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Abstract: The ligation of programmed cell death 1 (PD-1) with programmed cell death ligand PD-L
activates the immune checkpoint leading to T-cell dysfunction, exhaustion, and tolerance, especially in
Hodgkin lymphoma (HL) where the PD-L/ Janus kinase (Jak) signaling was frequently found altered.
Anti-PD-1 or anti-PD-L1 monoclonal antibodies can reverse this immune checkpoint, releasing the
brake on T-cell responses. The characterization of the mechanisms regulating both the expression of
PD-1 and PD-L and their function(s) in HL is ongoing. We provide in this review the recent findings
focused on this aim with special attention on the major research topics, such as adverse events and
resistance to PD-1–PD-L1 inhibitor treatment, together with a part about angiogenesis, extracellular
vesicles, and microbiome in HL pathogenesis.
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1. Hodgkin’s Lymphoma

Hodgkin’s lymphoma (HL) is a largely curable malignancy of the lymphatic system. Patients
usually present with painless lymphadenopathy, although a variety of systemic and organ-specific
symptoms may also exist. The diagnosis is based on the identification of the classical Reed–Sternberg
cells (HRS) or HRS variants (i.e., in nodular lymphocyte predominant, NLPHL, subtype) in a definite
clinical and pathological context.

There are two types of HL: the NLPHL and the classic HL (cHL). NLPHL is a rare type of HL having
a well-recognized morphologic feature of a nodular and/or diffuse proliferation of scattered lymphocyte
predominant (LP) tumor cells, set against a background of reactive lymphocytes reminiscent of a
primary follicle [1]. NLPHL has typical clinical characteristics and, differently from cHL, has good
overall prognosis. cHL is subclassified into four pathologic subtypes (i.e., nodular sclerosis, NSHL;
mixed-cellularity, MCHL; lymphocyte-rich, LRHL; and lymphocyte-depletion LDHL) based upon HRS
morphology and the cellular composition of the reactive infiltrate in lymph node biopsy specimens [2].
In the differential diagnosis between NLPHL and cHL, immunohistochemistry based on B- and T-cell
markers (CD15 and CD30) is of limited help, since there are not specific HL markers.

HRS cells are the hallmark of cHL. They are pluri-nucleated giant cells with prominent nucleoli.
The origin of these cells has been a topic of several debates for a long time, as they lose the expression of
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lineage-specific markers (CD20-negative, CD30-positive, and CD15 sometimes). A recent sequencing
study classified HRS cells as being derived from pro-apoptotic centrocyte B-cells of the germinal
center redirecting to centroblasts, but, differently from their physiological counterpart, this event is not
transitory [3]. In a subset of cases, mainly of MCHL subtype, Epstein–Barr virus (EBV) infection can
contribute to the distinct cHL molecular signature of lineage-inappropriate gene expression. In these
cases, EBV shows a distinctive intermediate type II latency characterized by the expression of latent
membrane protein 1 (LMP1). LMP1 protein acts as a mimic of the costimulatory CD40 protein, which
activates and sustains different molecular pathways including B cell survival (Figure 1). Notably, EBV
is found in HRS cells in nearly all cases of cHL in immunosuppressed patients with HIV infection [4,5].
The particularly high number of immune cells present in the cHL tumor microenvironment play an
active role in sustaining the disease [6]. Analysis of the immune cells has identified CD4-positive T-cells
as the predominant cell population, which is polarized towards a PD-1-positive Th1 phenotype rather
than Th2 effector T-cells and PD-1-negative regulatory T-cells, thus leading to an immunosuppressive
microenvironment. PD-L1 expression predominate on tumor-associated macrophages (TAMs), which
physically surround PD-L1-positive HRS cells in an immune privileged microenvironmental niche [7].

Figure 1. B-cells and Reed–Sternberg cells (HRS) express on their own membrane the CD40 receptor,
which binds the CD40 ligand (CD40L) on activated helper T cells. The interaction activates a signal
cascade leading to B-cell proliferation through nuclear kappa-light-chain-enhancer of activated B
cells (NF-kB)-mediated effector functions. CD40/CD40L interaction also activated deaminase enzyme,
responsible for the Ig class exchanges. The Epstein-Barr virus (EBV) latent membrane protein 1 (LMP1)
is expressed in EBV latency II stage, which is a characteristic of Hodgkin lymphoma (HL). LMP1 acts as
a dysregulated mimic of CD40, inducing enhanced cell activation and survival.

2. PD-1/PD-L1 Immune Checkpoint in cHL

Normally, cytotoxic T-cells recognize and kill infected or abnormal tumor cells. To prevent
T-cells from damaging healthy and essential cells, several immune system checkpoints exist, where
undesirable immune responses can be inhibited or blocked. One inhibitory immune checkpoint (IC) is
the programmed cell death 1 (PD-1) pathway. A tumor can activate this IC to protect itself from attacks
by the immune system. The first generation of antibody-based inhibitory IC enables to restore a correct
immune response towards tumor cells, includes antibodies against cytotoxic T-lymphocyte antigen 4
(CTLA4), programmed cell death (PD-1), and programmed cell death ligands (PD-L1/PD-L2). These IC
inhibitors usually have less a minor toxicity than chemotherapy. Their efficacy in the management
against non-small-cell lung carcinoma and melanoma had changed the treatment strategies, resulting
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now in a standard of care for these pathologies. Inhibitory ICs are also effective against other tumors,
encompassing HL. In the last years, encouraged by this early success, the indications for IC inhibitors,
used alone or in combination, has continued to expand [8].

PD-1 is the transmembrane programmed cell death 1 protein (also called PDCD1 or CD279),
mainly produced by activated T-, B-, and myeloid cells. PD-1 expression on naïve T-cells is induced
upon T-cell receptor (TCR) activation. In the absence of TCR signaling, its expression is lost while
it is maintained upon chronic antigen stimulation such as during chronic viral or bacterial infection
and in most cancers (Figure 2) [9]. PD-1 has two ligands, namely PD-L1 (PD-1 ligand 1, CD274, or
B7-H1) and PD-L2 (PD-1 ligand 2, CD273, or B7-DC), which are present on the surface of several cell
types. The interaction of PD-1 with PD-L1 or PD-L2 inhibits TCR activation, thus preventing immune
T-cell proliferation, cytokine production, and adhesion [10,11]. Many tumor cells upregulate PD-L
on their surface, thus inhibiting T-cells that might otherwise attack them. Recently, in addition to a
link with PD-1, PD-L1 was found to interact with the CD80 co-stimulator T-cell receptor, resulting
in the disruption of the PD-L1/PD-1 binding on mature primary dendritic cells, in the restriction of
PD-1-positive T-cell function, and in a exacerbation of autoimmunity [12]. These findings revealed
the potential of CD80 to increase T-cell activation not only trough CD28 costimulation, but also by
reducing the PD-1-driven coinhibitory signal (Figure 2). Both PD-L1 and PD-L2 expression can be
induced by exposure to interferons (IFNs), in particular, IFN-γ [13]. However, while PD-L1 is mainly
regulated by the IFN-γ signaling converged on the binding of nuclear interferon regulatory factor
1 (IRF-1) to the PD-L1 promoter, PD-L2 is regulated by both IFN-β and IFN-γ, trough both STAT3
and IRF-1 binding to its promoter. Moreover, PD-L2 is expressed on inflammatory macrophages
by induction of the alternative Th2 cytokine IL-4 while PD-L1 expression resulted after exposure of
lipopolysaccharide (LPS) that generate mainly a Th1 response [14]. PD-1 has a higher binding affinity
for PD-L2 (dissociation constant, Kd=140 nM) than for PD-L1 (Kd = 770 nM) [15]. In addition PD-L1,
but not PD-L2, shows an affinity also for the costimulatory molecule CD80 with an intermediate
affinity between that showed for CTLA-4 and CD28. PD-L1 and PD-L2 are both widely expressed on
leukocytes and nonlymphoid cells mostly after pro-inflammatory cytokines exposure and hypoxia,
however PD-L2 was more expressed on monocytes and dendritic antigen presenting cells [16]. Overall
the difference between PD-L1 and PD-L2 should be reflected in different biological effects and functions
in regulating Th1 and Th2 responses. For example, in mice PD-L1, but not PD-L2 associated with the
development of autoimmune diabetes [17]. The comparison of PD-L1 and PD-L2 functions is still under
investigation and, to date, few studies have examined the correlations of different types of immune
cell infiltrates with the prognostic and therapeutic significance of PD-L2 in human cancers [18–22].
A detailed knowledge of PD-L regulation should help identify patients who will not respond to PD-1
blockade therapy.

The HRS malignant cell in cHL shows a high expression of PD-L1/PD-L2 due to a particularly
high frequency of PDL1/PDL2/JAK2 genetic alterations [23] and a correlation with EBV-positive status,
mediated by LMP1 (Figure 2) [24].
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Figure 2. Programmed cell death 1 (PD-1) expression on T-cells (A) PD-1 expression is induced
when the T-cell receptor (TCR) recognizes an antigen during differentiation from a naïve cell into an
effector cell. In the absence of TCR signaling, PD-1 is lost, (B) PD-1 expression is maintained upon
chronic antigen stimulation such as during chronic viral/bacterial infections and in cancer. When PD-1
binds the programmed cell death 1 ligand (PD-L1) it inhibits TCR/ Major Histocompatibility Complex
(MHC) and CD80/CD28 signaling and therby inhibits T cell activation. PD-1–PD-L1 binding occurs
predominantly in Hodgkin lymphoma (HL) due to frequent genetic alterations leading to up-regulation
of PD-L1/PD-L2/ Janus kinase 2 (JAK 2) signaling or to expression of the Epstein-Barr virus (EBV)
latent membrane protein 1 (LMP1) protein that induces the expression of PD-L1 in the Hodgkin
Reed-Sternberg (HRS) cells. PD-L1 molecules can also bind the receptor CD80, thus attenuating the
signaling from PD-1–PD-L1 interaction.

3. PD-1/PD-L1 Inhibitors for cHL Treatment

Therapeutic antibodies binding to either PD-1 or PD-L1 and therefore, blocking PD-1/PD-L1
interaction may allow the T-cells to attack the tumor (reviewed in [25]). The first drug Nivolumab, in
2014, received approval from the US Food and Drug Administration (FDA) and from the European
Medicines Agency (EMA) for treatment of therapy-resistant cHL [26]. Moreover, although they are
currently excluded from all trials, recent studies suggest that also patients suffering from autoimmune
diseases or who reject transplantation may be eligible for PD-1/PD-L1 immune checkpoint inhibition [27],
for example, for CTLA-4 blockade (e.g., in rheumatoid arthritis or in renal transplant patients).
Subsequently, other drugs targeting the PD-1/PD-L1 interaction have been developed (Table 1).

The highest antitumor activities of single-agent PD-1 blockade therapy have been
observed in carcinogen-induced cancers or malignancies driven by viral infections or showing
microsatellite-instability high (MSI-H), which expose a high number of antigens and/or neo-antigens,
such as see in EBV-positive) cHL. Anti-PD-1 monotherapy showed the greatest efficacy in relapsed or
refractory cHL, which frequently has a high number of PD-1-positive tumor-infiltrating T cells [28].
The response rates can reach 50% to 80% in these situations [29].
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Table 1. Approved PD-1/PD-L1 checkpoint inhibitors.

Antibody Target Approval Date

Nivolumab PD-1 2014

Pembrolizumab PD-1 2014

Atezolizumab PD-L1 2016

Avelumab PD-L1 2017

Durvalumab PD-L1 2017

Cemiplimab PD-1 2018

Tislelizumab PD-1 2018

Sintilimab PD-1 2018

Camrelizumab PD-1 2018

Spartalizumab PD-1 Expected in 2020

PD-1: programmed cell death 1; PD-L1: programmed cell death ligand 1.

Specifically, to cHL, in May 2016 nivolumab received the first approval for the “treatment of patients
with cHL that has relapsed or progressed after autologous hematopoietic stem-cell transplantation and
post-transplantation brentuximab vedotin” (CheckMate-205 and CheckMate-039) [30].

In March 2017, pembrolizumab was approved for the treatment of adult and pediatric patients
with refractory cHL, or patients who relapsed after three or more prior lines of therapy, based on the
phase II KEYNOTE-087 trial [31]. In cHL, pembrolizumab showed a lower frequency of adverse events
than nivolumab (was 6.4% to 16% vs 22% to 41%of grade 3 to 4, respectively).

However, only a fraction of cHL patients responds to the treatment with anti-PD-1 antibodies
(65–87%) [32]. At present, many efforts are; thus, focused on determining the molecular mechanisms
at the basis of the resistance to checkpoint blockade. In line with this approach, current efforts
are underway to improve clinical responses by incorporating PD-1 inhibitors into earlier treatment
regimens and to identify drug classes that better synergize with PD-1 inhibitors, and achieve a lower
adverse events or a complete response rates. Thus far, combinations that include anti-PD-1 antibodies
are not more effective than anti-PD-1 antibodies alone [33]. However since patients classified as low-risk
(iPET-negative) and treated with chemotherapy alone or with chemotherapy and radiation showed a 3
years risk of progression/relapse of ~1% to 10% [34], these patients could benefit from IC inhibitors as
they could excludes or at least retard disease relapse. In the future, advanced technologies and better
knowledge of the PD-1/PD-L1 signaling mechanism and tumor biology may help oncology closer to
the idealized goal of tumor cure without radiotherapy. However, this goal is still far away, while more
accessible it is the potential benefit of the use of PD-1-PD-L1 inhibitors and radiotherapy in combination
that might change treatment decisions in the coming years. Indeed, several studies demonstrated the
ability of radiotherapy to prime and modulate tumor immune response with clinical benefit. One of
the most convincing pieces of evidence of the synergy between radiation and immune checkpoint
inhibition was obtained in the KEYNOTE-001 trial of pembrolizumab for small-cell lung cancer [35].
In this study the subset of patients treated with pembrolizumab (anti-PD-1) and had radiation at some
point in their oncological treatment, had a better survival (PFS and OS) than patients treated with
pembrolizumab alone. Indeed, it is well known that radiation could induce an inflammatory response,
which can cause tumor necrosis of and promote tumor-associated antigen presentation that activates
T-cell immunity. Radiotherapy also enhances immune cell infiltration of tumor by upregulating the
expression of adhesion molecules on endothelial cells and the secretion of cytokines that can recruit
cytotoxic T lymphocytes. By contrast, high-dose radiation may have an immunosuppressive effect by
(i) directly killing radiosensitive CD8-positive effector T lymphocytes, (ii) inducing the production of
transforming growth factor-beta (TGF-β) and colony-stimulating factor-1 (CSF-1), and (iii) increasing
the expression of PD-L1 and PD-1 in tumor cells and T lymphocytes, respectively. There are evidences
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that the balance between the two opposing immune reactions may be dependent on the radiation
regimen (dose and treatment volume), and the alternative schedule of radiotherapy and immune
checkpoint inhibitors. Therefore, of fundamental importance is the design and the conduction of
randomized clinical trials of radiotherapy with and without PD-1–PD-L1 inhibitors, which will help to
establish whether radiotherapy is clinically beneficial in the setting of PD-1–PD-L1 therapy and vice
versa. In recent years, promising results have been reported using radio-chemotherapies in addition to
IC inhibitors in treating refractory HL (e.g., [36,37]).

4. Resistance to PD-1 and PD-L1 Inhibitors and the Search for Predictive Biomarkers

A correlation has been observed between the expression of PD-L1 in tumor tissue and the
likelihood of the response to blockade therapy in various malignancies where pre-existing immunity is
presumably suppressed by PD-L1. However, it is getting evident that the PD-1 and PD-L1 expression
levels, tested by immunohistochemistry, although approved by FDA, are insufficient to decide to use
PD-1/PD-L1 inhibitor treatment decision. For instance, some patients, although presenting high PD-L1
expression, did not respond to the PD-L1 inhibitors, while other patients whose tumor were PD-L1
negative had objective responses [38]. Indeed, it is now clear that in HL, 9p24.1 genetic alterations and
high PD-1 or PD-L1 expression, show significant but not absolute correlation with the overall treatment
response and that other factor(s) are necessary for the determination of drug efficacy. Must attention
has been paid to PD-L1 expressed not only on tumor cells but also on tumor-infiltrating immune
cells (TILs), particularly myeloid antigen-presenting cells (e.g., macrophages and myeloid dendritic
cells) [39,40]. Indeed, despite the presence of a high number of immune cells, some tumors may be
immune unresponsive. The exact mechanism for this resistance is so far not completely understood,
although it is presumable that different epigenetic and genetic factors present in the tumor cells
and/or in the tumor microenvironment cooperate in this phenomenon. Indeed, mutations negatively
affecting the antigen processing, antigen presentation and recognition, or immune cell migration,
may lead to a malfunctioned immunity [41,42]. For example, the loss of beta-2 microglobulin (B2M)
expression reduces the cell surface expression of the major histocompatibility complex (MHC) class I
protein, thereby impairing antigen presentation to cytotoxic T-cells [43]. The loss of phosphatase and
tensin homolog (PTEN) expression up-regulates immunosuppressive chemokines like CCL2, which
inhibits macrophage polarization from M1 to M2 and VEGF expression. Thus by inducing changes in
effector immune cells and blood vessel permeability and architecture, these alterations contribute to
recruit immunosuppressive cells and blocking tumor-reactive T-cells [44]; alterations in Wnt/β-catenin
signaling causes a decrease in the production of the chemoattractant chemokine CCL4, which leads
to a decreased infiltration of natural killer and dendritic cells in the tumor microenvironment [45].
Moreover, epigenetic modifications can modify the expression of genes involved in several important
pathways, such as those involved in (i) chromatin modifiers (e.g., the polycomb repressive complex 2,
PRC2, and the histone demethylating, H3K27me3) and (ii) Th1-type chemokine production (i.e., those
leading to CXCL9, CXCL10, and IFN signatures) [46–48]).

In regard to more specifically-malignant HRS cells, results were particularly significant:
(i) A decrease in several MHC molecules such as b2M/MHC-class I (79% to 83.2%), MHC-class
II (46.8% to 67%) [49], and HLA-G [50,51]; (ii) PD-L1/PD-L2/Jak genetic alterations; (iii) EBV LMP1
expression; and (iv) high PD-1 expression in infiltrating T-cells. B-cells, the precursor of HRS cells,
usually express MHC class II and costimulatory CD80/CD86 molecules that are functionally active,
allowing these cells to act as antigen-presenting cells by themselves, thus a difference in the expression
of these markers has been associated with poor prognosis in CHL patients treated with conventional
therapies. As an emerging finding, both MHC-associated antigen presentation and CD80/PD-L1
interaction are involved in the resistance to both conventional and immune therapies through the
modulation of PD-1/PD-L1 T-cell activation in B-cells [12,28]. Therefore, a defective function of the
PD-1/PD-L1 interaction in antigen presentation and/or effector T-cell functions arise as relevant for the
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immune checkpoint inhibitory response in cHL, including the involvement of the secreted forms of
PD-1 and PD-L1 [7,52].

These studies underline the important role of inflammation in the HL tumor microenvironment in
the response(s) to therapy, which includes the CD28 expression on TILs, the CD80/CD86 level, the PD-L2
expression, and the stage of JAK/STAT signaling in HRS, among others. Improving understanding of
the molecular mechanisms involved in the pathogenesis of HL may help to the development of more
accurate predictive algorithms and identification of novel predictive marker(s). Many molecular and
clinical studies now underway aim to this.

Based on results obtained, the updated strategies currently available to select patients who would
benefit from immune treatment are the same for all tumors treated with IC inhibitors and include some
tests for the determination of: (i) serum levels of IFN-γ, a cytokine that can potentially induce PD-L1
expression and indirectly reflects the effector T-cell activity [53]; (ii) the tumor mutational burden
(TBM) defined as the total number of nonsynonymous mutations (e.g., point mutations, frame-shift,
insertion or deletion) per coding area of a tumor genome [54]; and (iii) the number of CD8-positive
and the density of monocytes TILs on the tumor sample [55]. To improve the predictive value of
serum IFN-γ test, it is possible to combine the IFN-γ concentration analysis with the IFN-stimulated
chemokine (i.e., CXCL9, CLCL10, and CXCL11) or with analysis of the effector cytokines reflecting a
lower immune response (e.g., IL-10, IL-35, IL-4, TGF-β). For instance, data can be made more accurate
by adding to the test the number of cell types associated with immunesuppressive activity, e.g., the
number of myeloid-derived suppressor cells, inactivated M2 macrophages, or regulatory T cells (Treg).

In December 2017, the FDA approved use of the next-generation FoundationOne test to assess the
states of TMB in patients affected by solid (FoundationOne CDX) or hematological and sarcoma tumors
(FoundationOne Heme) as a predictive marker of response to anti-PD-1/PD-L1 therapy. The test plans
the whole sequencing of 315 genes for solid tumors and 406 genes for either hematological tumors or
sarcoma. Although many efforts are now performed to reduce the number of selected genes necessary
for the response to ≤100 genes, so far the test remains costly and time-consuming to be applied as a
standard clinical test in most clinical centers. The focus of several research topics is represented by
TMB-estimating algorithms in a cancer-specific manner and the decrease in cost and time required for
the TMB assessment.

5. Adverse Effects

The use of IC inhibitors had led to imbalance in immune responses resulting in several adverse
events remembering several aspects of autoimmune and inflammatory diseases [56,57]. Usually, these
adverse events are transitory but, in some cases, they can be severe and live-threatening [58–61].
The incidence and severity (e.g. grade, duration) of these adverse events vary among the different
classes of IC inhibitors [62–65], and in accordance with their use in drug combinations [66].

Adverse events of grade 2 lead to the interruption of the treatment and to the necessity of a
systemic supportive treatment (e.g., corticosteroids). Grade 3 and 4 are differentially treated depending
on the organ involved (e.g., skin (pruritus, rash, maculopapular rash, vitiligo, and dermatitis),
digestive tract (colitis, diarrhea, pancreatitis, and increased AST/ALT/bilirubin), lung, endocrine glands
(hypothyroidism, hyperthyroidism, hypophysitis, thyroiditis, and adrenal insufficiency), nervous
system (pneumonitis, lung infiltration, and interstitial lung disease), heart (myocarditis), and urinary
system (increased creatinine, nephritis, and renal failure)).

According to a meta-analysis [67], in patients with various malignancies treated with PD-1
inhibitors, the overall incidence of adverse events of any grade was 26.82%, while for severe grade it
was 6.10%; the rate of toxicity-induced death was 0.17%. However, the toxicity of these drugs increases
by up to 50% when they are used in combination with other drugs. A review [68] summarized the
different aspects and the proper management of each one of these specific toxicities. Adverse events
reported during nivolumab treatment in cHL include: fatigue, infusion-related reactions, and rash
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in about 15% of patients; neutropenia and increased lipase (grade 3–4) in 5%; and serious pyrexia in
4% [30].

Of note, as experience with PD-1 and PD-L1 inhibitors grows, there are anecdotal reports of a
particular phenomenon of rapid disease progression called “hyperprogression”, which suggests that in
a subset of patients IC blockade has the opposing effect of accelerating the disease [69]. This effect is not
specific for anti-PD-1 and anti-PD-L1 agents, but they have already been described for other therapeutic
immune agents. It is supposed that, depending on tumor cell genetic alterations, this treatment might
activate alternative signaling networks leading to the enhancement of tumor growth [70]. Moreover,
some compensatory mechanisms could be induced by immune pathways, besides to PD-1/PD-L1,
which could in turn favor some tumor escape mechanisms (e.g. local inflammation, angiogenesis,
matrix and tissue remodeling, metabolism modification) [70].

6. Angiogenesis and Extracellular Vesicles

A link between cancer and thrombosis was established several years ago [71–73]; thrombosis is
the second-leading cause of death in hematologic malignancies [74]. Coagulation homeostasis is often
altered in patients with cancer [73], including patients with HL [75]. Proteomic analysis of plasma from
patients with relapsed HL showed an up-regulation of important proteins involved in the coagulation
process, like fibrinogen and complement C3; a reduction of coagulation inhibitors like antithrombin and
α-1-antitrypsin (also named serpin), and HRS possess a binding affinity for plasmin and thrombin [76].
Another study evidenced an association between worse HL prognosis and high platelet count [77].
The estimated incidence of thrombosis among systemic HL patients is approximately 3–13% according
to the stage of disease, compared with 0.1% in the general population [74]. The incidence rate (IR) of
thrombosis is lower in HL (IR 4.7%) than in low-grade Non-Hodgkin’s lymphoma (NHL), IR 6.3%,
and in high-grade NHL, IR 8.3% [78]. Etiology of thromboembolism is thought to be multifactorial, in
part due to the tumor cells’ capacity to release coagulant molecules, and in part due to a deficiency,
acquired or herediraty, of antithrombin III, protein S or C, or factor V Leiden [79–82].

There is evidence that HRS cells express both the pro-angiogenic vascular endothelial growth
factor (VEGF) and its receptors, and that VEGF expression can be induced by hypoxia [83,84]. Moreover,
VEGF in macrophages and in the extracellular matrix might facilitate HL progression, contributing to
the pathophysiology and the metastasis of this malignancy [85]. PD-1 and PD-L1 association with
pro-angiogenic proteins, including hypoxia-inducible factors (HIFs) and VEGF, have been reported
in several malignancies [86,87]. In cHL, PD-L1 and PD-L2 expression well correlated with VEGF
expression and micro-vessel density [88,89]. EBV infection also well correlated with VEGF level and
poorer survival [90].

A recent study reported that VEGF molecules can be released by extracellular vesicles in the tumor
microenvironment and that EBVpositive HRS cells secrete exosomes to support tumor cell survival and
HL progression [91] (Figure 3). It was demonstrated that exosomes, containing VEGF, EBV-miRNAs,
and LMP1, are phagocytosed by monocytes in a process that regulates tumor supporting activities.
Follicular dendritic cells also incorporated exosomes released from peri-follicular EBV-infected cells
and therfore present LMP1 to EBV-negative germinal center preapoptotic centrocytes [92], the B-cells
identified as the histogenesis origin of the HRS [93]. Inactivation of the proto-oncogene MYC, a key
gene in HRS cells [94], was found to force PD-L1 expression in HRS, with the concomitant decreased
in macrophages and CD8-positive T-cells number in the microenvironment, tumor progression, and
maintenance of angiogenesis [13,95]. Thus, the co-expression of PD-L1 and VEGF is indicated as
a potential prognostic factor in cHL. The combination of anti PD-1/PD-L1 and anti-VEGF drugs in
addition to the conventional therapies should therefore be investigated. Accumulating evidences
showed that exosomes from HL and EBV-positive HL exacerbate the worse phenotype of the tumor
by remodeling the tumor microenvironment by carrying several important molecules (i.e., VEGF,
LMP1, PD-L1), whose circulating concentration positively correlate with IFN-γ concentration and
T-cell function (Figure 3). Accordantly to these results, the concentration of PD-L1 in circulating
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vesicles during IC inhibitor treatment could be considered a marker of the treatment response. On the
other hand, the removal of these circulating vesicles could be a new minimally-invasive therapeutic
approach [96].

Figure 3. Interactions between the microbiome and Hodgkin Reed-Sternberg (HRS) cells and effects
of the release of extracellular vesicles/exosomes into the Hodgkin lymphoma (HL microenvironment.
Intestinal microbiota has been suggested to play a role in HL development by acting on the host
immune system, for instance type 1 T helper cells (Th1). Exosomes and extracellular vesicles from HL
and Epstein-Barr virus (EBV)-positive HL exacerbate the worst phenotype of the tumor by remodeling
the tumor microenvironment trough the delivery of Vascular Epithelial Growth Factor (VEGF, which
promotes micro-vessel density), Latent Membrane Protein 1 (LMP1, which activates various molecular
pathways including B-cell survival), while Programmed Cell Death Ligand 1 (PD-L1) trough binding
of the Programmed Cell Death 1 (PD-1) receptor induces immunosuppressive function of the T-cells.

7. Microbiome

The gut flora, also called microbiota, may modulate the cargo of antigen presentation to T-cells.
In particular, microbiome (gene pool of microbiota) emerges from immune checkpoint studies from
2018. A study in this setting provided strong evidence that the efficacy of a PD-L1 inhibitor can be
improved by the modulation of gut microbiota [97]. The efficacy of cancer immunotherapy diminished
with the administration of antibiotics, while superior efficacy was observed in the presence of specific
gut microbes such as Bifidobacteria spp., Akkermansia muciniphila, Enterococcus hirae, and Bacteroides spp.,
among others [98–101]. A few studies considered the gut microflora in HL. One of these found modest
reductions in the diversity of fecal bacteria in young adult HL survivors compared with their unaffected
twins [102]. Another study revealed that exposure to a low oral microbiome at early life increased the
risk of developing HL ten-fold [103]. Germ-free mice showed a more pronounced pro-inflammatory
Th2 cytokine profile compared to conventionally-raised animals [104]. Overall data indicate a potential
role of gut microbiome in the development of HL, but unfortunately, so far, no data are available on
HL patients treated with PD-1–PD-L1.

Despite the exciting findings in this research field, the underlying molecular mechanisms by
which the gut bacterial species enhance PD-1 and PD-L1 blockade therapy remain largely unknown.
Nonetheless, the use of bacteriophages has been proposed as a simple tool for eliminating unfavorable
bacteria to enhance the efficacy of immunotherapy in these patients [105].
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8. Duration of Therapy and Future Directions in the Use of Checkpoint Inhibitors

Although data from follow-up of trials using IC inhibitors are still limited in time, precluding the
accurate estimation of OS and the assessment of the durability of response in long-term time. Disease
progression of ~16 months in patients after pembrolizumab (anti–PD-1) treatment of refractory/relapsed
cHL, though achieving an excellent response rate, indicated a non-durable long-term memory for
anti-tumor immunologic response [31,106]. Consequently, patients need lifelong treatment until
their disease progresses or unacceptable toxicity occur, however proposed for a time not exceeding
24 months [107]. Moreover, since, probably, some patients might gain benefit from a shorter treatment,
research should investigate a strategy to select patients based on this aim. Another important question
is if relapsed disease after discontinuing therapy may have a benefit of a PD-1 inhibitor retreatment.
Thus, while IC inhibitors are currently approved in relapsed/progressive disease, further ongoing trials
are necessary to evaluate the efficacy of IC inhibitors earlier in the course of the disease (e.g., as a
pre-transplant salvage regimen or as part of the initial induction therapy). Thus, the best timing to
initiate anti-PD-1 therapy and the best combination therapy remain, today, open questions [106].

To prolong the durability of the PD-1 response is proposed to block PD-L1 throughout the
whole patient, not only to blockPD-1 on the tumor and T-cells. This is because the specialized
microenvironment in cHL and the high abundance of secreted PD-L1 may obstruct the ability of
immune cells to efficiently eliminate the tumor cells. Indeed, it is now recognized that PD-L1, which
is known to be present on the cell surface not only of tumor cells but also of macrophages, may be
also secreted into the bloodstream, so affecting cells in distant sites away from the tumor, not only
cells in the tumor site. HRS cells have adapted multiple mechanisms to evade immune surveillance in
an immune-rich milieu [106]. Another approach to moving beyond IC blockade is to use anti-PD-1
agents with brentuximab vedotin, an anti-CD30 targeted tumor cell therapy. When a tumor cell dies, it
releases neo-antigens, which are then swallowed by macrophages and antigen-presenting cells and
then activate T-cell response, thus immune function could be reactivated by IC inhibitors. Some
studies using this approach have been completed and seem effective [107], but, also, in these cases the
durability of response is not clearly definite, in part because most patients went on to transplant before.
Based on the same rationale, the development of other components targeting both the tumor and/or
immune cells is starting. For example, bispecific antibodies targeting both CD30 on HRS cells and
CD16A on natural killer cells [108] or blocking CD47, suppressing macrophages phagocytosis [109] or
even blocking CTLA-4, suppressing T-cell activation [110], and in combination with PD-1 blockade.

Combination IC inhibition against CTLA-4 and PD-1 or PD-L1 became a new option in various
solid tumors. CTLA-4 (CD152), inhibits T-cell functions by indirectly diminishing signaling of the
T-cell costimulatory receptor CD28 [111]. Both CD28 and CTLA-4 receptors bind CD80 and CD86,
which are present on the surface of T-cells, but CTLA-4 does so with much higher affinity, effectively
outcompeting CD28. Furthermore, CTLA-4 may also remove CD80 and CD86 from bystander cells by
trans-endocytosis. Globally, the reduced CD28 availability increases the activation threshold of T-cells,
thus dampening the recognition of tumor antigens. CTLA-4 is constitutively expressed by Tregs, but
it can also be upregulated by other T-cell subsets, especially CD4-positive T-cells upon activation,
as well as tumor cells. It is believed that CTLA-4 impacts on the stage of T-cell activation mainly
in the draining lymph nodes by removing CD80/CD86 from the surface of antigen-presenting cells,
thus decreasing the ability to effectively stimulate tumor-specific T cells. For T cell priming, dendritic
cells load antigen from the tumor and transport it to the draining lymph nodes, where they present
antigen/MHC complexes to T-cells, but T-cells become activated only if they are able to recognize
both the complexes (through their T-cell receptors) and to bind CD80 and CD86 on DCs (through
CD28 costimulatory receptors). When cells reach satisfactory levels of CD28/CD80/CD86 complexes,
T-cells proliferate, increase their survival, produce growth cytokines such as interleukin-2, increase
energy metabolism, and upregulate survival genes [112]. Activated T cells then migrate to the tumor
site to kill malignant cells. Furthermore, accumulation of CTLA-4-positive Treg cells in the tumor
microenvironment increases immunosuppressive function in the milieu around the tumor cells. In fact,
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CTLA-4 is located primarily in the intracellular compartment, but after T cell activation by antigen
complex and CD28/CD80/CD86 binding, CTLA-4 is upregulated and transported to the cell surface
where it is released into the microenvironment by exocytosis. Then the CTLA-4/CD80/CD86 link
prevents further T cell activation. In contrast, PD-1 mainly affects the CD8-positive effectors T-cells
and other immune cell responses, such as dendritic cells, B-cells, and perhaps other T-independent
pathways to be elucidated [113,114]. Thus, the roles of CTLA-4 and PD-1 are largely distinct, with
CTLA-4 regulating T cell proliferation early in an immune response and primarily in lymph nodes,
while PD-1 represses T-cells later during the immune response and primarily in peripheral tissues.
Thus CTLA-4 and PD-1 operate independently, although both act on T cell activated by TCR/antigen
recognition, and as a result both are more effective in tumors that are infiltrated by T-cells and that
have high mutation rates. Their independent modes of action provide the rationale for the combined
administration of both anti CTLA-4 and anti-PD-1. Ipilimumab was the first CTLA-4 inhibitor to be
tested and approved for the treatment of cancer patients [115]. Data on CTLA-4 inhibitors use in cHL
have been reported for patients after autologous stem cell transplantation [116]. Combined inhibition
of PD1/PD-L1- and CTLA4-mediated suppression in cHL was hypothesed by the finding that CTLA4
significantly increased during treatment with nivolumab and ipilimumab, and remained so after the
end of treatment with this drug [117]. Although now tested only in melanoma, dual blockade of PD-1
(with nivolumab) and CTLA-4 (with ipilimumab) resulted in higher response rate and longer survival
than in patients treated with a single IC inhibitor [118]. However, this combination strongly increased
the adverse event rates in melanoma and small cell lung cancer, thus requiring special warnings and
cautions for use [119,120]. The CheckMate-039 trial examined CTLA-4 and PD-1 combination in 31
patients with HL, and showed that efficacy and toxicity was similar to that of anti-PD-1 alone. A clinical
trial of brentuximab vedotin and nivolumab, in combination with or without ipilimumab in patients
with relapsed or refractory cHL is currently in progress (NCT01896999).
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