the brentuximab vedotin trials required only a diagnosis
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of CD30-positive cHL [90,91]; PD-L1 is expressed by HRS cells in the large majority of
cases, PD-1 is expressed by T cells and other immune effectors in the microenvironment
rather than by HRS cells, and the checkpoint-inhibitor trials did not require any threshold
of PD-L1 or PD-1 expression [72-74,76]. Retrospective correlative analyses have associ-
ated higher PD-L1 expression and higher-level 9p24.1 gain with longer progression-free
survival after nivolumab, but responses also occur in patients with lower expression [49].
The precision immunopathology approach outlined in this review—integrating 9p24.1
status, antigen-presentation competence, spatial immune topology, and computational
quantification—represents a candidate framework for developing and prospectively test-
ing such biomarkers [5,6,99]. With the move of PD-1 blockade into first-line therapy, the
clinically relevant questions have changed: rather than selecting patients for checkpoint
blockade at relapse, biomarkers will be needed at diagnosis to identify patients likely to be
cured with N-AVD who might be candidates for de-escalation, patients at risk of primary
resistance who might benefit from alternative or intensified strategies, and patients in
whom ctDNA-based response assessment could complement PET [89]. In practical terms,
any biomarker intended to guide frontline PD-1 blockade would have to be assessed on
the diagnostic biopsy, before the first treatment cycle and with a turnaround time com-
patible with prompt initiation of therapy, and its value would have to be demonstrated
as a treatment-by-biomarker interaction in randomized comparisons of PD-1-based and
CD30-directed frontline regimens, for example through prospective-retrospective analyses
of specimens banked within such trials [71,75]. Until such data are available, pretreatment
assessment of PD-L1, 9p24.1, or MHC class II should neither delay treatment nor determine
the choice between N-AVD, brentuximab vedotin-AVD, and BrECADD, and banking of
diagnostic tissue and plasma is the most useful contribution that pathology can make today
(Tables 7 and 8).

Table 5. Approved and investigational immunotherapeutic strategies in classic Hodgkin lymphoma
and tissue biomarker requirements for their use.

Target/Mechanism and

Setting and Pivotal Tissue Biomarker

Agent/Strategy . . . . Required for Ref.
Biological Rationale Evidence Eligibility
Anromenond /Rl Chekita
Nivolumab }i;DI?Lll/ 039 (phase I); CheckMate None [72,76]
PD-L2 overexpression 205 (phase I1)
R/R cHL: KEYNOTE-087
Pembrolizumab Antl-.PD-l monoclonal (phase II); KEYNOTE-204 None [73,74]
antibody; as above (phase III vs.
brentuximab vedotin)
Frontline, stage III-1V,
age >12 years: SWOG
51826 (phase Il vs.
. Anti-PD-1 antibody BV-AVD), including
Nivolumab + AVD . . adolescent and >60-year
combined with None [75,93-95,97]
(N-AVD) hemothera analyses; approved by the
chemotherapy FDA (March 2026) and the
European Commission;
regulatory status varies
by region
Anti-CD30 antibody—drug R/R cHL: pivotal phase
Brentuximab vedotin conjugate (MMAE); CD30 II; frontline advanced stage: None (CD’a’.O .e>.<pressed [90-92]
by definition)

expression on HRS cells

ECHELON-1 (BV-AVD)
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Table 5. Cont.
Target/Mechanism and Setting and Pivotal Tissue B.lomarker
Agent/Strategy . . . . Required for Ref.
Biological Rationale Evidence . ep s
Eligibility
Frontline advanced stage,
. . PET-guided: GHSG HD21
Anti-CD30 antibody—drug (phafe 11l vs. eBEACOPP);
BrECADD conjugate within approved in. the European/ None [96,98]
intensive chemotherapy Union, regulatory status
varies by region
Interim PET-CT-guided
Response-adapted escalation/de-escalation; RATHL: SWOG S0816 Not applicable [15,16]
chemotherapy early metabolic response ! (imaging biomarker) !
predicts outcome
Dual checkpoint blockade;
checkpoint inhibitor +
CD30-directed ADC; . L
Investigational LAG-3-, TIM-3-, or None validated; tissue

combination strategies

Early-phase clinical trials biomarkers explored in [37,55,56,69]

TIGIT-directed agents; correlative studies

targeting parallel,

non-overlapping inhibitory

circuits

Abbreviations: ADC, antibody—drug conjugate; AVD, doxorubicin, vinblastine, dacarbazine; BV,
brentuximab vedotin; e BEACOPP, escalated BEACOPP; MMAE, monomethyl auristatin E; R/R,
relapsed/refractory.

8. Towards an Integrated, Ecosystem-Centered Diagnostic Framework

The technologies reviewed here do not operate in isolation but function as comple-
mentary layers of a single, increasingly unified diagnostic process (Table 1, Figure 1).
Morphology and standard immunohistochemistry remain the indispensable foundation,
establishing the diagnosis and histological subtype upon which every subsequent layer
depends. Immune and checkpoint profiling adds information about the functional state of
the tumor-immune interaction; spatial technologies situate that information within intact
tissue architecture; molecular pathology, including ctDNA-based liquid biopsy, provides
genetic context and a non-invasive monitoring tool; and digital pathology with artificial
intelligence supplies the computational infrastructure required to quantify and integrate
these otherwise disparate, high-dimensional data streams reproducibly.

Conceptually, this can be visualized as concentric layers of information radiating
outward from the HRS cell itself: an intrinsic genomic layer comprising 9p24.1, B2M, CI-
ITA, and NF-kB/JAK-STAT alterations; an immediate cellular-interaction layer comprising
checkpoint ligand-receptor engagement, antigen presentation, and cytokine crosstalk with
adjacent T cells and macrophages; and a tissue-architectural layer comprising the spatial
organization and topology of the broader immune and stromal infiltrate (Figure 2). A
fully integrated diagnostic workflow would capture tissue at biopsy, apply standard mor-
phology and immunohistochemistry for diagnosis, layer on spatial and molecular assays
selected according to clinical context—for example, ctDNA for baseline risk assessment and
response monitoring, or 9p24.1 FISH and MHC class Il immunohistochemistry as candidate
predictors of benefit from PD-1 blockade within clinical trials—integrate tissue-derived
data with plasma (ctDNA, serum TARC/CCL17) and imaging (baseline MTV, interim
PET) biomarkers, and use digital pathology and machine-learning tools to standardize
quantification and support clinical decision-making, all feeding into a single, integrated
report (Figure 4, Tables 6-8).
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Two non-tissue biomarkers are closely linked to cHL immunobiology and already
used in clinical research. Serum or plasma TARC/CCL17, secreted by HRS cells to recruit
CCR4+ CD4+ T cells into the niche [61], reflects disease activity and has been studied as an
early response marker in prospective cohorts [100,101] and in correlative studies embedded
in the PET-adapted SWOG S0816 and HD0607 trials, in which higher TARC levels after
two cycles or at the end of therapy were associated with inferior progression-free survival,
also in patients with a negative interim PET [102,103], although assays and cut-offs have
not been harmonized; baseline total MTV on PET-CT captures tumor burden and adds
prognostic information to clinical risk factors [14]. Together with ctDNA [82,85,86,88,89],
these biomarkers provide a non-invasive, repeatable complement to the single diagnostic
biopsy, and they are explicitly included as plasma and imaging inputs in the revised
integrated workflow (Figure 4).

To make the framework operational, Table 6 grades each candidate biomarker or assay
according to the clinical question addressed, the level of evidence (discovery, retrospective
validation, prospective/trial-embedded validation, or guideline-endorsed), feasibility on
routine FFPE material, turnaround time, availability of standardized scoring, and whether
its result would change a treatment decision today. Table 7 proposes a minimum dataset for
an integrated precision immunopathology report, distinguishing items that can be reported
in every case today from items recommended in selected settings or within clinical trials.

Table 6. Evidence-graded overview of candidate biomarkers and assays for an integrated precision

immunopathology assessment of classic Hodgkin lymphoma.

FFPE Feasibility/
Biomarker/Assay Clinical Question Level of Evidence Turnaround/ Changes Treatment Readiness Tier Ref.
Ny . Decision Today?
Standardized Scoring
Morphology +
standard IHC panel Dia . QT
gnosis; Guideline-endorsed Yes/1-3 days/ : : :
é%]ggo,c%]géz, gAC)"i% subtyping (WHO-HAEMS, ICC) standardized Yes (diagnosis) Routine [7,9,10]
BOB.1, MUM1)
Guideline-endorsed
EBER in situ Diagnosis; EBV (diagnostic); Yes/1-2 days/ No (as - 1 AL
hybridization status prognostic value standardized prognostic marker) Routine [9,45,44]
inconsistent
Clinical scores Guideline-endorsed
N : Frontline (risk factors, IPS); Not tissue- Yes .
f (farlylgtgg;’ rlHSII;’I risk stratification externally based/immediate (treatment intensity) Routine (6,11-13]
actors, IPS, A-HIPI) validated (A-HIPI)
. Prospective : .
Interim PET . X i Imaging/during .
(Deauville score) Response adaptation gﬁ‘ggﬁiﬁz‘fﬁiigé d therapy/standardized Yes Routine [1516]
Imaging/immediate/
. Frontline Retrospective analyses ~ partially standardized Clinically validated,
Baseline MTV risk stratification of prospective trials (segmentation No non-routine (el
methods vary)
Prospective cohorts;
. trial-embedded Blood /hours/ . .
%Xﬁrg/ggigr;a Eé;;’ll(})lr;izg&nse, correlative analyses commercial assays; no No Chnrlli)a;l_}rlguatlilg:ted’ [100-103]
(ccLn & (SWOG harmonized cut-off
50816, HD0607)
ctDNA (genotyping, Baseline risk; early Retros;;ectlve; nf . Plasma/ Clinically validated,
molecular tumor response; MRD; trlio;lc-)zrprﬁ)ceg/cfe? ( GOI{I;,G 1-3 weeks/not No (outside trials) _non-routine/ [82,85-89]
burden, MRD) genomic subtype trials; 31826, abstract) standardized investigational
. Yes/1-2 days/
.. X Retrospective, . .
PDI:IIf{lslgﬁson fPredll’%lrigl:}l)enlfﬁc‘lE trial-correlative no validated scoring No Investigational [18,49]
rom PD-1 blockade (CheckMate 205) system or cut-off
incHL
Prognosis; . Yes/3-7 days/
9p24.1 FISH predicting benefit RS tir(f_spercrhlv iiind research scoring No Investigational [18,49]
from PD-1 blockade al-correlative criteria; no cut-off
Prognosis
(chemotherapy); . R
32M/MHC class I and - . Retrospective and Yes/1-2 days/scoring - y
MHC class ITTHC precfl;gt:;lgg??eﬁt trial-correlative not standardized No Investigational [20,49,50]

blockade (MHC-II)
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Table 6. Cont.
FFPE Feasibility/
Biomarker/Assay Clinical Question Level of Evidence Turnaround/ Changes Trea‘time;‘t Readiness Tier Ref.
Standardized Scoring Decision Today?
Retrospective
Macrophage markers X
. - (one trial-embedded Yes/1-2 days/ " ) e
Tr(eC]z&t; é t?)xD1i6r22t,1 . Prognosis study, E2496); not standardized No Investigational [48,51-54,57]
&Y inconsistent thresholds
Multiplex and spatial . )
immunoprofiling Prognosis; resistance rgrl(s)go‘ég{iy\;e Partly (FFPE)/weeks/
(mlIF, cyclic IF, IMC, mechanisms; 1.5 e platform-specific, not No Investigational [1,2,24-29]
DSP, spatial candidate predictors ( evg IR?—III?ES) standardized
transcriptomics) ©
Single-cell and Mechanisms of Fresh tissue or
peripheral response/ resistance Discovery blood /weeks/ No Investigational [30,31,66,68]
immune profiling to PD-1 blockade not standardized
. Discovery; Yes
< oitald Standardized ; ¢ f
Digital image quantification; retrospective, one or (Wt(salrzé;?éliibl;? not No Investigational [39,78,79]
analysis/Al FOENOSIS two centers, without s ed; no
prog external validation approved cHL tool

Readiness tiers: routine, established in routine practice; clinically validated, non-routine, supported
by trial-embedded or independently validated data but not required for treatment decisions; investi-
gational, research use only. Turnaround times are indicative. Abbreviations: A-HIPI, Advanced-Stage
Hodgkin Lymphoma International Prognostic Index; DSP, digital spatial profiling; IMC, imaging
mass cytometry; IPS, International Prognostic Score; MRD, minimal residual disease; MTV, metabolic
tumor volume.

Table 7. Proposed minimum dataset for an integrated precision immunopathology report in classic

Hodgkin lymphoma.

Report Section

Items When/Readiness

A. Core diagnostic data

Specimen type and adequacy; histological subtype
(WHO-HAEMS5/1ICC); HRS-cell immunophenotype
(CD30, CD15, PAX5, CD20, CD79a, OCT2/BOB.1,
MUM1, CD45); EBER status; exclusion of mimics;
identification of FFPE block(s) suitable for
further testing

Every case; routine

B. Clinical and imaging context

Stage; early-stage risk factors or IPS/A-HIPI; baseline
PET-CT (MTV where available); interim PET result
when available

Every case; routine (integrated from
clinical record)

C. Extended tissue biomarkers

PD-L1 on HRS cells (IHC) and 9p24.1 status (FISH);
32M/MHC class I and MHC class II expression on
HRS cells; macrophage and T-cell composition. Each
reported with assay, antibody clone, and scoring
method, and with an explicit statement that the result
is not required for treatment selection

Selected cases or clinical trials; investigational

D. Plasma biomarkers

ctDNA (assay; baseline level; genomic subtype;
on-treatment molecular response; MRD); serum
TARC/CCL17

Clinical trials or prospective studies; clinically
validated, non-routine

E. Spatial and computational data

Spatial neighborhood metrics, spatial scores,
Al-derived quantification—reported separately and
labeled as research results

Research only

F. Integrated interpretation

Synthesis of sections A-D, each item labeled by level of
evidence; banking of tissue and plasma at diagnosis,
given the move of PD-1 blockade to first-line therapy

Every case (sections A-B); expanded as
evidence accrues

Abbreviations as in Table 6. Section C-E items should not be used to withhold approved therapies.

Such a workflow remains largely aspirational in routine diagnostic laboratories today,
constrained by cost, turnaround time, the absence of harmonized analytical standards across
spatial and computational platforms, and the need for prospective clinical validation before
any single biomarker combination can be considered standard of care. Nonetheless, the
trajectory of the field, and the broadly concordant findings emerging from complementary
and independently developed technologies, make this integration a realistic goal, provided
that the practical barriers discussed in Section 9 are addressed.

A further, practical consideration is where in the diagnostic pathway each layer should
be deployed. Morphology and the standard immunohistochemical panel are appropriately
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universal, applied to every new diagnosis. Extended immune, spatial, and molecular
profiling, by contrast, is more realistically deployed selectively—within clinical trials
designed specifically to validate candidate biomarkers, at relapse, or in diagnostically
challenging cases—until evidence, cost, and turnaround time become compatible with
universal application. Because PD-1 blockade has moved into first-line therapy, however,
the diagnostic biopsy has become the key time-point for any biomarker intended to predict
benefit from checkpoint blockade, so that the argument for reserving extended profiling
for relapse no longer fully applies. At a minimum, adequate tissue (and, where possible,
plasma) should be banked at diagnosis and the core dataset in Table 7 reported, so that
extended assays can be performed later or within trials. Framed this way, precision
immunopathology is not a wholesale replacement of conventional practice but a tiered
extension of it, in which the depth of biological characterization is matched to the clinical
question actually being asked.

Integrated diagnostic workflow in classic Hodgkin lymphoma

Clinical data:

stage, age, Tissue biopsy (FFPE; fresh tissue or blood for research) Plasma Imaging (PET-CT)

risk factors

-
Clinical risk Morphology & Chea‘;":'i’;;:t & ssirrl,;It:le&il paDtlhgt;:s:;y ctDNA & Interim PET Baseline
scores standard IHC presentation profiling & Al serum TARC (Deauville) MTV
PD-L1 IHC, mIHC/mIF, cyclic IF Genotyping,

Early-stage risk €D30, CD15, PAXS, 9p24.1 FISH, (CODEX), IMC, DSP, Wi (routine for genomic subtype, Baseline

F PS: CD20, CD79%a, consultation); Response-adapted

actors; IPS; OCTS/BOB.A. B2M/MHC-|, MHC-1I spatial e eaah. molecular ora metabolic tumor

AHIPI MUMI EER (trials / selected transcriptomics, Muogurese;mh', response, MRD Py volume (PET-CT)
2 cases) SCRNA-seq (trials)

Multimodal data integration
(clinical, imaging, plasma, and tissue layers; each item labeled by level of evidence)

|

Integrated precision i y report (mini Table 7)
Diagnosis (routine) | Prognostic stratification (routine clinical + candidate biologic)
Candidate predictive biomarkers (investigational) | Response monitoring (trials)

D Tier 1 - routine D Tier 2 - clinically validated, non-routine D Tier 3 - investigational

Figure 4. Proposed integrated diagnostic workflow for classic Hodgkin lymphoma. Clinical, tissue,
plasma, and imaging inputs feed eight modules, color-coded by clinical readiness: tier 1, routine
(clinical risk scores [6,11-13]; morphology and standard immunohistochemistry [7,9,10]; interim
PET [15,16]); tier 2, clinically validated but non-routine (ctDNA and serum TARC [82,85-89,100-103];
baseline metabolic tumor volume [14]); tier 3, investigational (checkpoint and antigen-presentation
assessment [18,49]; spatial and single-cell profiling [1,2,24-31,68]; digital pathology and AI [39,78,79]).
Integration of these layers into a single report (minimum dataset in Table 7) is a proposed framework;
except for tier 1 components, its elements are not currently required for treatment decisions.

9. Practical Barriers to Implementation

Translating the proposed framework into routine practice faces several concrete barri-
ers. (i) Tissue requirements: HRS cells are rare, core-needle biopsies are increasingly used
instead of excisional biopsies, and each additional assay consumes FFPE material that may
be needed for diagnosis; multiplexed assays on a single section and ctDNA-based profiling
partly mitigate this limitation. (ii) Assay reproducibility and inter-platform variability: PD-
L1 and MHC immunohistochemistry lack cHL-specific validated clones, scoring algorithms
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(HRS cells versus microenvironment), and cut-offs, while spatial and ctDNA platforms
use different panels, chemistries, and analytical pipelines, so that results are not directly
comparable across laboratories. (iii) Computational infrastructure: whole-slide imaging,
multiplexed imaging, and sequencing generate large data volumes that require dedicated
storage, image-management systems, bioinformatic expertise, and data-protection frame-
works. (iv) Cost and cost-effectiveness: no formal health-economic evaluation of extended
profiling in cHL is available, and in a highly curable disease the incremental value of
any biomarker must be weighed against its cost. (v) Turnaround time: while standard
immunohistochemistry is available within days, FISH, NGS, ctDNA, and spatial assays
require one to several weeks, which is difficult to reconcile with the need to start treatment
promptly. (vi) Regulatory validation: most extended assays are laboratory-developed tests
that would require analytical and clinical validation under current regulatory frameworks
(e.g., the European In Vitro Diagnostic Regulation) before clinical use, and computational
tools face additional requirements as medical-device software. (vii) Availability and equity:
spatial, single-cell, and Al platforms are currently confined to specialized academic centers,
creating a risk of inequitable access unless centralized testing, external quality assessment
programs, and training initiatives are developed.

Against this background, the components of the framework can be grouped by realistic
time horizon (Table 6). Implementable today are morphology and the standard immuno-
histochemical panel, EBER in situ hybridization, clinical risk scores, interim PET-based
response assessment, and whole-slide imaging for consultation and quality assurance.
Clinically validated but not yet routine—and therefore suited to prospective trials and
selected centers—are ctDNA-based response assessment, baseline metabolic tumor volume,
and serum TARC. Investigational, and therefore confined to clinical trials and correlative
studies, are PD-L1, 9p24.1, and MHC class I/II assessment as candidate predictors of
benefit from PD-1 blockade, macrophage and T-cell composition, spatial immunoprofiling,
single-cell technologies, and Al-based biomarkers; spatial, single-cell, and Al-based tools in
particular are likely to remain research tools for the foreseeable future, until standardized,
externally validated, and cost-effective versions become available.

To make the framework usable in routine practice, Table 8 translates it into a scenario-
based testing algorithm. A core panel—morphology, the standard immunohistochemical
panel (CD30, CD15, PAX5, CD20, CD79a, CD45, and MUM]1, with OCT2/BOB.1 when
needed), and EBER in situ hybridization—should be applied to every new diagnosis; to-
gether with stage, clinical risk scores, and PET, it is currently the only component whose
results change clinical management. Additional analyses are warranted in defined sce-
narios: diagnostically challenging cases, in which extended immunohistochemistry and
clonality or other molecular studies are chosen according to the differential diagnosis; lim-
ited samples, such as core-needle or pediatric biopsies, in which the core panel should be
prioritized and residual material banked; relapsed or refractory disease, in which re-biopsy
is needed to confirm relapse and exclude a different lymphoma; and clinical trials, in
which extended tissue, plasma, spatial, and computational biomarkers should be collected
prospectively. As regards resources, each immunohistochemical or FISH assay requires
one 3—4 um section; standard immunohistochemistry is available within one to three days
and FISH within about one week, whereas NGS, ctDNA, and spatial assays require one to
several weeks and entail considerably higher costs. Moreover, because HRS cells account
for only about 1-5% of the cellularity, bulk tissue sequencing has limited sensitivity, and
HRS-cell enrichment or ctDNA is generally required for genotyping [1,2,22,82].

Before any extended biomarker is recommended for routine adoption, three levels
of evidence should be met. First, analytical validity: a locked assay with a defined an-
tibody clone or probe, scoring method (HRS cells versus microenvironment), and cut-
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off, with demonstrated intra- and inter-laboratory reproducibility, participation in exter-
nal quality assessment, and compliance with accreditation and regulatory requirements.
Second, clinical validity: independent validation of the prespecified cut-off in trial-based co-
horts treated with contemporary regimens. Third, clinical utility: evidence that using the result
changes management and improves outcome or reduces toxicity—for a predictive biomarker, a
significant treatment-by-biomarker interaction in a randomized trial, established prospectively
or through a prospective-retrospective analysis of archived trial specimens [70,71]—together
with acceptable turnaround time, tissue consumption, and cost-effectiveness. None of the
extended tissue biomarkers discussed in this review currently meets all three criteria.

Table 8. Proposed scenario-based testing algorithm for classic Hodgkin lymphoma: core panel,

clinical scenarios warranting additional analyses, and results expected to change management.

Clinical Scenario

Recommended Testing

Results that May Change
Management Today

Readiness

Ref.

Every new diagnosis
(core panel)

Morphology; IHC for CD30,
CD15, PAX5, CD20, CD79a,
CD45, MUM1 (OCT2/BOB.1
as needed); EBER ISH; stage,
clinical risk scores (early-stage
risk factors, IPS/A-HIPI),
baseline and interim PET

Yes: diagnosis and
histological subtype;
exclusion of mimics (e.g.,
NLPBCL); stage-, risk-,
and PET-adapted therapy

Routine; required

[7,9-13,15,16]

Diagnostically challenging
cases (e.g., differential
diagnosis with large B-cell
lymphomas, mediastinal
gray-zone lymphoma,
anaplastic large-cell
lymphoma, or T-cell
lymphomas with
HRS-like cells)

Extended IHC, B- and T-cell
clonality, and other
molecular studies selected
according to the differential
diagnosis; expert
hematopathology review

Yes: diagnosis (and
therefore therapy)

Routine in
selected cases

[9,10,41]

Limited tissue (core-needle
biopsy; pediatric patients)

Prioritize the core panel; avoid
consuming the block with
non-essential assays; bank

residual FFPE tissue and,
where possible, plasma;
ctDNA only within studies

Yes: diagnosis only

Routine (core panel);
banking
recommended

[87,88]

Advanced-stage disease:
frontline choice between
N-AVD, BV-AVD, and
BrECADD (according to
regional approval
and availability)

No tissue biomarker required;
PD-L1, 9p24.1, MHC class II,
and ctDNA only within
clinical trials; bank tissue and
plasma at diagnosis

No (beyond core panel,
clinical risk, and PET data)

Extended biomarkers
investigational

[49,75,93-98]

Relapsed or refractory disease

Re-biopsy with core panel to
confirm cHL and exclude
another lymphoma; PD-L1,
9p24.1, MHC class II, and
spatial scores (e.g., RHL4S)
only within trials

Yes: confirmation of
relapse; extended
biomarkers: no

Core: routine;
extended:
investigational

[25,49]

Immunodeficiency-associated
cHL (e.g., HIV-associated)

Core panel including EBER
ISH; exclusion of other
EBV-driven
lymphoproliferations

Yes: diagnosis

Routine

[9,42]

Clinical trials and
translational studies

Minimum dataset sections
C-E (Table 7): PD-L1, 9p24.1
FISH, MHC class
1/1I, microenvironment
composition; serial ctDNA and
TARGC; spatial and
Al-based analyses

No (outside trials); aim is
prospective validation

Clinically validated,
non-routine/
investigational

[49,82,85-89,100-103]

Turnaround times, tissue requirements, and readiness tiers of individual assays are given in
Table 6, and the corresponding report content in Table 7. Extended biomarkers should not de-
lay treatment or be used to withhold approved therapies. Abbreviations: BV, brentuximab vedotin;
FFPE, formalin-fixed, paraffin-embedded; IHC, immunohistochemistry; ISH, in situ hybridization;
NLPBCL, nodular lymphocyte-predominant B-cell lymphoma; RHLA4S, four-parameter spatial score
(see Section 4); other abbreviations as in Table 6. Regulatory approval, labeled indications, and
availability of N-AVD, BV-AVD, and BrECADD differ between regions (Section 7); the algorithm
should be applied according to local approvals and guidelines.
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10. Specific Clinical Populations

The framework may need adaptation in specific patient populations whose tumor
biology and clinical context differ. In children, adolescents, and young adults, nodular
sclerosis predominates, EBV positivity varies widely with geography and socioeconomic
setting, diagnostic tissue is often limited, and late toxicity is a paramount concern; non-
invasive ctDNA-based genotyping is particularly attractive in this setting [87,88], and
adolescents enrolled in S1826 derived a sustained progression-free survival benefit from
N-AVD [93]. In older patients, cHL is more frequently EBV-positive and of mixed cellularity
subtype, the microenvironment and the prognostic weight of EBV status differ from those
in younger adults [44], comorbidities limit treatment intensity, and N-AVD has shown
particular benefit and better tolerability compared with brentuximab vedotin-AVD [94];
biomarkers that identify patients who can be cured with less toxic regimens are especially
needed. Finally, immunodeficiency-associated cHL, most notably in people living with
HIV, is almost invariably EBV-positive, is enriched for mixed cellularity and lymphocyte-
depleted subtypes, and displays a distinct microenvironment shaped by systemic immune
dysfunction [42]; the fifth edition of the WHO classification groups lymphoid prolifera-
tions and lymphomas arising in the setting of immune deficiency/dysregulation within a
dedicated framework [9]. In these patients, checkpoint expression, antigen presentation,
and T-cell composition may have a different meaning, and data on biomarker-guided
immunotherapy remain very limited.

11. Conclusions and Future Perspectives

cHL has evolved, within little more than a decade and a half, from a disease diag-
nosed almost exclusively by morphology and a narrow immunohistochemical panel into a
paradigm for immune-microenvironment-driven oncology. Discovery of near-universal
9p24.1 copy-number alterations, CIITA fusions, B2M mutations, and constitutive NF-
kB/JAK-STAT activation gave a molecular explanation for the immune evasion long in-
ferred from morphology alone, while multiplex immunohistochemistry, imaging mass
cytometry, digital spatial profiling, spatial transcriptomics, and single-cell sequencing have
provided the tools to visualize that evasion directly within intact tissue architecture. Digital
pathology and artificial intelligence may offer a path to reproducible, scalable quantification
of these multidimensional data, and ctDNA genotyping extends molecular characterization
beyond the confines of tissue biopsy into non-invasive, longitudinal disease monitoring.
Together, these advances define precision immunopathology: an ecosystem-centered di-
agnostic model that complements, rather than replaces, conventional pathology. Apart
from the conventional diagnostic panel, however, none of the biomarkers discussed here
is currently required to select patients for checkpoint blockade or CD30-directed therapy,
and most remain prognostic associations or investigational tools; their future value will
lie in refining risk stratification and, once prospectively validated, in guiding treatment
de-escalation, escalation, or alternative strategies, now that PD-1 blockade has entered
first-line therapy.

Realizing the full potential of this framework will require prospective, multicenter
validation of candidate spatial, molecular, and plasma biomarkers—ideally embedded
in frontline trials of regimens such as N-AVD and BrECADD—harmonization of pre-
analytical and computational standards across platforms, and close collaboration between
hematopathologists, molecular biologists, and computational scientists. If successful, such
an effort promises to make cHL one of the first lymphoid malignancies in which routine
diagnostic pathology is fully integrated with the biology of the tumor-immune ecosystem
that it has, in practice, always been describing.
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Abbreviations

The following abbreviations are used in this manuscript:

A-HIPI Advanced-Stage Hodgkin Lymphoma International Prognostic Index
ADC Antibody-drug conjugate

Al Artificial intelligence

ASCT Autologous stem-cell transplantation

AVD Doxorubicin, vinblastine, dacarbazine

B2M Beta-2-microglobulin

BV Brentuximab vedotin

cHL Classic Hodgkin lymphoma

CNN Convolutional neural network

CODEX Co-detection by indexing

ctDNA Circulating tumor DNA

CyTOF Cytometry by time of flight (mass cytometry)

Dsp Digital spatial profiling

EBER Epstein—Barr virus-encoded small RNA

EBV Epstein—-Barr virus

FDA Food and Drug Administration

FFPE Formalin-fixed, paraffin-embedded

FISH Fluorescence in situ hybridization

HRS Hodgkin and Reed-Sternberg

ICC International Consensus Classification

IHC Immunohistochemistry

IMC Imaging mass cytometry

IPS International Prognostic Score

LMP1 Latent membrane protein 1

MHC Major histocompatibility complex

mIHC/mIF  Multiplex immunohistochemistry/immunofluorescence
ML/DL Machine learning/deep learning

MMAE Monomethyl auristatin E

MRD Minimal residual disease

MTV Metabolic tumor volume

N-AVD Nivolumab plus doxorubicin, vinblastine, dacarbazine
NF-«B Nuclear factor kappa-light-chain-enhancer of activated B cells
NGS Next-generation sequencing
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NK Natural killer

NLPBCL Nodular lymphocyte-predominant B-cell lymphoma
PD-1 Programmed cell death protein 1

PD-L1 Programmed death-ligand 1

PD-L2 Programmed death-ligand 2

PET-CT Positron emission tomography—computed tomography
PFS Progression-free survival

R/R Relapsed /refractory

scRNA-seq  Single-cell RNA sequencing

TAMs Tumor-associated macrophages

TARC Thymus and activation-regulated chemokine (CCL17)
TME Tumor microenvironment

Tregs Regulatory T cells

WHO World Health Organization

WSI Whole-slide imaging
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