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ARTICLE INFO ABSTRACT

Keywords: Advances in the management of Hodgkin lymphoma in children, adolescents and young adult
Hodgkin lymphoma have resulted in survival outcomes exceeding 90%. The risk of late toxicity, however, remains a
Pediatrics

significant concern for survivors of HL and the focus of modern trials have been to advance cure
rates while reducing long term toxicity. This has been accomplished through response-adapted
treatment approaches and the incorporation of novel agents, many of which target the unique
interaction between the Hodgkin and Reed Sternberg cells and the tumor microenvironment. In
addition, an improved understanding of prognostic markers, risk stratification, and the biology of
this entity in children and AYAs may allow us to further tailor therapy. This review focuses on the
current management of HL in the upfront and relapsed settings, recent advances in novel agents
that target HL and the tumor microenvironment, and promising prognostic markers that may help
guide the future management of HL.

Novel therapeutics

1. Introduction

Classic Hodgkin lymphoma (HL) is the most common cancer in adolescent young adult (AYA) patients between ages 15 and 19, and
accounts for 18% of cancer diagnoses annually in children and AYAs in the United States [1]. Outcomes in HL are extremely favorable
with overall survival rates exceeding 90%. These excellent outcomes, however come at the cost of increased risk for long term toxicity
due to chemotherapy and/or radiation. This risk may be improved as novel therapies are introduced that may successfully cure pa-
tients with the potential to reduce acute and long-term toxicity. Here, we will review the current state of the field in pediatric HL
including the use chemotherapy and immunotherapy agents in upfront and relapsed disease, risk stratification, the evolving role for
radiation, and recent research into the biology of HL in children and AYAs.

2. Epidemiology and risk factors

HL occurs in a bimodal distribution, peaking between ages 15-30 years and again in patients >55 years. The incidence of HL is 2.6
per 100,000 persons across all age groups and 3.4 per 100,000 in AYA patients aged 15-39 years [2]. HL is uncommon in children <5
years of age.
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Over the past several decades, researchers have discovered several risk factors associated with HL. Living in a western country,
higher socioeconomic status, male sex, smaller family size, and >15 years of age have all been associated with increased risk of HL [3,
4]. There also is strong emerging evidence of a familial predisposition to HL in a subset of cases. In a recent genomic characterization of
36 pedigrees of families with 2 or more first degree relatives with HL the top 4 recurrent risk variants identified include: a coding
variant in KDR (rs56302315), a 5'UTR variant in KLHDCS8B (rs387906223), a noncoding variant in an intron of PAX5 (rs147081110),
and another noncoding variant in an intron of GATA3 (rs3824666), suggesting a genetic risk in cases of familial HL [5].

3. Hodgkin lymphoma biology

Hodgkin lymphoma includes two distinct disease entities: classic HL and nodular lymphocyte predominant Hodgkin lymphoma
(NLPHL). These diagnoses differ in histology, epidemiology, immunophenotype, and treatment approaches. Histologically, classic HL
is characterized by large neoplastic Hodgkin and Reed-Sternberg (HRS) cells with abundant reactive bystander cells and a rich tumor
microenvironment. HRS cells characteristically express CD15, CD30 and PAXS5. A subset (30-40%) will also express CD20 [6].

Classic HL can be further classified into four histologic subtypes: nodular sclerosing, mixed cellularity, lymphocyte rich, and
lymphocyte depleted. Nodular sclerosing HL comprises 80% of HL in the AYA population and 45% and 62% of HL in the pediatric and
adult populations, respectively [7]. Epstein- Barr virus (EBV) is associated with Hodgkin lymphoma in up to 40% of cases [8]. The EBV-
encoded latent gene products latent membrane protein 1 and 2 A (LMP1 and LMP2A) play important roles in lymphomagenesis. The
rates of EBV-associated disease vary by histological subtype, with EBV association in up to 96% of cases of mixed cellularity subtype,
and only 10% of NLPHL [8].

In contrast to classic HL, NLPHL is a rare, slow growing, B-cell malignancy characterized by CD20 expression, and the absence of
Reed-Sternberg cells. As the classification of HL continues to evolve NLPHL has recently been suggested to fit more as a subtype of NHL
than HL [9]. This review will focus on classic HL.

Classic HL has several distinct characteristics that distinguish it from other B-cell lymphomas. In a HL tumor, the HRS cells comprise
only a minor population, with the majority of the cellular composition being a dense and complex tumor microenvironment which
supports tumor persistence and growth. HRS cells are suspected to be derived from germinal center B-cells but have lost many B-cell
markers including the B-cell receptor [10]. They frequently harbor copy number gains in 9p24.1 which results in upregulation of
programmed death ligand 1 and 2 (PD-L1 and PD-L2) as well as JAK2 [11,12]. This, along with other molecular alterations, contribute
to the ability of the HRS cells to evade the immune response. The rarity of the HRS cell in a tumor biopsy has made genomic char-
acterization challenging and our understanding of HL genomics lags far behind other malignancies. With recent advances in the ability
to isolate HRS cells and sequence with low input as well as the identification of circulating tumor DNA (ctDNA) in patients with HL, the
genomic landscape of HL has become better understood. Common alterations in HL include B2M, which supports immune evasion
through loss of MHCI; SOCS1 which results in dysregulation of JAK/STAT signaling; and TNFAIP3 (A20) leading to altered NF-KB
signaling [13-15]. Little is known about potential genomic differences between HL in pediatric and adult populations however
recent whole genome sequencing of HL revealed a significantly higher burden of molecular alterations in pediatric and AYA cases
when compared to older adults, suggesting that the biology of the disease may differ in these distinct age groups [16].

4. Disease presentation and diagnostic work up

The clinical presentation of HL most commonly starts as a painless mass, most frequently found in the cervical or supraclavicular
(50-60%) or axillary (30%) lymph nodes. Involved nodes are characteristically matted and firm. Patients often report them as slow
growing over weeks to months [17]. Approximately 25% of patients will develop B symptoms, which include fevers, unintentional
weight loss of 10% over a 6 month time period, and drenching night sweats [18]. HL can also present as large, bulky disease in the
mediastinum which can result in respiratory impairment secondary to airway obstruction and/or superior vena cava syndrome [19].
This presentation of HL is an oncologic emergency, making an excisional biopsy potentially challenging in these cases.

Children and AYAs presenting with concerning lymphadenopathy with suspicion for HL should undergo an excisional lymph node
biopsy for histologic diagnosis. An interventional radiology-guided core biopsy is sometimes required in cases where anesthesia is not
feasible due to airway compromise. Fine need aspiration samples are insufficient, as they do not provide the adequate tissue needed to

Table 1
Ann Arbor Classification staging system for Hodgkin lymphoma, including Cotswolds modifications.

Stage Disease Involvement

I Single lymph node region (I) or one extralymphatic site (IE)

I Two or more lymph node regions, on the same side of the diaphragm (II) or local extralymphatic extension plus one or more lymph node regions on the
same side of the diaphragm (IIE)

111 Lymph node regions on both sides of the diaphragm (III), which may be accompanied by local extralymphatic extension (IIIE)

A% Diffuse involvement of one or more extralymphatic organs or sites

A No B symptoms

B Presence of at least one of: unexplained weight loss >10% baseline during 6 months prior to staging; recurrent unexplained fever >38 °C; recurrent night
sweats

X Bulky tumor: either a single mass exceeding 10 cm in largest diameter or a mediastinal mass exceeding one third of the maximum transverse transthoracic

diameter measured on a standard posterior-anterior chest radiograph
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visualize the Reed-Sternberg cells, which are relatively rare (0.1-5%) within the background of the reactive tumor microenvironment
[20].

Once the diagnosis of HL is confirmed, clinical staging should include: 1) a thorough physical exam with documentation of
abnormal lymphadenopathy and the presence/absence of B symptoms, 2) chest radiograph to assess for bulky mediastinal adenopathy,
which is defined as a mass >1/3 the thoracic chest diameter, and 3) and a fluorodeoxyglucose positron emission tomography (FDG-
PET) scan. Staging is based on the Ann Arbor classification (Table 1). Bilateral bone marrow biopsies have been traditionally required,
however recent literature in adults has suggested that bone marrow biopsies are less sensitive than FDG-PET and may not be necessary
in the setting of FDG-PET [21]. Central nervous system involvement is an exceedingly rare at the initial presentation of HL, and unless a
strong clinical suspicion arises, lumbar puncture for cerebrospinal fluid is not routinely performed. Baseline laboratory studies should
include a complete blood count, comprehensive metabolic profiling, erythrocyte sedimentation rate and lactate dehydrogenase.
Common laboratory abnormalities in HL include elevated erythrocyte sedimentation rate, ferritin, and lactate dehydrogenase
reflective of acute inflammation [22]. HL is occasionally associated with a normocytic anemia of chronic inflammation and elevated
platelets as an acute phase reactant.

5. Approach to treatment
5.1. Risk stratification

Pediatric patients with HL have historically been classified to low, intermediate, and high risk groups based on stage, B-symptoms,
and disease bulk (Table 2). Specific definitions for each risk cohort vary by cooperative group and have evolved over time as data
emerges on outcomes in successive clinical trials. Across all risk groups, pediatric HL treatment regimens historically have utilized a
combination of conventional chemotherapeutic agents including alkylators and anthracyclines with or without radiation therapy with
increased intensity in higher risk populations. As these approaches are associated with treatment related mortality including secondary
malignancy, cardiotoxicity, and infertility, clinical trials have sought to improve outcomes while reducing the risk for long term
toxicity.

5.2. Low risk HL

There are multiple treatment approaches that have been successfully used in low risk pediatric HL with no single standard of care
(Table 3). Outcomes are excellent with 5-year event-free survival (EFS) ranging from 85 to 92% [23-26]. Chemotherapy backbones
that have been used in this group include OEPA (vincristine, etoposide, prednisone, and doxorubicin) for boys, OPPA (vincristine,
procarbazine, prednisone, and doxorubicin) for girls, VAMP (vinblastine, doxorubicin, methotrexate, and prednisone), AV-PC
(doxorubicin, vincristine, prednisone, cyclophosphamide), and ABVD (doxorubicin, bleomycin, vinblastine, dacarbazine) [27,28].
Several clinical trials using these backbones have focused on optimizing conventional chemotherapy and omitting radiation for pa-
tients who achieve a complete response (CR) on interim imaging. In the prospective GPOH9S5 trial, radiation therapy (RT) was omitted
in patients in CR after 2 cycles of OEPA or OPPA chemotherapy, as defined by CT or MRI; patients not in a CR were treated with
involved field RT at a dose of 20Gy with a 10-15Gy boost to larger residual disease. Among low risk patients treated with this approach
with 10 year EFS was 96% [29]. Similar excellent outcomes have been demonstrated using the VAMP chemotherapy backbone which
eliminates alkylator agents, bleomycin, and epipodophyllotoxins. In a single arm phase II trial patients were treated with four cycles of
VAMP and RT was omitted in those who achieved a CR after cycle 2. The 2- year EFS of the entire cohort was excellent at 91% [24]. The
combination of doxorubicin, vincristine, prednisone, and cyclophosphamide (AV-PC) was studied in the Children’s Oncology Group
(COG) AHODO0431 trial. In this study patients with stage IA and IIA disease were treated with 3 cycles of therapy, and those not in a CR
at the completion of therapy received 21Gy involved field RT. The 4-year EFS for the entire cohort was less than that observed in other
trials at 80%, however outcomes for patients with MC histology were excellent (4- year EFS 95%). This approach should therefore be
restricted to patients with MC histology [30]. Lastly, the adult regimen ABVD has been studied in limited pediatric patient cohorts, but
may be a reasonable approach in patients with low risk disease. In a single center series of 28 pediatric patients with HL of all risk
groups treated with ABVD for 4-6 cycles with RT restricted those not in a CR at the completion of therapy, the 5-year EFS was 91% [31,
32]. Larger studies will be needed to evaluate the ABVD chemotherapy regimen in children (see Table 4).

Table 2

Pediatric clinical risk group stratifications and associated clinical trials.
Clinical Trial Low Risk Intermediate Risk High Risk
POG 9226, POG 942672 I, IIA, TIIA1
AHOD0431%° IA, TIA, no bulk
POG 942573 IB, TIA/IIIA; with bulk, IIIA, IIB, IIIB, IV
AHOD00317* IB, IAE, IIB, IIIA, IVA, IA with bulk, IIA with bulk
CCG-597047° IIB with bulk, IIIB with bulk, IV
AHOD08317° 11IB, IVB
AHOD1331°%8 IIB with bulk, IIB, IV
EuroNet-PHL’ I, 1A IEA/B, 1IEA, IIB, IIIA IIEB, IIIEA/B, IV

3
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Table 3
Treatment approaches in low risk HL.
Group Trial Type/Trial Risk n Chemotherapy RT Dose %RT  EFS (yr)
name Group Backbone (Gy)
German Society of Pediatric Prospective LR 195 OPPA/OEPA 19.8-30 68.2 92% (5yr)
Oncology®® GPOH2002
Stanford, Dana Farber, St. Jude?* Prospective LR 88 VAMP 25.5 46.5  91% (2yrs)
CcoG* Prospective LR 287 AV-PC 21 51 80% (4yrs)
AHODO0431 *MC histology
95%
COG74 Prospective IR 1712 ABVE-PC 21 77.2  85% (4yrs)
AHODO0031
UCSF”7 Retrospective all 28 ABVD + 11.1 91% (5yrs)

COG= Children’s Oncology Group, LR = Low Risk, IR= Intermediate Risk, RT = radiation therapy, EFS = event free survival, Gy = Gray *not
reported.

Table 4
Treatment approaches in intermediate and high risk HL.
Trial Risk N Agents RT dose (Gy) % RT Event Free Survival
AHOD003174 Intermediate Risk 1712 ABVE-PC 21 68 85% (4y)
AHOD08317° High Risk 164 ABVE-PC + IV 21 76 79.1% (5 y)
AHOD1331%® High Risk 587 Bv-AVE-PC 21 53 BV arm 92.1% (3 y)
57 standard of care
GPOH 2002% High Risk 195 OPPA/OEPA + COPP 19.8 100 87% (5y)
EuroNet-PHL-C178 Intermediate/Advanced 2102 OEPA, COPP vs COPDac 19.8 51 intermediate 84-90% (5 y)
65 advanced
HLHR13 Intermediate/Advanced 77 AEPA, CAPDac 25.5 65 97.4% (3 y)
St Jude®®
Hochberg et, al®” Intermediate/Advanced 30 BV + rituximab, + AVD 21 13 100%

5.3. Intermediate risk HL

Reduction of therapy in good responding patients and therapy augmentation in poor responders has been investigated in children
and AYAs with intermediate-risk disease HL. The COG clinical trial AHOD0O031 investigated a response-based therapy approach in
patients with intermediate-risk HL defined as IB, IAE, IIB, IITA, IVA, IA with bulk, and ITA with bulk. The study examined 1712 patients
who received two cycles of doxorubicin, bleomycin, vincristine, etoposide, cyclophosphamide, and prednisone (ABVE-PC) followed by
response evaluation. Patients were divided into 2 cohorts of rapid early responders (RERs) and slow early responders (SERs). RER
patients received an additional two cycles of ABVE-PC followed by end of therapy evaluation. RERs in CR were randomized to receive
involved-field radiotherapy (IFRT) or no additional therapy, while all other patients received IFRT. SERs were randomized to receive
standard of care with 2 additional cycles of ABVE-PC + RT vs. standard of care plus two cycles of DECA (dexamethasone, etoposide,
cisplatin, cytarabine). RERs and SERs had a 4 year EFS of 86.9%, and 77.4% respectively. There was no difference in EFS among the
RER/CR patients randomized to RT vs. no further therapy, suggesting that RT can be safely omitted in this favorable group. DECA
augmentation was not associated with an improved outcome among the SER patients suggesting other agents are needed in this higher
risk group [26].

EuroNet-PHL-C1 was a recent randomized controlled trial conducted in 16 European countries who enrolled 2102 children aged
<18 years with newly diagnosed intermediate and advanced stage HL defined as stages IIAE, IIB, IIBE, IIIA, IIIAE, IIIB, IIIBE, and all
stages IV. Patients were treated with 2 cycles of OEPA, and then randomized to receive 2 or 4 cycles of COPP (cyclophosphamide,
vincristine, prednisone, and procarbazine) vs. 2 or 4 cycles of COPDac (where dacarbazine replaced procarbazine). Radiation at a dose
of 19.8 Gy to involved sites was restricted to patients with an inadequate response to OEPA (60% of all patients). The 5 year EFS of
patients with an adequate response to OEPA and no RT was 90.1%, demonstrating that radiotherapy can be safely omitted in this
group. Among all patients’ outcomes were slightly better in those treated with COPP vs. COPDAC with a 5-year EFS of 89.9% and
86.1% respectively, however gonadotoxicity was greater among those treated with COPP [33].

5.4. High risk HL

Children and AYAs with high risk HL have historically been treated with combined modality therapy utilizing higher intensity and/
or additional cycles of chemotherapy to address the increased risk of relapse in this group. More recent studies have also investigated
the role for brentuximab vedotin (BV) in initial therapy. BV is an antibody-drug conjugate composed of an anti-CD30 monoclonal
antibody conjugated by a protease-cleavable linker to monomethyl auristatin E, a microtubule-disrupting agent (Fig. 1) [34,35]. The
addition of BV to upfront therapy was first studied in the adult population with advanced stage disease in the ECHELON-1 trial where
the addition of BV to the AVD backbone resulted in a superior PFS compared to ABVD (82.1% vs. 77.2% respectively, HR 0.77; p =

Descargado para Eilyn Mora Corrales (emoracl7@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en mayo 11,
2023. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.



J.A. Belsky et al. Best Practice & Research Clinical Haematology 36 (2023) 101445

T-cell Brentuximab
vedotin

Pembrolizumab
Nivolumab

Rituximab
=2 . B-cells in. TME

\é;}ﬁr.._. -_A._.
..A.'.

i g Camidanlumab
tesirine

Created using Biorender.com. Full license available upon request.

TME= tumor microenvironment, MMAE= Monomethyl auristatin E

Fig. 1. Novel therapies in HL targeting cell surface markers and/or the tumor microenvironment.

0.04) [34].

In 2021, Metzger et al. published the results of a single-arm, multicenter trial investigating BV in combination with chemotherapy
for patients aged <18 years with high risk HL defined as stage IIB, IIIB or IV. In this trial BV replaced vincristine in the OEPA/COPDac
chemotherapy backbone and patients were treated with a total of 6 cycles of chemotherapy [36]. Patients who were not in CR
following 2 cycles of treatment (62%) received radiotherapy. Among the 77 patients enrolled on this trial, the 3-year EFS and OS were
97.4% and 98.7% respectively. EFS was superior to a historic control with standard chemotherapy where 3 year EFS was 80.8% (SE
3.3%; p = 0.0008), suggesting that BV may improve EFS in the upfront setting.

Hochberg et al. recently published the results of a phase II results evaluating the combination of both BV and the anti-CD20
monoclonal antibody rituximab to target B-cells in the tumor microenvironment with an AVD chemotherapy backbone in newly
diagnosed patients aged 1-30 years old with intermediate- and high-risk classic HL. Radiation was limited to high-risk patients with
slow early response and bulky disease only. Among the 30 patients enrolled, the 5- year event-free and overall survival rates were
100%, with a median follow-up of >60 months. Radiation was limited to 13% of patients [37].

The Children’s Oncology Group recently reported results from a randomized phase III trial investigating the addition of BV to the
chemotherapy backbone of ABVE-PC for children and AYAs with previously untreated high risk HL [38]. In this trial patients were
randomly assigned to receive 5 cycles of ABVE-PC or 5 cycles of BV-AVE-PC. Involved site radiation at a dose of 21Gy was restricted to
lesions that remained PET avid (Deauville score 4 or 5) after 2 cycles of chemotherapy or those with large mediastinal adenopathy at
diagnosis. The study enrolled 600 patients from March 2015-August 2019. The 3-year EFS was 92.1% in the BV arm compared to
82.5% in the traditional chemotherapy arm (HR, 0.41; 95% CI, 0.25 to 0.67; P < 0.001). Toxicity was similar between the two arms.
Based on the successful results from this trial, BV is now FDA approved in combination with AVE-PC in patients age 2 years and older
with previously untreated high risk HL [39].

Descargado para Eilyn Mora Corrales (emoracl7@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en mayo 11,
2023. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.



J.A. Belsky et al. Best Practice & Research Clinical Haematology 36 (2023) 101445
5.5. Ongoing trials evaluating immune checkpoint blockade in the initial treatment of HL in children are underway

Immune checkpoint inhibitors, including nivolumab and pembrolizumab, are humanized IgG4 monoclonal antibodies that
interrupt PD-1 receptor-ligand interactions and restore T-cell meditated immunity and antitumor responses (Fig. 1) [40]. These agents
have demonstrated activity in adult and pediatric populations with relapsed HL and are now being evaluated in upfront treatment [41,
42]. The S1826 trial is a National Cancer Institute funded, randomized phase III trial comparing BV-AVD to nivolumab + AVD in adult
and pediatric patients age >12 years with advanced stage HL (NCT03907488). This trial has recently completed accrual and we are
awaiting final results.

Other smaller trials are also evaluating checkpoint inhibition in the upfront treatment of HL in children and AYAs. At the recent 7th
International Symposium on Childhood Adolescent and Young Adult Non-Hodgkin Lymphoma, two ongoing trials investigating
checkpoint inhibitors in upfront HL therapy were presented. In the phase II KEYNOTE-667 trial, children, and AYAs age 3-25 years
with HL with a slow early response to standard chemotherapy are treated with standard therapy plus pembrolizumab [43]. Among the
30 patients enrolled to date, the combination of therapy has been well tolerated. The RADICAL study presented by Hochberg et al. is
evaluating the combination of BV-AVD, rituximab and nivolumab in children with intermediate and high risk HL. In this trial, the total
anthracycline dose is reduced, and radiation is limited to patients who do not achieve a CR at the end of therapy. To date, 5 patients
have been enrolled with no dose limiting toxicity [44]. These trials will provide early data on the role for checkpoint inhibition in the
upfront management of children and AYAs with HL.

6. Approach to refractory/relapsed Hodgkin lymphoma

Relapse from HL typically occurs early, within the first 3 years from diagnosis, though late relapse has been reported [45]. There are
no clear predictors of relapse, but historically poor prognostic features include advanced stage, bulky or extra lymphatic disease,
presence of B symptoms and poor initial early response. The standard of care for relapsed HL is salvage chemotherapy followed by
autologous stem cell transplantation (SCT) [7]. Hodgkin lymphoma often remains chemo sensitive at relapse. There are a number of
second line chemotherapy and immunotherapy options for relapsed disease with no single standard of care (Table 5, Fig. 1). BV has
shown significant activity as a single agent in relapsed/refractory HL in adults and children [46,47]. Similarly, phase I trials of
nivolumab and pembrolizumab have also shown significant single agent activity in children and adults with refractory HL [48,49].
Phase II clinical trials suggest that combining brentuximab with PD-1 checkpoint blockade will be highly effective against relapsed
lymphomas and well tolerated [50]. Furthermore, the addition of brentuximab vedotin or checkpoint inhibitors to standard rein-
duction combinations of gemcitabine, vinorelbine or bendamustine have shown promising results with overall response rates around
70-80% in both adult and pediatric trials [41,51,52].

While some patients with relapsed HL patients can experience durable remission with chemotherapy + radiation alone, most
patients who relapse or progress, particularly those within 12 months from diagnosis, are candidates for myeloablative chemotherapy
and autologous SCT with or without radiation once in a second CR [53]. Retrospective studies have demonstrated decreases in relapse
in patients with HL following allogeneic vs. autologous SCT indicating a strong graft-vs-lymphoma effect. Although earlier studies
showed no improvement in overall survival due high transplantation-related mortality, reduced-intensity conditioning or non-
myeloablative regimens were successful at reducing regimen-related morbidity and mortality associated with myeloablative alloge-
neic SCT and mitigates this concern [54].

There is growing evidence for post SCT maintenance therapy with BV. In a randomized trial among adult patients with relapsed HL
at high risk for recurrence, maintenance therapy with BV improved PFS compared to placebo (hazard ratio [HR] 0-57, 95% CI
0-40-0-81; p = 0-0013) [55]. In a retrospective review of maintenance BV in the pediatric population, outcomes were excellent (3 year
EFS 92%) and BV was well tolerated suggesting that this may be an appropriate therapy in children [56].

For more multiply refractory cases, cytotoxic T-cell therapy has shown some promise. Both EBV-specific cytotoxic T-lymphocytes as
well anti-CD30 CAR-T cells have been reported to have high rates of durable responses in relapsed/refractory HL [57,58]. Combi-
nations of checkpoint inhibitors with the JAK/STAT inhibitor ruxolitinib or the histone deacetylase inhibitor vorinostat are also
showing early signs of activity in adults with highly refractory disease [50,59].

The novel CD25-targeted antibody-drug conjugate camidanlumab tesirine (Cami) consists of an anti-CD25 antibody conjugated to a

Table 5

Novel agents studied in relapsed HL in children and AYAs.
Regimen Trial Type N ORR/CR
BV, gemcitabine, vinorelbine (AHOD1221)* Prospective phase I/l 46 70%/57%
BV, bendamustine”® Retrospective, single center 29 83%/79%
Nivolumab/BV followed by BV/bendamustine (Checkmate 744/AHOD1721)*? Prospective 32 80%/64%
BV, nivolumab, ipilumumab (E4412) Prospective phase I - ongoing - ongoing

BV= Brentuximab vedotin, ORR= Overall response rate, CR= Complete Response.

Table Abbreviations: ABVE-PC, doxorubicin, bleomycin, vincristine, etoposide, prednisone, cyclophosphamide, Bv-AVE-PC, Brentuximab vedotin,
doxorubicin, vincristine, etoposide, prednisone, cyclophosphamide, OPPA/OEPA + COPP, vincristine, procarbazine, prednisone, and doxorubicin/
Vincristine, etoposide, prednisone, and doxorubicin + cyclophosphamide, vincristine, procarbazine, and prednisone, COPDac, cyclophosphamide,
vincristine, prednisone, and dacarbazine, CAPDac, cyclophosphamide, brentuximab vedotin, prednisone, and dacarbazine, AVD, doxorubicin,
vincristine, dacarabazine, AEPA, brentuximab, etoposide, prednisone, and doxorubicin, IV, vinorelbine, ifosfamide.
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the cytotoxin tesirine. This agent has demonstrated promising results in Phase I and II trials in patients with multiply relapsed and
refractory HL having previously received BV and/or checkpoint inhibitor therapy. In these very high risk, heavily pretreated patients,
Cami has been well tolerated with manageable toxicities and has shown an ORR of 70.2% with a 33.3% CR rate. Median response
duration was just over 1 year and about 10% of patients were able to proceed to HSCT. A Phase III trial is planned to better determine
efficacy, but the continued success of multiple immunotherapy agents against HL represents a promising paradigm shift in otherwise
poor risk patients [60].

7. Radiation therapy in HL

As HL is exquisitely radio-sensitive, radiation therapy (RT) has historically been an essential component of HL therapy [61]. RT is
also associated with adverse long term toxicities to normal tissue including risk of cardiac and pulmonary toxicity and subsequent
neoplasms, particularly breast and thyroid cancer [62]. Recognition of these late effects has resulted in the tailored use of RT in
children, with a focus on minimizing exposure to normal tissues by decreasing radiation dose and modifying radiation fields [63,64].
In addition, trials have sought to identify lower risk populations for whom the omission of radiation does not compromise outcome.

Contemporary trials in pediatric HL restrict the use of radiation to specific populations at higher risk of relapse such as those with
bulky disease and those with a slow early response to therapy. This has resulted in reduced percentages of pediatric patients with HL
receiving RT however the question remains if RT can be safely reduced even further. In the phase III AHOD1331 trial, involved site
radiotherapy (ISRT) was delivered only to those patients with slow responding lesions or initial bulk disease. Using these criteria
approximately half of patients received RT (53% in the BV arm and 57% in the standard arm). Similarly, the EuroNet-PHL-C1 trial
restricted RT among intermediate and high risk patients to those with an inadequate response to two cycles of OEPA, which eliminated
RT in 40% of patients. However, in the recently completed study by Hochberg et al. excellent outcomes were achieved with 13% of
patients receiving RT, indicating a potential role for omitting radiation in this age of immunotherapy combinations. In the recent
SWOG S1826 trial for AYA patients with advanced stage HL, RT was only administered at physician discretion to patients with residual
PET avid disease at the completion of therapy [65]. We do not yet know the outcome of this trial to determine if this approach to RT is
sufficient in children and AYAs.

8. Identifying prognostic markers in Hodgkin lymphoma

The key to advancing outcomes in HL will likely be identifying patients at low risk for relapse for whom reduced therapy is
appropriate and those at high risk for whom therapy augmentation is needed. This is being investigated through multiple approaches
including clinical factors, biomarkers, and advanced radiomics.

The Childhood Hodgkin International Prognostic Score (CHIPS) was developed as a prognostic marker among children and AYAs
with intermediate risk disease [66,67]. CHIPS assigns one point to each of the following risk factors: stage 4 disease, large mediastinal
mass, albumin (<3.5), and fever at diagnosis. Among 1103 patients with intermediate-risk HL enrolled on AHOD0031 those with
CHIPS score of 0, 1, 2, and 3 had a four-year EFS of 93.1%, 88.5%, 77.6%, and 69.2% respectively [66]. More recently, CHIPS criteria
was applied prospectively to 587 high risk patients on AHOD1331 and was predictive of interim ®FDG-PET/CT (PET) response and
EFS [68], suggesting that this may be used to risk stratify pediatric patients in future studies.

A promising biomarker to predict response in HL is circulating tumor DNA (ctDNA). Despite the rare nature of the Hodgkin and
Reed Sternberg cells, ctDNA can be identified in the majority of patients with HL [15]. This has allowed for non-invasive genomic
profiling and early studies to determine if ctDNA burden can predict outcome. In a recently presented large adult series among 244
patients ctDNA level prior to the start of therapy was predictive of PFS as both a continuous and dichotomous variable (HR 2.1, P =
0.02 and HR 3.3, P = 0.003 respectively) [69]. Prospective trials in children and adults with HL are collecting ctDNA to determine how
best to utilize this biomarker.

Baseline metabolic tumor volume (MTV) on FDG-PET is also being evaluated a predictive marker in HL. MTV is quantified as the
total volume of disease with FDG uptake that exceeds a particular threshold. When retrospectively applied to pre-treatment PET scans,
a significant association with EFS was noted, suggesting that MTV could improve risk stratification in both pediatric and adult patients
with HL [70,71].

9. Future directions

As the survival rates for children and AYAs with HL continue to improve, the focus of current and future research is to maximize
cure while minimizing acute and long-term toxicities in survivors. This will likely be made possible through the use of novel agents in
careful and selected groups that may be identified using emerging prognostic markers. The promising use of ctDNA in liquid biopsy,
improved radiomics, enhanced risk stratification and personalized therapy makes for an exciting time in the field of HL. By building on
prior studies, pediatric trials continue the march toward highly efficacious, biology-driven, approaches that minimize toxicity.
Collaboration with adult oncologists has allowed for accelerated answers to key questions in HL and will continue to be an essential
component of the blueprint for pediatric HL moving forward.
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Practice points

Children and adolescent young adults with classic Hodgkin lymphoma have excellent event free survival however are at risk for
long term toxicity due to chemotherapy and radiation

Risk-adapted and response based therapies as well as novel agents have allowed for improved outcomes and reduced risk for long
term toxicities

Improved understanding of the tumor and the microenvironment in Hodgkin lymphoma will aid in the ongoing discovery of novel
therapeutic targets

Research agenda

Current research priorities in HL include: 1) the integration of targeted agents into frontline treatment to reduce reliance on

conventional chemotherapy and radiation; 2) improving our understanding of the interaction between Hodgkin and Reed Sternberg
cells and the tumor microenvironment to develop therapies targeting this interaction, 3) to develop prognostic markers to help guide
risk-based treatments that minimize toxicity while optimizing survival.

out

Table 3. Pediatric and adolescent young adult low and intermediate stage Hodgkin lymphoma clinical trial backbones and
comes.
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