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Introduction

Skin cancer remains a significant public health concern worldwide, with its incidence on the rise in recent years. However, advancements in molecular biology have led to a better understanding of its spectrum of different entities. Moreover, research and technological developments have opened up new horizons in the treatment of these malignancies. This Research Topic explores clinical topics surrounding skin cancer, including diagnostics, prognostics, and new personalized treatment approaches in skin cancer management around the globe.





Diagnostics

Artificial intelligence algorithms have demonstrated remarkable potential in analyzing skin images and assisting in the diagnosis of skin cancer. Machine learning models can analyze large datasets and accurately differentiate between benign and malignant lesions, aiding clinicians in making informed decisions. The article of Kriegsmann et al. describes how the authors localized and categorized skin tumors on whole formalin-fixed paraffin-embedded tissue slides without prior annotation. For this aim, they previously trained a convolutional neuronal network on major non-tumor anatomical tissue structures of the skin as well as the most relevant skin tumor categories. Subsequently, they validated their system on an external test set of tissue slides with very good results: Automated differentiation of BCC, SCC, melanoma, naevi and non-tumor tissue structures was possible, and a high diagnostic accuracy was achieved in the validation (98%) and test (97%) set. Most importantly, the research team openly provided all images and codes they used for their project to enable other researchers to improve and validate their data.





Prognostics

The field of melanoma prognostics has developed notable advancements in recent years, with the integration of advanced technologies and sophisticated predictive models. Molecular profiling techniques, including gene expression profiling and next-generation sequencing, offer a deeper understanding of the molecular landscape of melanoma, allowing for more precise prognostication, though their use is not fully validated for integration into clinical algorithms at this time. Nevertheless, these approaches enable the identification of gene signatures associated with aggressive disease and may provide insights into potential therapeutic targets. Moreover, machine learning algorithms, by analyzing large datasets and incorporating multiple prognostic factors, facilitate the development of robust prognostic models. The integration of these advanced tools holds immense promise for enhancing prognostication in melanoma and aiding in clinical decision-making. Augustin et al. investigated a large set of 4,790 diabetic patients with cutaneous melanoma for their melanoma recurrence rates, progression free survival (PFS), and overall survival (OS) with and without exposure to metformin, an anti-diabetic drug that has been shown to reduce intratumoral hypoxia, improve T-cell function, and increase the sensitivity to PD-1 blockade in pre-clinical studies. The authors found a reduction in recurrence rate, overall survival, and interestingly also incidence of brain metastasis in patients who received metformin, with the caveat that this is merely an association and not necessarily a correlation finding. These results suggest rationale for ongoing and future clinical trials studying the potential augmentation of checkpoint blockade with metformin in advanced melanoma.





Personalized treatment approaches

Treatment options for skin cancer have evolved beyond traditional methods, with a focus on personalized approaches that consider individual characteristics and genetic factors.





Immunotherapy

One of the most remarkable breakthroughs in skin cancer treatment is the advent of immunotherapy. This revolutionary approach harnesses the power of the immune system to target and destroy cancer cells. Immune checkpoint inhibitors targeting PD1, CTLA4 and other checkpoint molecules, have demonstrated exceptional efficacy in treating advanced melanoma as well as other skin cancer entities. These medications block the proteins that suppress the immune response, allowing immune cells to recognize and attack cancer cells effectively. Immunotherapy has not only shown remarkable response rates but also provided durable remissions and improved overall survival in patients. However, these potent agents also lead to severe side effects, which often limit their further use in affected patients. In this regard, Neuville et al. report a case of capillary leak syndrome associated with a chylothorax in a melanoma patient who has been treated with adjuvant nivolumab (anti-PD1). The knowledge on early recognition and adequate management of these adverse events therefore is of high importance for the clinical care of advanced skin cancer patients. Helbig and Klein give an overview on the treatment of pleomorphic dermal sarcomas with immune checkpoint inhibitors. Their review demonstrates that these rare skin tumors respond well to immunotherapy due to their high tumor mutational burden, which is linked to their suggested UV-induction, as well as their high number of tumor-infiltrating lymphocytes. Lodde et al. report on COVID-19 vaccination which led to unimpaired seroconversion in advanced skin cancer patients under treatment with either immunotherapy or targeted therapy. Notably, an impaired serological response was observed in patients who were immunocompromised due to concomitant diseases or previous chemotherapies, whereas immunosuppressive comedication due to severe adverse events did not impair the serological response to COVID-19 vaccination.





Targeted therapy

Targeted therapies have transformed the management of specific types of skin cancer. In cases where melanomas harbor specific genetic mutations such as BRAF or NRAS, targeted drugs like vemurafenib, cobimetinib, dabrafenib and trametinib can be used. These medications specifically inhibit the abnormal signaling pathways that drive cancer growth, leading to tumor regression and improved patient outcomes. The advent of precision medicine and molecular profiling has revolutionized the selection of appropriate targeted therapies, allowing for personalized treatment strategies tailored to each patient’s genetic profile. Shaikh et al. report on a phase-1 clinical trial combining targeted therapy with vemurafenib plus cobimetinib with the PD1 inhibitor pembrolizumab in patients with BRAF-mutant metastatic melanoma. Nine of 30 planned patient were treated and responded well with an objective response rate of 78% (7/9). However, significant adverse events of CTCAE grade 3 to 4 were observed in 8 of 9 patients, leading to an early closure of this study. Salman et al. demonstrate that despite the clear benefits of targeted therapies for BRAF-mutated melanoma in other regions of the world, there is no clear path to prepare Latin Americans for a sustainable personalized medicine approach. Melanoma therefore represents an increasing public health burden with extensive unmet needs in Latin America, a problem which must be solved in the future. Zattarin et al. report a patient with advanced extramammary Paget’s disease showing a long lasting benefit from the HER-2 inhibitor trastuzumab, indicating that this approach is worth exploring further in the management of this rare skin cancer entity.





Conclusion

The field of skin cancer research and management is rapidly evolving, with new and hot topics continuously emerging. New methods and techniques for diagnostics and prognostics, as well as personalized treatment approaches are at the forefront of research and development. Through these advancements, we hope to further improve patient outcomes, reduce the burden of this disease, and enhance collaborative efforts in combating skin cancer.





Author contributions

Both authors contributed equally to this work drafting, editing, and approving the final version of the manuscript.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Ugurel and Patel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




CASE REPORT

published: 18 August 2022

doi: 10.3389/fonc.2022.925551

[image: image2]


Case Report: Prolonged clinical benefit with sequential trastuzumab-containing treatments in a patient with advanced extramammary Paget disease of the groin


Emma Zattarin 1*, Federico Nichetti 1, Francesca Ligorio 1,2, Laura Mazzeo 1, Riccardo Lobefaro 1, Giovanni Fucà 1, Giorgia Peverelli 1, Andrea Vingiani 3,4, Giulia V. Bianchi 1, Giuseppe Capri 1, Filippo de Braud 1,4 and Claudio Vernieri 1,2


1 Department of Medical Oncology, Fondazione IRCCS Istituto Nazionale dei Tumori, Milan, Italy, 2 Istituto Fondazione di Oncologia Molecolare Ente del Terzo Settore, The AIRC Institute of Molecular Oncology, Milan, Italy, 3 Department of Pathology and Laboratory Medicine, Fondazione IRCCS Istituto Nazionale dei Tumori, Milan, Italy, 4 Department of Oncology and Hemato-Oncology, University of Milan, Milan, Italy




Edited by: 

Selma Ugurel, University of Duisburg-Essen, Germany

Reviewed by: 

Alexander Kreuter, University Witten/Herdecke, Germany

Ioana Cosgarea, Newcastle University, United Kingdom

*Correspondence: 

Emma Zattarin
 emma.zattarin@istitutotumori.mi.it

Specialty section: 
 This article was submitted to Skin Cancer, a section of the journal Frontiers in Oncology


Received: 11 May 2022

Accepted: 22 July 2022

Published: 18 August 2022

Citation:
Zattarin E, Nichetti F, Ligorio F, Mazzeo L, Lobefaro R, Fucà G, Peverelli G, Vingiani A, Bianchi GV, Capri G, de Braud F and Vernieri C (2022) Case Report: Prolonged clinical benefit with sequential trastuzumab-containing treatments in a patient with advanced extramammary Paget disease of the groin. Front. Oncol. 12:925551. doi: 10.3389/fonc.2022.925551



Extramammary Paget disease (EMPD) is a rare form of cutaneous, intraepithelial adenocarcinoma, which typically presents itself as an erythematous plaque originating from apocrine-gland rich regions, such as the vulva, the perianal region, the scrotum, the penis, or the axilla. EMPD patients typically have a good prognosis, with expected 5-year survival of 60%–92%, but it is estimated that about one-third of EMPD patients will develop lymph node or distant metastases. Treatment approaches for EMPD include locoregional therapies such as broad surgical resection, radiotherapy, or topical imiquimod, when the disease is localized, and chemotherapy and biological agents for advanced EMPD. We report the case of a 58-year-old man diagnosed with locally advanced, symptomatic HER2-overexpressing, AR-positive EMPD, who achieved long-term tumor control with a sequence of several trastuzumab-based treatments (more than 30 months with second-line carboplatin plus paclitaxel plus trastuzumab followed by trastuzumab maintenance; 9 months for third-line vinorelbine plus trastuzumab). Even if it is reported that AR expression occurs concomitantly with HER2 overexpression in more than half of the cases of EMPD, to the best of our knowledge, this is the first case report describing androgen receptor blockade therapy in combination with an anti-HER2 agent. Our patient did not benefit from androgen receptor blockade in combination with trastuzumab, thus suggesting that AR expression may simply reflect an intrinsic characteristic of the EMPD cell of origin, rather than tumor dependence upon AR signaling. Given the reported sensibility to anti-HER2 therapy, also new antibody drug conjugates targeting HER2 are worth exploring in the management of advanced EMPD.
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Introduction

Extramammary Paget disease (EMPD) is a rare form of cutaneous, slowly growing intraepithelial adenocarcinoma originating from apocrine-gland rich regions, such as the vulva, the perianal region, the scrotum, the penis, or the axilla (1). Similarly to the more common mammary Paget disease (MPD), EMPD typically presents itself as an erythematous plaque that can evolve as erosive, crusty, or eczematous. Clinical features of EMPD resemble inflammatory, non-malignant conditions, thus frequently resulting in misdiagnoses or delayed recognition of the cancerous nature of this disease. EMPD more frequently affects female individuals, with a male-to-female ratio of 1:2.8 in Europe (2), and median age at diagnosis is 65 both in men and in women (3, 4). The overall incidence ranges from 0.1 to 2.4 patients per 1,000,000 person-years (5).

EMPD patients typically have a good prognosis, with expected 5-year survival of 60%–92% (5, 6). However, when EMPD invades the derma, it can spread to loco-regional lymph nodes and/or distant organs (7). It is estimated that about one-third of EMPD patients will develop lymph node involvement or distant metastases (8). In these cases, the expected 5-year survival is <10% (6). As in the case of Paget disease of the breast, human epidermal growth receptor 2 (HER2) overexpression is reported in up to 50% of EMPD patients, and it is associated with a more aggressive clinical behavior, including more frequent dermal invasion and lymph node spread (9). Androgen receptor (AR) is also frequently expressed in EMPD (50%–80% of cases), and similarly to HER2 overexpression, its expression is associated with the presence of invasive disease and more frequent metastatic spread (10–13).

Treatment approaches for localized EMPD include broad surgical resection, radiotherapy, topical imiquimod, and photodynamic therapy; for patients with advanced (locally advanced or metastatic) EMPD, several chemotherapeutic agents, including 5-fluorouracil, taxanes, platinum salts, and vinca alkaloids, have shown moderate antitumor activity in published case series (14–17). More recently, anti-HER2 agents, alone or combined with chemotherapy, have shown promising antitumor activity in patients with HER2-overexpressing EMPD, as summarized in Table 1 (1, 9, 18–28). Androgen blockade therapy also showed some activity in few patients with EMPD expressing AR (27, 28).


Table 1 | Available case series of locally advanced or metastatic HER2-positive EMPD treated with anti-HER2 therapies alone or in combination.



Here, we report the case of a 58-year-old man diagnosed with locally advanced, symptomatic HER2-overexpressing, AR-positive EMPD, who experienced prolonged disease control when treated with subsequent lines of trastuzumab plus different cytotoxic agents.



Case description

In August 2015, a 58-year-old man with no significant comorbidities and a 3-year history of a non-healing groin rash, initially misdiagnosed as psoriasis that did not respond to topical antibiotics, antifungal agents, and steroids, was referred to our Institution. At the presentation, lesions were well-demarcated and widely extended over the skin from the umbilical line to both thighs, involving the groins, penis, scrotum, and perianal region. Some of these lesions were erythematous, with some ulcerated and bleeding areas, and others appeared as scaly and eczematous plaques, as shown in Figure 1A. The patient reported severe pain, itching, and dysuria (due to penis involvement). Skin punch biopsy revealed a proliferation of large round neoplastic elements spreading throughout the epidermis with dermal infiltration, coherent with EMPD. Immunoreactivity for cytokeratin 7 (Figure 2A) and EMA and negativity for cytokeratin 20 (Figure 2B) and Melan-A ruled out secondary pagetoid spread from urothelial or colorectal cancer and malignant melanoma (17). HER2 was highly expressed by immunohistochemistry (IHC) [score of 3+ according to CAP guidelines (29)] (Figure 2C), and in situ hybridization (ISH) analysis revealed ERBB2 gene amplification (Figure 2D). Laboratory analyses revealed moderate anemia. A PET/CT scan showed avid fluorine-18-fluorodeoxy-D-glucose (FDG) uptake [maximum standardized uptake value (SUV max), 5] in correspondence with the cutaneous thickening of the suprapubic region, the perineum, and the right thigh, with bilateral inguinal enlarged lymph nodes (SUV max, 3.3), without metastases in visceral organs (Figure 3). Loco-regional approaches were excluded due to the extension of the disease, and the patient was started on systemic therapy. Different patient’s treatment lines are summarized in Figure 4. Local disease progression occurred after 4 months of first-line metronomic Capecitabine 1,500 mg/day in December 2015. The patient’s quality of life was highly compromised. He experienced a depressive mood, related to the disabling condition caused by the disease, with important limitations in terms of autonomy, mobilization, and need for hospital access for medication of skin lesions. The patient needed to take antidepressants but refused the psychological support that was offered to him.




Figure 1 | Skin scaly and erythematous plaques at different phases of the disease history of our patient. (A) Erythematous lesions with some ulcerated and bleeding areas at diagnosis. (B) Lesions appearing less erythematous and with initial signs of re-epithelization after 4 months of treatment with carboplatin, paclitaxel plus trastuzumab. (C) Clinical disease progression during trastuzumab maintenance therapy. (D) Reduction in bleeding and partial epithelialization of skin lesions after starting vinorelbine plus trastuzumab. (E) Clinical disease progression during vinorelbine plus trastuzumab. (F) Rapid disease progression during anti-androgen therapy plus trastuzumab.






Figure 2 | (A) Immunoreactivity for cytokeratin 7. (B) Negativity for cytokeratin 20.  (C, E) HER2 strong membranous staining (3+) at immunohistochemical stain magnification, × 10, in two different tumor samples of the patient. (D, F) microscopic image in CISH for HER2 staining in two different tumor samples of the patient. (G) Androgen receptor staining at immunohistochemical stain magnification, × 10.






Figure 3 | FDG PET/CT scan at baseline of patient’s clinical history.






Figure 4 | Timeline of systemic treatments administrated during patient’s disease history. BSC, best supportive care; CBDCA, carboplatin; ChT, chemotherapy; ECOG PS, Eastern Cooperative Group Perfomance Status; LHRHa, LHRH analogue; OT, hormonal therapy; PD, progression disease; PR, partial disease response.



Based on HER2 overexpression in tumor cells, the patient was candidate to receive anti-HER2-based therapy. Therefore, in January 2016, second-line treatment with carboplatin [area under the curve (AUC) of 5 every 3 weeks] plus paclitaxel (150 mg/mq every 3 weeks) in combination with trastuzumab (provided with an off-label procedure) was initiated. Trastuzumab was administered at a loading dose of 8 mg/kg i.v., followed by 6 mg/kg i.v. maintenance dose every 3 weeks, as for the treatment of HER2-positive breast cancer (30). Echocardiograms were performed prior to treatment start and every 3 months to assess patient’s cardiac function. After 4 months, the patient reported a good clinical response, with skin lesions appearing less erythematous and with initial signs of re-epithelization (Figure 1B). This was paralleled by remarkable symptomatic improvement, including reduction in itching, pain, bleeding, crusting, and overall disease extension. Chemotherapy was stopped after six cycles, while triweekly trastuzumab was continued as maintenance treatment for 32 months, with prolonged clinical benefit. During this period, patient symptoms and quality of life improved, and the need for skin lesion medication was reduced. In August 2018, when the patient was receiving trastuzumab maintenance, clinical disease progression occurred (Figure 1C), with worsening of pain and skin lesion bleeding causing anemia, which required blood transfusions. Then, third-line metronomic vinorelbine (oral vinorelbine at the dosage of 50 mg, as given on Monday, Wednesday, and Friday every week) was started, together with i.v. triweekly trastuzumab at 6 mg/kg dosage. The patient experienced clinical benefit from vinorelbine plus trastuzumab combination, with reduction in pain and bleeding and partial re-epithelialization of skin lesions, as shown in Figure 1D (as compared to Figure 1C). Unfortunately, metronomic vinorelbine treatment was poorly tolerated, with the occurrence of febrile neutropenia requiring prolonged hospitalization after 2 months of treatment. In January 2019, after hospital discharge, oral metronomic vinorelbine was resumed at a reduced dose (30 mg on Monday, Wednesday, and Friday every week) in combination with trastuzumab; treatment was continued until May 2019, when clinical disease progression occurred (Figure 1E).

Aiming to re-characterize tumor biology and to find potential therapeutic targets, we performed a new tumor biopsy to combine HER2 IHC/ISH evaluation and AR expression with the analysis of the hotspot regions of 50 cancer-related genes (Cancer Hotspot Panel v2; Thermo Fisher Scientific, Waltham, MA), as assessed by means of targeted next-generation sequencing (NGS) through the Ion Torrent Personal Genome platform “Hot-spot Cancer Panel” (Thermo Fisher Scientific). While confirming the overexpression/amplification of HER2 (IHC/FISH) (Figures 2E, F), these evaluations also revealed the expression of AR in 90% of tumor cells (Figure 2G). NGS did not reveal mutations in targetable oncogenes. PCR amplification and direct sequencing of microsatellite loci revealed microsatellite stability.

Based on both AR expression and HER2 overexpression, in June 2019, fourth-line treatment with bicalutamide 50 mg p.o. daily, plus leuprorelin 11.25 mg i.m. every 3 months (according to the schedule commonly used in prostate cancer) was started, together with i.v. trastuzumab maintenance; however, the disease rapidly progressed (Figure 1F). In August 2019, endocrine therapy was interrupted and fifth-line treatment with gemcitabine (800 mg day 1, day 8 every 3 weeks) plus i.v. trastuzumab was initiated. The treatment was poorly tolerated, since the patient experienced febrile neutropenia and severe fatigue, which led to permanent treatment interruption after only two cycles. The patient was deemed unfit to tolerate further anticancer treatments, but he continued to receive palliative care.

As for March 2022, the patient is still alive, with a performance status of 3 by ECOG score, symptomatic for severe asthenia, and mobilization difficulties due to loco-regional cutaneous and nodal disease progression, which impair his walking capability and result in severe anemia and frequent blood transfusions. He is receiving daily best supportive care at home.



Statement of patient consent

The patient provided written informed consent for his case to be presented.



Discussion

Inoperable EMPD is typically associated with dismal prognosis, and systemic medical treatment is the only therapeutic choice. In the clinical case that we reported here, a patient with inoperable, loco-regionally advanced EMPD bearing HER2 overexpression (as a consequence of HER2 gene amplification) achieved long-term tumor control with a sequence of several trastuzumab-based treatments (more than 30 months with second-line carboplatin plus paclitaxel plus trastuzumab followed by trastuzumab maintenance; 9 months for third-line vinorelbine plus trastuzumab).

Owing to its rarity, there is still limited available clinical evidence on the most effective treatment strategies for advanced EMPD, which indeed remains orphan of standard therapies. In the case of limited disease extension, non-surgical treatments, such as radiotherapy, photodynamic therapy, topical imiquimod, or carbon dioxide laser therapy, used alone or in combination, can be considered as valid and effective treatment options (17).

In case reports and case series published to date, chemotherapy has shown moderate antitumor activity (1, 24), and advanced EMPD remains associated with a dismal prognosis (31). With regard to biological therapies, several reports have clearly documented the efficacy of anti-HER2 therapies in HER2-positive EMPD, such as trastuzumab, alone and in combination with paclitaxel, or T-DM1 (Table 1). however, only in a few studies, trastuzumab-based therapies resulted in long-term tumor control, as described in our case. A Japanese phase II single-arm clinical trial enrolled 13 patients with advanced HER2-positive EMPD to receive docetaxel (75 mg/mq every 3 weeks) plus i.v. trastuzumab (UMIN000021311), but results have not been published yet. New antibody drug conjugates (ADCs) targeting HER2, like Trastuzumab-deruxtecan (T-DXd), recently demonstrated meaningful efficacy in HER2-positive advanced breast and gastric cancers and also showed preliminary activity in HER2-positive metastatic colorectal and non-small cell lung cancers (32–34). However, to our knowledge, T-DXd activity in EMPD remains unknown.

The only clinical trial currently enrolling patients with metastatic EMPD is a phase II, single-arm study offering the combination of nivolumab and ipilimumab to advanced rare tumors (NCT02834013). PD-L1 expression is typically low in most EMPDs (35). Nonetheless, a case report described a partial response to ipilimumab 1 mg/kg plus nivolumab 3 mg/kg, which lasted 7 months, in a patient with PD-L1-negative, MSI-stable, low tumor mutational burden metastatic EMPD (36).

The study of Liegl et al. reported that AR expression frequently occurs concomitantly with HER2 overexpression, both in MPD and EMPD (88% of MPD cases and 52% of EMPD cases) (37). Two case reports described a meaningfully decrease of multiple bone and lymph nodes metastases in two patients with AR-overexpressing, advanced EMPD treated with bicalutamide or chlormadinone acetate (anti-androgen drugs), respectively, combined with leuprorelin acetate (luteinizing hormone-releasing agonist) (27, 28). In our patient, combining androgen receptor blockade with trastuzumab did not provide benefit, thus suggesting that AR expression in EMPD cells does not necessarily imply tumor dependence upon AR signaling, nor it predicts response to anti-AR treatments, but it may simply reflect an intrinsic characteristic of the EMPD cell of origin, i.e., glandular cells with apocrine differentiation (38). Due to the high frequency of AR expression in EMPDs (11), future studies should focus on uncovering the determinants of EMPD dependence on the AR pathway to identify patients who could benefit from androgen blockade.

Dissimilarly to other EMPD case reports described in the literature, our patient never developed distant metastases. He presented with cutaneous involvement and bilateral inguinal lymphadenopathies and underwent several subsequent locoregional progression events responsible for a slow but progressive deterioration of clinical conditions. The absence of metastatic spread could be the result of intrinsic molecular characteristics of the tumor and/or of the antitumor and immunomodulatory effects of trastuzumab, which might explain the long-term disease control.

To the best of our knowledge, this is the first case reporting a prolonged clinical benefit and long-term survival after treatment with several trastuzumab-based regimens (i.e., four different treatment combinations, for a total of 45 months of trastuzumab-based therapies), including a trastuzumab–anti-androgen therapy combination, which has never been used in previous published EMPD case reports or case series. In patients with HER2-positive EMPD, the use of ADCs targeting HER2 should be further explored. In the context of a very rare disease, we suggest that sharing cases of patients achieving prolonged tumor control and long-term survival holds great value and might help clinicians in making decisions when managing these neoplasms.
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Background

COVID-19 vaccination reduces risk of SARS-CoV-2 infection, COVID-19 severity and death. However, the rate of seroconversion after COVID-19 vaccination in cancer patients requiring systemic anticancer treatment is poorly investigated. The aim of the present study was to determine the rate of seroconversion after COVID-19 vaccination in advanced skin cancer patients under active systemic anticancer treatment.



Methods

This prospective single-center study of a consecutive sample of advanced skin cancer patients was performed from May 2020 until October 2021. Inclusion criteria were systemic treatment for advanced skin cancer, known COVID-19 vaccination status, repetitive anti-SARS-CoV-2-S IgG serum quantification and first and second COVID-19 vaccination. Primary outcome was the rate of anti-SARS-CoV-2-S IgG seroconversion after complete COVID-19 vaccination.



Results

Of 60 patients with advanced skin cancers, 52 patients (86.7%) received immune checkpoint inhibition (ICI), seven (11.7%) targeted agents (TT), one (1.7%) chemotherapy. Median follow-up time was 12.7 months. During study progress ten patients had died from skin cancer prior to vaccination completion, six patients were lost to follow-up and three patients had refused vaccination. 41 patients completed COVID-19 vaccination with two doses and known serological status. Of those, serum testing revealed n=3 patients (7.3%) as anti-SARS-CoV-2-S IgG positive prior to vaccination, n=32 patients (78.0%) showed a seroconversion, n=6 patients (14.6%) did not achieve a seroconversion. Patients failing serological response were immunocompromised due to concomitant hematological malignancy, previous chemotherapy or autoimmune disease requiring immunosuppressive comedications. Immunosuppressive comedication due to severe adverse events of ICI therapy did not impair seroconversion following COVID-19 vaccination. Of 41 completely vaccinated patients, 35 (85.4%) were under treatment with ICI, five (12.2%) with TT, and one (2.4%) with chemotherapy. 27 patients (65.9%) were treated non adjuvantly. Of these patients, 13 patients had achieved objective response (complete/partial response) as best tumor response (48.2%).



Conclusion and relevance

Rate of anti-SARS-CoV-2-S IgG seroconversion in advanced skin cancer patients under systemic anticancer treatment after complete COVID-19 vaccination is comparable to other cancer entities. An impaired serological response was observed in patients who were immunocompromised due to concomitant diseases or previous chemotherapies. Immunosuppressive comedication due to severe adverse events of ICI did not impair the serological response to COVID-19 vaccination.





Keywords: COVID-19 vaccination, seroconversion, skin cancer, immune checkpoint inhibition, targeted therapy



Introduction

Patients with active cancer disease were reported to be at risk of poor outcomes from severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) infection with an increased rate of severe courses and deaths from coronavirus disease 2019 (COVID-19) (1–3). Clinical trials of different COVID-19 vaccines (mRNA-1273, Moderna, Cambridge, USA; BNT162b24, BioNTech-Pfizer, Mainz, Germany; AZD1222, AstraZeneca, Oxford, UK) have demonstrated a reduced risk of SARS-CoV-2 infection and COVID-19 severity and death (4–6). However, these trials did not report on vaccination outcomes of cancer patients. A recent single-center study from Boston, USA reported impaired anti-SARS-CoV-2 antibody responses towards different COVID-19 vaccines in patients with various types of solid and hematologic cancers, describing an association of inferior serological response with the use of chemotherapies and corticosteroids (7). The aim of the present study was to determine the rate of seroconversion after COVID-19 vaccination in advanced skin cancer patients under active systemic anticancer treatment.



Materials and methods


Study design and patient eligibility

This prospective single-center study of a consecutive sample of advanced skin cancer patients was performed from May 2020 until October 2021 at the Department of Dermatology, University Hospital Essen. Inclusion criteria were systemic treatment for advanced skin cancer, known COVID-19 vaccination status, repetitive anti-SARS-CoV-2-S IgG serum quantification and first and second COVID-19 vaccination. Advanced skin cancer patients without systemic treatment, unknown COVID-19 vaccination status and incomplete COVID-19 vaccination were excluded from the study (Figure 1). Primary outcome was the rate of seroconversion in advanced skin cancer patients with systemic anticancer treatment after second dose of COVID-19 vaccination. Data on patient and tumor characteristics, concomitant diseases, immunosuppressive comedications, systemic anticancer therapy, and COVID-19 vaccination status were collected. Systemic anticancer therapies included immune checkpoint inhibition (ICI; anti-PD-1/anti-PD-L1/anti-CTLA-4 antibodies), targeted therapy (TT; BRAF+MEK kinase inhibition), and chemotherapy. Concomitant diseases were evaluated using the modified Charlson comorbidity index (CCI) (8). Primary study outcome was the rate of anti-SARS-CoV-2-S IgG seroconversion after second COVID-19 vaccination. Anti-SARS-CoV-2-S antibodies were measured at each dose (ICI) or cycle (TT, chemotherapy) of ongoing anticancer therapy, which corresponds to an at least monthly testing. In cases of treatment completion, serum testing was performed at follow-up visits in 3-months intervals. Secondary study outcome was best tumor response achieved to systemic anticancer treatment within the observation time of the study. It was measured by the institutional interdisciplinary tumor board as physician’s assessment according to RECIST (9) within regular clinical practice in staging intervals.




Figure 1 | Patient Flow.





Serum antibody testing

IgG antibodies against SARS-CoV-2 spike protein (anti-SARS-CoV-2-S IgG) in patients’ sera were measured by chemiluminescence assays (SARS-CoV-2 S1/S2 IgG or SARS-CoV-2 TrimericS IgG, DiaSorin, Saluggia, Italy) using the LIASION-XL (DiaSorin) following the manufacturer's instructions. The first assay is only semi-quantitative, whereas the second one is quantitative and adjusted to the upcoming WHO standard. Values >15 AU/ml corresponding to 39 BAU/ml, and values >33.8 BAU/ml were considered positive, respectively. Sensitivity/specificity for each assay are 94,4%/98,6% and 96,9%/100%, respectively. For this study only qualitative results were used to document seroconversion.



Data analysis

The study was approved by the ethics committee of the University Duisburg-Essen (21-10141-BO). The period between first serum testing and last patient visit was considered as follow-up time. Descriptive statistics were performed using SPSSv26.0.




Results


Total study cohort

At start of this study, 60 patients with advanced skin cancers received systemic anticancer treatment (Figure 1). Median follow-up time was 12.7 months. Patients were treated for melanoma (n=51, 85.0%), Merkel cell carcinoma (n=6, 10.0%), cutaneous squamous cell carcinoma (n=2, 3.3%), and basal cell carcinoma (n=1, 1.7%); Table 1. Most patients had a modified CCI of 0 (n=44, 73.3%), and an unimpaired performance status (n=53, 88.3%). 52 patients (86.7%) received ICI therapy, seven patients (11.7%) received TT, and one patient received chemotherapy. Systemic anticancer treatment was given to 41 patients (68.3%) in a non-adjuvant setting.


Table 1 | Patient characteristics.



At database closure on October 15, 2021, one patient had developed a symptomatic COVID-19 infection. At the time of symptomatic infection, this patient received a systemic treatment with CTLA-4+PD-1 for advanced melanoma. The laboratory data showed normal values for neutrophil granulocytes (5.27/nl, reference 1.7-6.2/nl), lymphocytes (1.42/nl, reference 1.0-3.4/nl) and LDH (234 U/l, reference 120-247 U/l). The patient suffered from mild clinical symptoms including taste disorders, glossodynia and dry coughing. Symptoms were declining spontaneously and the patient was vaccinated four months later when vaccines were available. None of the patients had died from COVID-19.



Patients with serological status after complete COVID-19 vaccination

During study progress ten patients had died from skin cancer prior to vaccination completion, six patients were lost to follow-up and three patients had refused vaccination due to fear of negative interaction with their anticancer treatment or of severe side effects (Figure 1). 41 patients completed COVID-19 vaccination, corresponding to two sequential mRNA and viral vector vaccine applications or a combination of viral vector and mRNA vaccine. From these 41 patients, serological status was known after complete vaccination. 35 (85.4%) were under treatment with ICI, five (12.2%) with TT, and one (2.4%) with chemotherapy (Table 1).

After complete COVID-19 vaccination, 32 patients (78.0%) showed an anti–SARS-CoV-2-S IgG seroconversion (Table 2). Seroconversion was achieved in 26/35 patients treated with ICI, 5/5 patients treated with TT, and 1/1 patient treated with chemotherapy. In three patients (7.3%) anti-SARS-CoV-2-S IgG was detected prior to vaccination, indicating previous SARS-CoV-2 infections which were asymptomatic and previously unknown to the respective patients. At the time of first COVID-19 vaccination, nine patients had active immunosuppressive comedications (Table 2). None of these nine patient were neutropenic at the time of vaccination (reference >1.7/nl). Seven patients received immunosuppressive comedications for treatment of severe adverse events of ICI (corticosteroids, n=6; extracorporeal photopheresis, n=1). All of these seven patients showed anti-SARS-CoV-2-S IgG seroconversion after complete vaccination.


Table 2 | COVID-19 vaccination and outcome.



In six of 41 completely vaccinated patients (14.6%) anti-SARS-CoV-2-S IgG antibodies could not be detected in repeated serological testings after vaccination (Table 2; Supplement Table 1). These patients failing seroconversion received ICI (CTLA-4+PD-1, n=2; PD-1, n=4) in time of vaccination. Two patients were treated with immunosuppressive comedications due to concomitant diseases with timing of vaccination.

One patient received IL-12 and IL-23 monoclonal antibody for treatment of chronic inflammatory bowel disease (M. Crohn) for more than 16 months without neutropenia (reference >1.7/nl). Furthermore, the patient had a known Turner syndrome.

The second patient received chimeric monoclonal CD-20 antibody for treatment of mantle cell lymphoma at the time of COVID-19 vaccination. The patient’s history revealed first diagnosis of mantle cell lymphoma, stage IV Ann Arbor disease (10), 20 months prior to first COVID-19 vaccination. At time of first diagnosis of mantle cell lymphoma this patient had been treated with a R-CHOP chemotherapy for five months. Autologous stem cell transplantation was performed 15 months prior to COVID-19 vaccination with subsequently CD-20 antibody treatment. This patient had a lymphopenia (0.37/nl, reference 1.0-3.4/nl) with normal values of neutrophil granulocytes (4.14/nl, reference 1.7-6.2/nl) in time of vaccination.

The third patient without seroconversion had a palliative melanoma disease and multiple systemic treatment lines including darcabazine chemotherapy 12 months before COVID-19 vaccination. This patient had a lymphopenia (0.70nl, reference 1.0-3.4/nl) with slightly increased neutrophil granulocytes (6.43/nl, reference 1.7-6.2/nl).

The fourth patient without seroconversion was diagnosed with rectum carcinoma 38 months prior to first COVID-19 vaccination. After total excision of rectum carcinoma the patient had received FOLFOX chemotherapy as adjuvant treatment for five months. In time of vaccination differential blood showed no neutropenia nor lymphopenia.

The fifth patient with failed seroconversion was diagnosed with chronic lymphocytic leukemia 16 years prior to first vaccination. This patient had been treated with chemotherapy (cyclophosphamide, methotrexate, fluorouracil) after first diagnosis of chronic lymphocytic leukemia for six months. At time of vaccination the patient had normal values for neutrophile granulocytes and lymphocytes.

The last patient without seroconversion had a chronic lymphocytic leukemia, Binet stage A (11). This patient presented with leukocytosis (26.7/nl, reference 3.6-9.2) and lymphocytosis (13.9/nl; reference 1-4/nl) at time of vaccination.

Of 41 completely vaccinated patients, 27 patients (65.9%) were treated non adjuvantly. Of these patients, 13 patients had achieved an objective response as best tumor response (48.2%).

Of the 27 patients treated non adjuvantly, 21 patients had a melanoma. Objective response as best tumor response in exclusively non adjuvantly treated melanoma patients was 47.6% (n=10).




Discussion

In our consecutive cohort, 78.0% of skin cancer patients achieved an anti–SARS-CoV-2-S IgG seroconversion after complete COVID-19 vaccination. Similar response rates have been described previously for patients with different cancer entities without immunosuppressive treatment (8, 12). However, as skin cancers are solid tumors, the rate of seroconversion was lower compared to the study of Thakkar et al. (13).

Only one patient developed symptomatic COVID-19, and no patient died from COVID-19 during study course.

With regard to anticancer treatment, the treatment outcomes observed in our investigated patient cohort are comparable to those reported from similar cohorts before the COVID-19 pandemic. Moreover, the anticancer treatment outcomes of completely vaccinated patients were not inferior to those of incompletely or not vaccinated patients. For non-adjuvant melanoma patients treated with ICI (n=21) we observed objective response rates comparable to previously reported responses in metastatic melanomas (14). Thus, our results strengthen the recent suggestion that advanced skin cancer patients should be offered treatment with ICI or TT in times of the pandemic without delay, as there is currently no evidence that this would increase the risk of severe COVID-19 (15, 16). However, our study is still limited by the low number of patients and the heterogeneity of baseline characteristics.

14.6% of the investigated patients did not develop an anti-SARS-CoV-2-S IgG antibody response despite complete vaccination. All of these patients were under active ICI treatment, yet their failure of seroconversion was likely caused by their underlying immunocompromised status as these patients either had a concomitant hematological malignancy, a previously obtained chemotherapy, or an immunosuppressive comedication for concomitant autoimmune disease. This observation is in line with recently published data showing lower COVID-19 vaccination efficacy in immunocompromised patients (17). One study reported of seropositive response rates of 76% for patients with active myeloma compared to seropositive response rates of 98% in a healthy cohort study (12). A recently published study described lower rates of seroconversion in patients who underwent immunosuppressive treatments as stem cell transplant or CD-20-antibody treatment (13, 18). Two of six patients with impaired serological response had active immunosuppressive treatment (IL-12-/IL-23 monoclonal antibody, monoclonal CD-20 antibody) in time of vaccination (Table 1). Time since last administration of immunosuppressive therapy might be associated with seroconversion after vaccination (18). However, number of patients is too low for further analyzes of time of vaccination and time of administered immunosuppressive treatment.

In two of six patients with impaired serological response we detected a lymphopenia (<0.37/nl, reference 1.0-3.4/nl). One patient was treated with monoclonal CD-20 antibody for mantle cell lymphoma (mentioned above). The other patient was in palliative metastatic melanoma setting. Lymphopenia has been described previously as risk factor for impaired serological response in hematological malignancies (12). 17.1% (7/41) of the completely vaccinated patients of our study cohort required immunosuppressive comedication, mostly corticosteroids, for the treatment of severe adverse events of ICI therapy. Notably, none of these patients failed to develop an anti-SARS-CoV-2-S IgG seroconversion after COVID-19 vaccination. Management of adverse events of ICI therapy with corticosteroids may not reduce the rate of seroconversion and presents no contraindication for vaccination against COVID-19 (13). This finding begs the question if a delay in COVID-19 vaccination for patients under active treatment with corticosteroids for ICI adverse events is still recommendable (17).

The majority of patients received ICI therapy. ICI therapy may induce autoimmune side effects as pneumonitis (19, 20). Clinical symptoms of autoimmune pneumonitis overlaps with COVID-19 pneumonia. The indistinguishable clinical symptoms of autoimmune induced pneumonitis and COVID-19 pneumonia could lead to undetected breakthrough infections of COVID-19 (21).

Limitations of our study include the relatively small number of patients and the monocentric design. A direct comparison between subgroups of the study cohort is not valid due to the heterogeneity of baseline characteristics with respect to type of skin cancer, tumor stage, treatment setting and type of systemic treatment. Other limitations include the lack of a control group and of cellular data as B cell numbers and T cell response. The field of SARS-CoV-2 diagnostic is highly dynamic. Therefore, we had to use two test generations in this prospective longitudinal study. The first assay is only semi-quantitative, whereas the second one is quantitative and adjusted to the upcoming WHO standard. Serological response to COVID-19 vaccinations in advanced skin cancer patients was analyzed. This study is limited to analyze the efficacy of COVID-19 vaccination in skin cancer patients. Seroconversion has not been correlated with clinical outcomes as hospitalization and mortality rate. However, serological response might be associated with clinical outcomes and could be used to estimate the efficacy of COVID-19 vaccination (22, 23). Larger real-world studies are needed to confirm our preliminary findings.



Conclusion

Rate of seroconversion to COVID-19 vaccination is high in advanced skin cancer patients receiving active systemic anticancer treatment. An impaired serological response to COVID-19 vaccination was observed in patients who were immunocompromised due to concomitant hematological malignancies, previous chemotherapies, or immunosuppressive comedication for underlying autoimmune disease. Lymphopenia might be a risk factor for an impaired serological response to COVID-19 vaccination. Immunosuppressive comedication, in particular by corticosteroids, for treatment of severe side effects of anticancer immunotherapy, did not impair the serological response to COVID-19 vaccination.
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Pleomorphic dermal sarcomas (PDS) are rare neoplasms of the skin that occur in UV-exposed sites in the elderly, but represent the most common cutaneous sarcomas. Although the majority of PDS can be surgically removed, local recurrences occur in up to 28%, usually occurring within the first two years after primary excision. Metastases are diagnosed in up to 20% of cases, mainly observed in the skin, lymph nodes and lungs, preferentially affecting patients with underlying hemato-oncologic diseases. Similar to other UV-induced tumors, PDS are inflammatory and immunogenic tumors (with a high number of CD4+/CD8+ tumor-infiltrating lymphocytes (TILs) and checkpoint molecule expression such as PD-L1, LAG-3, TIGIT) with a very high mutational burden. The most common genetic alterations include UV-induced TP53 loss of function mutations, followed by alterations in the CDKN2A/B gene. Rarely, targetable genetic alterations can be detected. Compelling experimental data and clinical reports about PD-1/PD-L1-blocking antibodies in patients with PDS suggest its use as first line treatment in unresectable or metastatic tumor stages. However, individual („off-line”) patient management should be discussed in an interdisciplinary tumor board based on molecular genetic testing, mutational burden, PD-L1 expression, and evidence of tumor-infiltrating lymphocytes in addition to comorbities of the individual patient.
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Introduction

Pleomorphic dermal sarcomas (PDS) are rare neoplasms of the skin with a mesenchymal (fibroblastic) lineage differentiation, arising in UV-exposed locations, typically diagnosed in elderly male individuals (1–3). Although accurate incidence data do not exist, they represent the most common cutaneous sarcomas with increasing incidence due to demographic changes.

Given the similarities in clinic, histology as well as molecular genetics and epigenetics, atypical fibroxanthoma (AFX) and PDS are now considered a spectrum of one entity, but differ in terms of therapy and prognosis (4–10). Histomorphologically, AFX and PDS show similar features. The main difference is that AFX are confined to the dermis whereas PDS involves distinct portions of the subcutis and/or have necrotic tumor portions and/or perineural or lympho-vascular invasion. In AFX, the local recurrence rate after R0 resection is less than 5% (3, 11, 12). While the majority of PDS can be treated by curative excisions, local recurrences occur in up to 28% of patients. Metastases are observed in up to 20%, mainly in the skin, lymph nodes and lungs, preferentially affecting patients with underlying hemato-oncologic diseases (3, 10, 11, 13, 14).

In the last years, it could be shown that PDS are inflammatory and immunogenic tumors with a very high mutational burden. Experimental data and clinical reports indicate that PD-1/PD-L1-blocking antibodies are highly effective in patients with unresectable or metastatic PDS and suggest its use as first line treatment in these advanced tumor stages (2, 15–17).



Genetic alterations

Both, AFX and PDS have a very high mutational burden with UV signature, which is even higher than that of other UV-induced skin tumors such as cutaneous squamous cell carcinomas (cSCC) and malignant melanomas (2, 18–20). Based on very similar gene mutations, gene expressions, copy number variations as well as DNA methylation profiles, AFX and PDS are now accepted to represent a spectrum of the same tumor entity (5, 7–9). In PDS, it has been shown that the tumors exhibit the UV-induced mutation signatures 7a and 7b in almost equal proportions. In other UV-induced tumors such as cSCC, basal cell carcinoma, and melanoma, signature 7a is typically detected, whereas signature 7b is rarely detected. Signature 44, which has been associated with defective DNA mismatch repair (MMR), has been detected in a small number of our investigated PDS (3 of 28); however, is much more common in cSCC (Figure 1) (2).




Figure 1 | High mutational burden and most common mutations of PDS: The dotted line represents the average of variants per megabase. The mutational frequency of pleomorphic dermal sarcoma (PDS) is compared to cutaneous squamous cell carcinoma (SCC), basal cell carcinoma (BCC), and cutaneous melanoma (CM), where the bars indicate their relative prevalence (percentage, right panel). Cross entity comparison of mutational signatures shown below the right panel of mutational frequencies. Clinically, locally or systemically progressed tumors are indicated with a black bar (2).



Gene mutation and gene expression analyses revealed that AFX/PDS have the highest similarity to cSCC. The most frequent genetic alterations are TP53 loss of function mutations which can be detected in all PDS, followed by genetic alterations in the CDKN2A/B gene (CDKN2A/B mutations in 68%, deletions in 71%, and both in 46%, while 7% showed even a biallelic loss.) (Figure 1) (2). Other common mutations include DNHD1, GNAS, RTN1, RTL1, ZBTB7A, NCKAP5L, FAM200A, NOTCH1/2, FAT1, and TERT promoter mutations (2, 5, 6, 8, 20, 21). In contrast, cSCC, basal cell carcinomas and malignant melanomas show a significantly lower mutation frequency of these frequently mutated genes (2). In a small proportion of PDS, amplifications of PDGFRA leading to a PDGFRA expression on protein level and mutations within the kinase domain of KIT could be detected.



Immunophenotyping

Immunohistochemical as well as mRNA expression analyses of the immune “microenvironment” have shown that the majority of PDS represent inflammatory and immunogenic tumors with a high number of CD8+ tumor-infiltrating lymphocytes (TILs) and expression of diverse checkpoint molecules such as PD-L1, TIGIT, LAG-3, and CTLA-4 (2, 15, 16).

When we classified a series of PDS tumors into immunologically hot and cold tumors (high versus low amounts of both CD4/CD8+ cells and high versus low PD-L1 expression), we did not detect a significant difference of tumor mutational burden (TMB). Nevertheless, the TMB is usually high in almost all PDS cases. Differential gene expression analysis between these immunologically hot and cold tumors revealed upregulation of TIGIT in the immunologically hot tumors (2).

In general, elevated levels of immune-related cytokines such as IL1A, IL2, as well as markers that were very recently linked to enhanced response of immunotherapy in malignant melanoma, including CD27, and CD40L have been detected in PDS tumors (22, 23). Moreover, the majority of PDS showed strong MHC-I expression and upregulated HLA class I molecules (HLA-A, HLA-B, HLA-C and HLA-E, corresponding in humans to the MHC class I) that are involved in tumor neoantigen presentation to tumor-specific CD8+ T lymphocytes leading to tumor cell apoptosis (24–28).

In CD8+high PDS cases (defined as cases with CD8 levels above median), genes such as CD74, LYZ and HLA-B were found to be differentially expressed while the remaining cases revealed enhanced levels of immunosuppressive cytokines including CXCL14 (29). In addition, the majority of PDS was infiltrated by PD-L1-, PD-1- and LAG-3-expressing immune cells and showed strong MHC-I expression on tumor cells (15).

These results imply that PDS in general, but especially those with a lot of infiltrating CD8+ and/or PD-L1- and LAG-3-expressing TILs as well as MHC-I expression, induce an adequate anti-tumor immune response, which could be enhanced by immune checkpoint inhibitors. Only a small proportion of tumors appear to develop “immune escape” mechanisms, such as downregulation of MHC-I molecules (2, 15, 16).



Treatment of localized stage PDS

Radical excision followed by histopathologic workup is usually performed with curative intent as initial treatment for PDS. An appropriate safety margin should be maintained, as the risk of local recurrence or metastasis can be reduced by wide local excision (3, 12, 13, 30, 31). If this is not possible, a microscopically controlled excision should be performed. Although there are no published data on the radiation sensitivity of AFX/PDS, radiation of the tumor area may be considered if complete tumor excision is not possible. The efficacy of adjuvant radiation with respect to the prognosis of completely excised PDS has not been conclusively established. In an evaluation of a few patients who had received adjuvant postradiation, a positive tendency (fewer local recurrences and/or metastases) of this postradiation could be elicited (3).



Treatment of advanced stage PDS including immune checkpoint inhibition

In case of advanced stage PDS, therapy recommendations should be always discussed and issued in the context of an interdisciplinary tumor board because there is no proven standard therapy. Here, molecular genetic testing, mutational burden, PD-L1 expression, and evidence of tumor-infiltrating lymphocytes (TILs) should be incorporated into individual treatment recommendations.

Since PDS harbor a high mutational burden and mostly exhibit an inflamed, proimmunogenic tumor microenvironment, susceptibility to immune checkpoint inhibition by programmed cell death 1 (PD1)/programmed cell death ligand 1 (PD-L1) inhibitors, (e.g. pembrolizumab, nivolumab) or the anti–CTLA-4 antibody (ipilimumab), or a combination of these agents was presumed in reference to other highly mutated and immunogenic tumors including other skin tumors such as malignant melanoma and cSCC (18, 32, 33). In the meantime, the exceptionally high efficacy of the anti-PD-1 inhibitor pembrolizumab has been described in case reports or small case series (see Table 1) (2, 15–17). Until now, there are no case reports describing the use of other CPI in PDS patients. Nevertheless, larger clinical studies are needed to investigate tumor response to CPI in PDS patients.


Table 1 | Clinical case reports of PDS patients receiving CPI.



For PDS cases with low levels of CD8+ TILs, interventions to increase the infiltration of these inflammatory cells in general need to be explored as a future direction for successful treatment with CPI. As shown in other tumor entities, a dual blockade of CTLA-4 and PD-1 or PD-1/PDL-1 and LAG-3 could probably enhance the efficacy of CPI monotherapies, also by rescuing CD8+ T cells more vigorously from exhaustion than single signaling blockade (34, 35).

In case of contraindications for a CPI treatment and if oncogenic alterations are detected, targeted therapies should be discussed, although there is no experience with targeted therapies in PDS to date (2, 7, 8). In relation to this, rarely detected PDGFRA or KIT amplifications/mutations could be of interest as several drugs have proven to induce long-term remissions in PDGFR-expressing cancers, such as gastrointestinal stromal tumors,dermatofibrosarcoma protuberans, or myeloid malignancies (36–40). Furthermore, it has been shown that tumors with a loss of CDKN2A/B may benefit from CDK4/6 inhibitors, such as palbociclib, abemaciclib or ribociclib, all approved for the treatment of metastasized breast cancer (41–44).

In patients with advanced stage PDS treated with CPI, further investigation of predictors is still needed. However, all existing studies suggest a high efficacy of immune checkpoint blockade in inoperable or metastatic PDS patients.
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Basal cell carcinoma (BCC), squamous cell carcinoma (SqCC) and melanoma are among the most common cancer types. Correct diagnosis based on histological evaluation after biopsy or excision is paramount for adequate therapy stratification. Deep learning on histological slides has been suggested to complement and improve routine diagnostics, but publicly available curated and annotated data and usable models trained to distinguish common skin tumors are rare and often lack heterogeneous non-tumor categories. A total of 16 classes from 386 cases were manually annotated on scanned histological slides, 129,364 100 x 100 µm (~395 x 395 px) image tiles were extracted and split into a training, validation and test set. An EfficientV2 neuronal network was trained and optimized to classify image categories. Cross entropy loss, balanced accuracy and Matthews correlation coefficient were used for model evaluation. Image and patient data were assessed with confusion matrices. Application of the model to an external set of whole slides facilitated localization of melanoma and non-tumor tissue. Automated differentiation of BCC, SqCC, melanoma, naevi and non-tumor tissue structures was possible, and a high diagnostic accuracy was achieved in the validation (98%) and test (97%) set. In summary, we provide a curated dataset including the most common neoplasms of the skin and various anatomical compartments to enable researchers to train, validate and improve deep learning models. Automated classification of skin tumors by deep learning techniques is possible with high accuracy, facilitates tumor localization and has the potential to support and improve routine diagnostics.
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1
Introduction

Skin cancer is the most common cancer type in the United States (1). Patient management and prognosis is variable and depends on the entity, molecular changes, as well as on the clinical stage at the time of diagnosis (2). Skin cancer is a highly heterogeneous group composed of non-melanotic and melanotic neoplasms (3). Among the non-melanotic neoplasms, basal cell carcinoma (BCC) and squamous cell carcinomas (SqCC) are the most common (4) and usually well treatable. Despite major advances in treatment, most deaths from skin cancer are still due to melanoma (5). Thus, the correct diagnosis is paramount for treatment selection and prognosis.

Currently, the diagnosis of different cutaneous tumor types is based on physical examination, dermatoscopy and ultimately histological evaluation of an excision specimen. While reliable diagnosis can be made in a substantial number of tissue specimen on a regular standard stain alone, a significant subset of neoplastic skin lesions requires additional immunohistology and molecular studies for definite classification. In particular, the differentiation between BCC and SqCC, as well as between naevi and melanoma may be challenging. As the incidence of skin cancer is increasing, while the number of pathologists and dermato-pathologists is decreasing in many countries, the introduction of new methods to support skin tumor diagnostics is desirable (6).

The use of deep learning methods applied to clinical images, dermatoscopy images or scanned histopathological slides holds great promise to support cancer diagnostics in general (7, 8), and skin cancer diagnostics in particular (5, 9). In the past, the feasibility and potential to classify different diseases on scanned histological slides has been demonstrated for automated localization and diagnosis of melanoma (9, 10), the differentiation between naevi and melanoma (11), and the differentiation between basaloid, squamous, melanocytic and other skin tumors (12).

Major problems identified in previous studies for routine diagnostic application of such algorithms are: (i) no consideration of non-tumor skin categories or inclusion of only one non-tumor skin class, (ii) the need for manual annotation of the tissue region of interest prior to automated tumor classification, and (iii) non-availability of raw data images for validation purposes. In the current study, we therefore annotated major non-tumor anatomical tissue structures of the skin and major skin tumor categories and subsequently trained a convolutional neuronal network using an up-to-date workflow. We localized and categorized skin tumors on whole slides without prior annotation, validated our data on an external test set and provide all images and code to enable other researchers to improve and validate their data.


2
Methods

2.1
Patient data

Whole slides from patients with BCC (n = 93), SqCC (n = 100), naevi (n = 98) and melanoma (n = 87) were extracted from the archive of the Institute of Pathology, Heidelberg University, the MVZ for Histology, Cytology and Molecular Diagnostics Trier and the Institute for Dermatopathology Hannover. Diagnoses were made according to the World Health Organization (WHO) Classification of Skin Tumours (13). All slides with representative tumor regions were scanned using an automated slide scanner (Aperio AT2, Leica Biosystems, Nussloch, Germany) with 400 x magnification, as previously described (14). Image data were anonymized and are provided along with this manuscript (Link: https://heidata.uni-heidelberg.de/privateurl.xhtml?token=366931ac-50a2-43f9-880f-88d63e07d493). Moreover, an independent external dataset of melanoma whole slides was downloaded from the website of the Cancer Imaging Archive (CPTAC-CM) (15). After quality review 62 cases were included as an external test set, while 41 of these cases were melanoma and 21 were tumor-free skin. The analysis was approved by the local ethics committee of Heidelberg University.


2.2
Image data

Scanned histopathological slides were imported into QuPath (16) (v.0.1.2, University of Edinburgh, Edinburgh, UK) and annotated (F.L. and M.K.) for the following 16 categories: chondral tissue, dermis, elastosis, epidermis, hair follicle, skeletal muscle, necrosis, nerves, sebaceous glands, subcutis, eccrine glands (sweat glands), vessels, BCC, SqCC, naevi and melanoma. Image patches 100 x 100 µm (~395 x 395 px) in size were generated in QuPath, extracted on the local hard drive and subsequently reviewed. Blurry images were deleted. Representative image patches are displayed in Figure 1.




Figure 1 | Examples of image patches included in the dataset. Squamous cell carcinoma (A), basal cell carcinoma (B), melanoma (C), naevi (D), epidermis (E), chrondral tissue (F), dermis (G), nerves (H), necrosis (I), skeletal muscle (J), hair follicles (K), sweat glands/eccrine glands (L), sebaceous glands (M), vessels (N), subcutis (O) and elastosis (P). All images are 100 x 100 µm (395 x 395 px) in size, scale bar = 20 µm.




2.3
Splitting of datasets

Images from patients were separated into a training, validation and test set. All image patches from one patient were used in only one of the respective sets. Since there are only three cases with elastosis, we assigned the case with most elastosis patches to the training, the case with the second most patches to the test and the remaining case to the validation set. All other cases were assigned randomly to one of the sets. The sets were not changed during the analyses. The splits by image patches and patients are displayed in Table 1.


Table 1 | Number of image patches and patients in the training, validation and test set.




2.4
Hard- and software

For training we used a p3.2xlarge instance from Amazon Web Services with a single V100 GPU while for inference we used a Lenovo P1 Gen 2 laptop. Further we used the Scientific Data Storage (SDS) service from Heidelberg University. Training and inference were performed using a singularity container image based on the TensorFlow Docker container image. For random augmentation we used the respective function in the image python module. The code is available at Link: https://heidata.uni-heidelberg.de/privateurl.xhtml?token=366931ac-50a2-43f9-880f-88d63e07d493.


2.5
Training and validation of models

Each model is based on the EfficientNetV2 architecture (17), was trained for a total of 30 epochs and with a learning rate of either 0.01, 0.001 or 0.001. We used a batch size of 64 for the smaller S models and 32 for the medium sized M models (cf. Larger Model). We used the AMSGrad optimizer (a variant of the Adam optimizer (18) with β1 = 0.9, β2 = 0.999 and ϵ^ = 1.0∗10−7). During training the data was sampled such that there was no class imbalance. We used random augmentation (19) with n=2 to reduce overfitting (M is different for the models, see below). Each model configuration (a set of model hyperparameters, e.g. the learning rate) was trained three times to account for the randomness involved model training (e.g. the random weights initialization). We first trained a few models to find a good learning rate, then tested if a learning rate schedule, progressive training (17) or a larger model improved prediction quality.

Hyperparameters for the initial models were as follows: image input size of 300 x 300 px, a dropout of 0.3 and M=15 for random augmentation. Using the learning rate scheduler, the learning rate was linearly increased from 0 to its base value (e.g. 0.01) for the first five epochs as in the original EfficientNetV2 publication (so called warm-up) (17) and subsequently exponentially decayed with a rate of 0.97. In progressive training the training set was split in different stages. In each stage, i.e. after a certain number of epochs, size of input images and regularization (such as dropout) were increased. The aim of progressive training was to improve training speed by using smaller image sizes on early epochs. Hyperparameters for the first 15 epochs were: image size of 128 x 128 px, top dropout 0.1 and M = 5 for random augmentation. Hyperparameters for the last 15 epochs were: image size of 300 x 300 px, top dropout 0.3 and M = 15 for random augmentation. For the larger model, we used the EfficientNetV2 M instead of the EfficientNetV2 S. We had to decrease the batch size to 32 such that the model and data fitted into the GPU memory. For all EfficientNetV2 M models, progressive learning was applied with the following hyperparameters: for the first 15 epochs: image size of 128 x 128 px, top dropout 0.1 and M = 5 for random augmentation; for the last 15 epochs: image size of 380 x 380 px, top dropout 0.4 and M = 20 for random augmentation. All models were subsequently compared and the model with the best performance was selected.

For each training run we recorded cross entropy loss, balanced accuracy (BAC) and Matthews correlation coefficient (MCC) for training as well as validation data (20). While we recorded and display all three metrics, we used MCC to select the best model. The validation set results were evaluated using confusion matrices. To visualize the proximity of the different classes, the last convolutional layer after the last pooling operation of the validation data was subjected to dimension reduction using uniform manifold approximation and projection (UMAP) computed via the Python package umap-learn.


2.6
Evaluation of the test set and on the external set

The best performing model (cf. Section 2.5) was applied to the test set. As all data were scanned with one scanner system and all cases were derived from institutions in Germany, we additionally applied our algorithm on an external set of melanomas where preprocessing of the tissue and most scanning conditions were unknown and staining properties were different. As the external test data had a high burden of artefacts, all slides were manually reviewed and only cases that passed a quality control were used for further analysis. However, remaining slides still had a relatively high burden of artefacts such as blurry areas, tissue tears, variation in tissue thickness, dust particles, high amount of necrosis and overall low tissue and staining quality. In addition, the magnification of the external slides was 200x which was different compared to the magnification of our data which was 400x. We decided to still test our algorithm on this set to evaluate suboptimal input data.



3
Results

3.1
Model training and optimization

In total 129,364 image tiles from 386 cases were used for training. Within all broader categories of models, a learning rate of 0.001 seemed to perform best regarding MCC on the validation data. The initial models (Supplementary Figure 1), the models trained with a learning rate scheduler (Supplementary Figure 2), models trained using progressive learning (Supplementary Figure 3) and larger models (Supplementary Figure 4) are depicted in the supplementary materials.

We compared the best performing models to choose the final model (Figure 2). The best performing model based on either loss, BAC or MCC are shown in Table 2. We decided for the model performing best in terms of MCC which was trained using the following configuration: EfficientNetV2 S, batch size of 64, progressive learning and learning rate of 0.001.




Figure 2 | Matthews correlation coefficient (MCC) for the best models. MCC increases with the initial model, the model with learning rate scheduler, the model with progressive training and the larger model across the training process in the training as well as in the validation set. Models which used progressive learning show a drop at epoch 15 which corresponds to the changing hyperparameter settings at this point of time. MCC, Matthews correlation coefficient.




Table 2 | The three best models after training based on loss, balanced accuracy and Matthews correlation coefficient.




3.2
Evaluation on the validation data

A confusion matrix shows generally high concordance between actual and predicted classes on the validation set based on image patches (Figure 3A). Within the tumor category, naevus was mostly misclassified as melanoma (2.75%) and vice versa (4.18%). Moreover, SqCC was most commonly misclassified as BCC (8.81%) and vice versa (1.51%). Among the non-tumor categories, the classes with misclassifications of > 5% were elastosis (33.33%), vessels (9.56%) and nerves (5.94%), that were misclassified as dermis. The non-tumor category that had highest misclassification rates was epidermis which was misclassified as SqCC (5.43%) and vice versa (3.70%, Figures 3B, C).




Figure 3 | Confusion matrix of the validation set. High concordance between actual and predicted classes can be observed. The algorithm shows a higher rate of misclassification of elastosis and vessels with dermis, which can be explained since elastotic changes and vessels are commonly observed in the dermis (A). In tumor categories (B) a higher rate of misclassifications was observed for squamous cell carcinomas that were predicted as basal cell carcinoma. The misclassification of non-tumor categories as tumor was rare but observed with epidermis, misclassified as squamous cell carcinoma (C). BCC, basal cell carcinoma; SqCC, squamous cell carcinoma.



To render a final diagnosis on a whole slide in the routine diagnostic scenario, the image patch-based result may not be very informative. Thus, we evaluated the proportion of the tumor image tiles that were correct on the case level (Figure 4). Overall, only two out of 81 (2.5%) tumor patients had very low proportions of image tiles that voted for the correct diagnosis. Interestingly, in both cases the correct diagnosis was squamous cell carcinoma. When examining both cases in detail (Supplementary Figure 5), one case would have finally been misclassified based on a majority vote for the final tumor class. In the other case, misclassifications in the non-tumor category would have luckily led to the correct diagnosis based on a majority vote for the final diagnosis, which would result in a final diagnostic accuracy of 98.7% (80/81).




Figure 4 | Proportion of tumor image tiles that was correctly classified on patient level in the validation set. Most tumors were correctly classified on patient level. Two patients with squamous cell carcinomas were misclassified. BCC, basal cell carcinoma; SqCC, squamous cell carcinoma.




3.3
Evaluation on the test data

For test data a confusion matrix showed a high degree of concordance between actual and predicted classes based on image patches (Supplementary Figure 6). The test data generally exhibited the same misclassifications as described on the validation data. Likewise, on the case level (Supplementary Figure 7) the diagnostic accuracy regarding the tumor classes was high with 74 out of 76 (97.4%) correct classifications. The respective confusion matrices of the two misclassified cases are provided in Supplementary Figure 8. When non-tumor and tumor classes were taken together, 73 out of 76 (96.0%) of cases were correctly classified. Among the three cases with a wrong classification result, one case was a SqCC misclassified as BCC and two cases were melanoma misclassified as SqCC.


3.4
Visualization of the resemblance of the images

To visualize the resemblance of the images, the output of last convolutional layer after the final pooling operation was subjected to dimension reduction. A UMAP diagram confirms that classes that are very different morphologically such as skeletal muscle, sebaceous glands and chondral tissue, are separated clearly from other image categories. On the other hand, melanocytic lesions such as naevi and melanoma show proximity and also some overlap. UMAP diagram of validation data (Figure 5) and test data (Supplementary Figure 9) are displayed.




Figure 5 | Dimension reduction using uniform manifold approximation and projection based on the last convolutional layer after the last pooling operation of the validation data. Close proximity of image classes that resemble each other morphologically such as melanocytic tumors can be observed. On the other hand, image categories that are morphologically very different such as skeletal muscle, sebaceous glands or chrondral tissue show distinct clusters. BCC, basal cell carcinoma; SqCC, squamous cell carcinoma.




3.5
Evaluation on the external test set

A total of 62 external slides passed the initial quality control. Quality issues were noted even in the remaining cases that passed the quality control. Examples of quality issues of the external test set are provided in Supplementary Figure 10. Of the 41 melanoma cases, 32 were predicted as melanoma (78%), 7 cases were predicted as BCC (17%), one case (2%) was predicted as SqCC and naevus, respectively. Non-tumor skin cases had generally a proportion of tiles predicted as tumor <5% of all image tiles and were rather randomly distributed throughout the whole slide.



4
Discussion

In the past, deep learning techniques have been shown to support diagnosis and prognosis prediction in many neoplastic and non-neoplastic diseases, such as but not limited to prostate cancer (21), lung cancer (22), breast cancer (23), pancreatic cancer (8), colon cancer (24), skin cancer (25, 26), cancer of unknown primary (27), or scoring of fibrosis or fat in non-neoplastic liver disease (28, 29).

In skin diseases, the technique has been mainly used in neoplastic diseases so far. While most reports focus on either melanocytic (9–11, 30) or non-melanocytic (26) lesions, data on both melanocytic and non-melanocytic lesions, non-tumor skin lesions or anatomical tissue structures are scarce (12, 26). Although there are honorable exceptions (31), most of the published studies on deep learning on histopathological slides do not make their annotated data, the full dataset of image patches and/or their code available. Our study narrows this gap by providing image data of 16 different classes including normal anatomical tissue structures, reactive solar elastosis and the most common neoplastic skin lesions. This complements the dataset from Thomas et al., who provided a publicly available comprehensive segmented dataset including 12 different classes for non-melanoma skin cancer and anatomical tissue structures. We hope our data will enable researchers to validate our and their results and to develop new methods for the application of deep learning to support pathologists and ultimately improve patient care. Of note, we believe it is necessary to avoid a common non-tumor skin category and to separate morphologically distinct classes during training, as the different anatomical tissue structures are morphologically highly heterogeneous, which has also been highlighted by a UMAP diagram in the current study. The introduction of non-tumor skin categories will also enable automated classification of whole slides, without prior annotation of the tumor area, which is important to achieve a workflow that is faster than the current analog setting, although we are aware of recent developments that may overcome this issue (32). Additionally, the identification of anatomical tissue structures may be suitable for automatic tissue orientation with subsequent automatic distance measurements of the tumor margin (26).

Technically, we have used the EfficientNetV2, which has achieved high top-1 and top-5 accuracies on the ImageNet reference dataset and is a modern and efficient alternative to larger and more computationally expensive architectures available (17). In the past other algorithms, specifically for segmentation or specific organ systems have been published (33, 34). The architecture used in this study has been successfully applied to histological images previously (35). We have successfully applied techniques like image augmentation of progressive learning that have been suggested to find a well performing model in the current study (17). To train a reliable deep learning model, a large number of images is usually necessary to account for technical and biological variation. In this regard, a higher number of patient samples is commonly preferred over a large number of images. The number of patients included for training, validation and testing in the current investigation is within the reported range of previous studies (9, 11, 26). Currently, there is no consensus on the minimum number of cases that should be included in a deep learning study. Algorithms that require manual annotation comprise often a much lower number of patients as compared to approaches that do not need manual annotation. The previously reported studies on deep learning on histopathological slides have included between dozens to >1000 cases per entity (32, 36). The largest manually annotated publicly available dataset on skin cancer subtypes comprises 290 whole slides. Our study includes a total of 16 classes from 386 manually annotated cases which is within the reported range. Thus, we think that our approach is valid although there is no firmly established standard to calculate sample sizes for deep learning studies. Our training and validation workflow included not only a training and validation set, but also an internal and an external test set. This strategy is regarded as good scientific practice (37). Although we tested only for melanoma and normal tissue in the external test set, we still believe that the approach is legit, as melanoma is by far the disease with the worst prognosis and because the external dataset exhibited severe artifacts and was therefore suitable to test for plausibility of our model.

Moreover, we show the application of our model that was trained on small image patches, to whole slides, which allows rapid identification of anatomical tissue structures and neoplastic lesions. This may result in a faster and more focused review of tissue sections in the routine diagnostic setting, as regions of interest are highlighted. Moreover, areas with high tumor cell content are automatically highlighted for potential dissection and subsequent molecular analyses.

The performance of our model on the image level is within the range that has been reported by others (9–11). Our model had weaknesses in the distinction of BCC and SqCC, naevi and melanoma, epidermis and SqCC and elastosis, vessels and nerves with dermis. All these misclassifications can be explained: First, BCC may exhibit squamous differentiation and SqCC may look basaloid. Second, the distinction of naevi and melanoma may be challenging and the criteria for correct classification include the assessment on low magnification power. As we provided only high magnification power images for training and cytology not always resolve the differential, some misclassified images were expected. Third, SqCC is derived from the epidermal compartment and both classes are therefore composed of the same cells. Especially in highly differentiated SqCC the morphological difference to epidermis may be minimal to absent on high-power. Fourth, elastosis, vessels and nerves are all located within the collagenous dermal skin compartment. Thus, the classification of an image containing e.g. vessels as dermis, is not necessarily a misclassification.

Although, our algorithm showed a decreased performance of 78% for melanoma and 84% in all whole slides on the external test set considering a majority vote, we still believe that the performance is reasonably good and support the use of our classifier for research, given the rather poor overall quality of this external cohort.

The limitations of our study include the number of patients and the number of different entities included to train the model. The full morphological spectrum of BCC, SqCC, naevi and melanoma cannot fully be displayed with the number of patients included in this study. Likewise, the number of cutaneous neoplasms is by far larger as the four most common tumor types included in this study and entities not trained, cannot be identified by the classifier. Based on the above-mentioned limitations the application of such a deep learning model can only be a diagnostic supplement and should always be conducted under supervision of an expert pathologist or dermatopathologist, to avoid potentially harmful consequences for patients.

In summary, we show that the automated identification and classification of common skin tumors is possible by deep learning on scanned histological tissue sections and may contribute to an efficient workflow in routine diagnostics.
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Background

Preclinical and translational evidence suggest BRAF/MEK inhibitors modulate the tumor microenvironment (TME), providing rationale for combination with immunotherapy.



Methods

This investigator-initiated, phase I trial evaluated pembrolizumab, vemurafenib, and cobimetinib in patients with untreated, BRAFV600E/K mutant advanced melanoma. The first 4 patients received vemurafenib with pembrolizumab, and the next 5 patients received vemurafenib and cobimetinib with pembrolizumab. Primary endpoints: safety and maximum tolerated dose of the triplet.



Secondary endpoints

objective response rate (ORR), progression-free survival (PFS), overall survival (OS), and quality of life (QoL). The trial was closed after enrollment of 9 (planned 30) patients due to dose-limiting toxicity (DLT). Study NCT02818023 was approved by the IRB, and all patients provided informed consent.



Results

Patients received a median of 6 cycles of therapy. 8 of 9 experienced drug-related grade 3/4 AEs. DLTs included dermatitis (n=8), hepatitis (n=1), QTc prolongation (n=1), and arthralgias (n=1 each). QoL assessments identified a clinically significant decrease in self assessed QoL at 1 year compared to baseline (0.38 v 0.43). Median PFS was 20.7 months and median OS was 23.8 months for vemurafenib with pembrolizumab. Median PFS and OS were not reached for patients receiving triple therapy. ORR in the overall cohort was 78% (7/9). 2 patients experienced a complete response, 5 had a partial response, 1 had stable disease, and 1 had progressive disease. 4 patients had ongoing responses at data analysis. Peripheral blood flow cytometry identified significantly decreased PD1 expression on CD4+ T-cells at 3 and 9 weeks compared to baseline, not corresponding to clinical response.



Conclusions

Triple therapy with vemurafenib, cobimetinib and pembrolizumab is associated with high response rates but significant adverse events, leading to early study closure.
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Introduction

The current landscape for management of advanced melanoma includes PD1 inhibitors with or without LAG-3 or CTLA4 inhibitors, and for patients with tumors that harbor BRAFV600E/K mutations, targeted therapy as well. While immunotherapy and targeted therapy each have been shown to improve overall survival in patients with metastatic melanoma (1–3), the recently reported DREAMseq study demonstrated up front combination immunotherapy followed by targeted therapy at the time of progression is associated with a 20% overall survival (OS) benefit compared to up front targeted therapy followed by immunotherapy at progression (4). Preclinical and translational data suggested that BRAF inhibitors (BRAFi) may modulate the tumor microenvironment (TME). After administration of a BRAFi in a BRAF-mutant melanoma model, CD40 ligand and interferon-gamma expression was increased on intratumoral CD4+ tumor-infiltrating lymphocytes (TIL), and regulatory T-cells and myeloid cells were decreased (5), suggesting anti-tumor modulation of the TME. Early data suggested that MEKi may suppress T cell function and RAF/MEKi may inhibit dendritic cell maturation and T cell activation (6, 7). However, further evidence of immune activation was noted when comparing paired patient biopsies at baseline and 10-14 days after treatment with either a BRAFi alone or in combination with a MEK inhibitor (MEKi), which was associated with increased expression of melanoma antigens along with CD8+ TIL (8, 9). Additionally, evidence of immune downregulation has been identified when patients progress on BRAF/MEK inhibition, with a decrease in TIL and antigen expression (10). BRAF inhibition was also associated with an increase in T-cell exhaustion markers TIM-3 and PD1 in tumors of patients with metastatic melanoma (8). Such modification of the TME provided clear rationale for the combination of targeted therapy and immune checkpoint inhibitors.

To date, there have been several reported trials of combinations of checkpoint blockade immunotherapy with targeted therapy. A phase 1 study combining ipilimumab and vemurafenib in patients with metastatic melanoma was closed to accrual due to a high frequency of grade 3 hepatotoxicity (11). Another phase I study evaluated the combination of dabrafenib and ipilimumab, with or without trametinib. The triplet arm of the study closed after 2 of 7 patients experienced colitis complicated by intestinal perforation (12). These early studies highlighted the notable toxicity associated with concurrent administration of immunotherapy and targeted therapy, despite distinct mechanisms of action and individual toxicity profiles that did not otherwise significantly overlap.

In the randomized, phase 2 KEYNOTE-022 trial, patients received either dabrafenib, trametinib and pembrolizumab or dabrafenib, trametinib and placebo, with the primary endpoint of progression-free survival (PFS) (13). Median PFS was higher in the triplet arm (16.0 vs. 10.3 months, HR 0.66 [95% CI 0.4 -1.07], p=0.043), although the trial did not reach the planned benefit for a statistically significant improvement. The investigators speculate this may have been due to differences in the distribution of patients with visceral metastases, of which there were a greater number of patients in the triplet arm. Median duration of response was longer in the triplet arm [18.7 (95% CI 10.1-22.1) vs. 12.5 months (95% CI 6.0-14.1), descriptive HR 0.41]. Grade 3-5 adverse events (AEs) occurred more frequently in the triplet arm (70.0% vs. 45%). The most frequently reported grade 3/4 toxicities were fever (11.7 vs. 5.0%, respectively), increased aspartate aminotransferase (AST; 8.3 vs. 5.0%, respectively), hypertension (8.3 vs. 3.3%, respectively), increased alanine aminotransferase (ALT; 6.7 vs. 5.0%, respectively), increased gamma-glutamyl transferase (GGT; 6.7 vs. 6.7%, respectively), pneumonitis (6.7 vs. 1.7%, respectively), and neutropenia (1.7 vs. 6.7%, respectively). One grade V pneumonitis event was reported in the triplet group.

The randomized, phase 3 COMBI-I trial evaluated the efficacy of spartalizumab, dabrafenib and trametinib compared to placebo, dabrafenib and trametinib as first line treatment of patients with unresectable BRAF mutant melanoma. There was a trend toward improvement in PFS with the triplet combination [16.2 vs. 12 months, HR 0.82 (95% CI, 0.66 to 1.03), one-sided p=0.042], however the study did not meet its primary endpoint. 55% of patients in the triplet arm experienced a treatment-related grade 3 or greater adverse event compared to 33% in the placebo-containing arm. The most frequently reported grade 3/4 events were increased lipase (10 vs. 4%, respectively), increase in blood creatine phosphokinase (7 vs. 5%, respectively), neutropenia (7 vs. 3%, respectively), and fevers (5 vs. 3%, respectively). The most common events that lead to dose modifications included fever, chills, and diarrhea (14).

IMspire150 is the first phase 3 study evaluating a triplet combination that led to regulatory approval for the treatment of BRAF V600E/K mutant metastatic melanoma. Patients with unresectable stage IIIC/IV BRAF V600E/K mutant melanoma were randomized to treatment with atezolizumab, vemurafenib and cobimetinib or placebo, vemurafenib and cobimetinib (15). This regimen was administered in two phases, the first including only vemurafenib/cobimetinib, and the second adding atezolizumab, with reduction in the dosage of vemurafenib/cobimetinib. PFS was prolonged in the atezolizumab-containing arm (15.1 vs. 10.6 months, HR 0.78 [95% CI 0.63-0.97], p=0.025). At the interim OS analysis, 36% of patients had died in the atezolizumab arm compared to 43% in the control arm [HR 0.85 (95% CI 0.64 -1.11), p=0.23]. ORR was similar between the two groups (66.3% vs. 65%) with 15.7% and 17.1% of patients having a CR, respectively. 79% of patients in the triplet arm and 73% of patients in the placebo arm experienced a grade 3/4 AE. The most common grade 3/4 AEs included increased blood creatinine phosphokinase (20 vs. 15%, respectively), increased lipase (20 vs. 21%, respectively), increased ALT (13 vs. 9%, respectively), maculopapular rash (13 vs. 10%, respectively), increased amylase (10 vs. 7%, respectively), and increased AST (8 vs. 4%, respectively). 13% of patients in the triplet arm (vs. 16% in the control arm) stopped all treatment because of AEs.



Methods

Here, we report the results of a phase 1 study evaluating concurrent pembrolizumab plus vemurafenib and cobimetinib for treatment of advanced BRAF V600E/K mutant melanoma in the first-line setting (NCT02818023). Additional eligibility criteria include, age ≥ 18 years, ECOG 0, 1, or 2, cutaneous or mucosal melanoma, presence of measureable disease, treated and stable brain metastases are permitted, QTc < 480 msThe first four patients received pembrolizumab and vemurafenib (cohort 1), due to early data suggesting that MEKi may be lymphotoxic (16). The protocol was subsequently amended based on emerging data suggesting that MEKi may exert a positive modulatory effect on the TME (17), and the next five patients received pembrolizumab with vemurafenib and cobimetinib (cohort 2). Pembrolizumab was administered at a standard dose of 200 mg every 3 weeks. Patients were enrolled at an initial dose of vemurafenib 720 mg twice daily/cobimetinib 40 mg daily for 21 days in a 28-day cycle. Treatment with pembrolizumab and vemurafenib/cobimetinib began on the same day. The study utilized a modified toxicity probability (mTPI) design. The primary objective was to determine safety and identify the maximum tolerated dose (MTD) of vemurafenib and cobimetinib when administered concurrently with pembrolizumab. MTD was defined as the highest dose with a DLT rate <30%. Patients underwent CT scans at baseline and every 12 weeks to assess treatment response. Secondary endpoints included ORR, PFS, and OS. We planned to accrue 30 patients; however, the trial was closed after enrollment of 9 patients due to an unacceptably high rate of dose-limiting toxicity (DLT). For the mTPI design, the maximum sample size of 30 was determined because it would provide a high probability (>80%) of choosing the correct dose in most likely scenarios. This study was approved by the IRB and all patients provided informed consent.



Results

Patient characteristics can be found in Table 1. Patients received a median of 6 cycles of triplet therapy (range: 1-33). In the overall group, 2 patients experienced a complete response, 5 had a partial response, 1 patient had stable disease, and 1 patient had progressive disease as best response. The overall response rate was 78%. One patient in cohort 1 and 3 patients in cohort 2 had ongoing responses at the time of data analysis. Tumor measurements are plotted in Figure 1. PFS and OS were estimated and plotted with the Kaplan-Meier method and compared between cohort 1 and cohort 2 using the two-sided log-rank test. Median PFS in the overall group was 30.8 months with 95% CI (2.1, NA). Median PFS was 20.7 months in cohort 1 with 95% CI (6.9, NA), and not reached in cohort 2. Median OS in the overall group was 35.3 months with 95% CI (8.2, NA). Median OS was 23.8 months with 95% CI (8.2, NA) in cohort 1 and not reached in cohort 2. Three patients received subsequent systemic therapy after progression, which included: pembrolizumab, encorafenib/binimetinib, and ipilimumab/nivolumab. One patient enrolled in hospice and did not receive a subsequent line of therapy.


Table 1 | Patient Characteristics (P/V: pembrolizumab/vemurafenib, P/V/C: pembrolizumab/vemurafenib/cobimetinib).






Figure 1 | Tumor measurement by week (P/V, pembrolizumab/vemurafenib; P/V/C, pembrolizumab/vemurafenib/cobimetinib).



Eight of nine patients treated with pembrolizumab plus vemurafenib, with or without cobimetinib, experienced DLT. DLTs were defined as any AE that required a dose reduction or discontinuation in the first 3 weeks of treatment. In the vemurafenib and pembrolizumab group, DLTs included hepatitis (n=1), dermatitis (n=3), and arthralgias (n=1). In the vemurafenib with cobimetinib and pembrolizumab group, DLTs included dermatitis (n=5), QTc prolongation (n=1), and arthralgias (n=1). A complete summary of AEs is reported in Table 2.


Table 2 | Adverse events.



Quality of life assessments were collected at baseline, 9 weeks, 6 months, and 1 year. These assessments evaluated patient-reported anxiety, depression, cognitive function, fatigue, pain, physical function, sleep, and social roles using the PROMIS-29 Profile v2.0 and the Cognitive Function short form 4a (18, 19). These PROMIS measures have a mean of 50 with a standard deviation of 10 in the US general population. These assessments identified worsening depression (53.6 vs. 50.6), decreased cognitive function (50.2 vs. 54.4), and increasing fatigue (51.2 vs. 50.3) at 1 year compared to baseline. Anxiety, pain, physical function, sleep, and social roles were not significantly different. A PROPr score of health utility was also calculated in which a value of 1 corresponds to full health and a score of 0 corresponds to dead (20). The assessments identified a clinically significant decrease in average health utility at 1 year compared to baseline (0.38 vs. 0.43). Of note, one patient had evidence of PD at the first scan, and no further assessments were collected for that patient.

Blood samples were collected at baseline, 3 weeks, and 9 weeks, and tumor biopsy samples were collected at baseline and at week 3, when feasible. Peripheral blood flow cytometry was performed to assess CD4, CD8, FOXP3, Ki67, PD-1, and LAG3. PD1 expression on the CD4+ T-cells was significantly decreased at 3 weeks compared to baseline (0.9 vs 2.8, p=0.0339 with paired t-test) and remained decreased at 9 weeks (1.1 vs 2.8, p=0.0282) without a significant increase from week 3 (p=0.5574), which may suggest decreased T-cell exhaustion. This did not correspond to clinical response data. The remainder of the flow data did not identify statistically significant differences across the assessed time points. PD-L1 testing was also performed on 6 paired tumor samples, and no significant association was identified between PD-L1 expression at baseline and clinical outcomes.



Discussion

Despite the preclinical and translational evidence for tumor immune modification with BRAF/MEK inhibitors and a PFS of 15.1-16.2 months in the 3 largest reported triplet-therapy trials, the toxicity incurred with triplet therapies has been challenging from a practical standpoint (13–15). Triplet therapies were associated with significant increases in grade 3/4 adverse events compared to doublet therapies in both KEYNOTE-022 (70% vs. 45%) and COMBI-I (55% vs. 33%). There was also a slight increase in grade 3/4 AEs in the triplet arm in IMspire150 (79% vs. 73%). Of note, the control arm in IMspire150 had a higher AE rate compared to the cohort of patients receiving vemurafenib and cobimetinib in coBRIM, in which 60% of patients experienced a grade 3/4 AE (2). Our study adds additional toxicity data for triplet therapy, with 8 of 9 patients experiencing a DLT. Of note, the maximum dose of vemurafenib and cobimetinib administered in this trial was 720 mg twice daily/40 mg daily, which is comparable to the reduced dose of BRAFi in the triplet arm in IMspire150 from cycle 2 onwards. In cycle 1 of IMspire150, pts in the triplet arm received a 3 week-lead in with vemurafenib 960 mg twice-daily and cobimetinib at 60 mg daily, which may have contributed to the difference in adverse event profile compared to our study. The difference may also be related to the differences in immune checkpoint inhibitor. This study utilized pembrolizumab, a PD-1 inhibitor, compared to atezolizumab, a PD-L1 inhibitor. A meta-analysis of 125 clinical trials identified higher rate of grade 3 AEs with PD-1 inhibitors compared to PD-L1 inhibitors, raising the question of interchangeability of these agents with respect to toxicity (21). In addition to significant toxicity, patients reported a significant decrease in overall health utility at 1 year compared to baseline, which may be driven by depression, cognitive function, and fatigue. Here, we report median PFS of 30.8 months in the overall group, which is increased compared to the PFS reported in IMspire 150, which was 15.1 months in the triplet group compared to 10.6 months in control. Of note, the control arm of vemurafenib and cobimetinib had a lower PFS compared to the coBRIM trial, which reported a median PFS of 12.3 months in the doublet arm (vs. 7.2 months, HR 0.58 [95% CI 0.46-0.72], p<0,0001). The PFS benefit seen in IMspire 150 may be related to the increased duration of response in the triplet arm (21.0 vs. 16.0 months) given that the ORR was similar (66% vs. 65%). Notably, IMspire150 compared the triplet regimen to BRAF/MEK inhibition, and how the efficacy data compares to anti-PD1 therapy with or without anti-CTLA4 or anti-LAG3 therapy is not known. Furthermore, encorafenib and binimetinib have since been approved in the metastatic setting, with higher PFS and overall improved tolerability than reported with other targeted therapies (22). This raises the question of whether combination therapy of anti-PD1 and newer BRAF/MEK inhibitors may be better tolerated, and studies of this question are ongoing (NCT04657991, NCT04511013). Our study of vemurafenib and cobimetinib with pembrolizumab had a high ORR but closed early due to high rates of grade 3/4 AEs. In addition, the survival benefit of up-front combination immunotherapy compared to targeted therapy further puts into question which patients would benefit from triplet combination therapy (23). Overall, given the significant toxicities incurred with triplet therapy and modest PFS improvements, physicians must think carefully about which patients are best served with this treatment strategy.
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Introduction

Adverse events (AEs) of immune checkpoint inhibitors (ICIs) are frequent and mainly due to an overactivity of the immune system leading to excessive inflammatory responses (immune-related AE) that can affect any organ of the body. Beside the most frequent AEs, there are rare AEs whose diagnosis and treatment can be challenging. We report here a singular case of capillary leak syndrome (CLS) associated with chylothorax occurring in a patient who has been treated with adjuvant nivolumab (anti-PD1) for resected AJCC stage IIB primary melanoma.



Case presentation

A 43-year-old woman was diagnosed with a nodular stage IIB melanoma of her left thigh, according to the AJCC 8th edition (T3bN0M0). The woman was treated with adjuvant nivolumab. She stopped the treatment after 4 infusions due to thrombopenia. Three months later, she developed facial and leg edema and ascites due to capillary leak syndrome. The CLS was associated with chylothorax and elevated vascular endothelial growth factor. The patient was initially treated with several pleural puncturing and steroids. CLS and chylothorax progressively decreased with intravenous immunoglobulins and fat-free diet without recurrence of melanoma at one-year follow-up.



Conclusion

CLS is a rare and potentially life-threatening AE of ICIs such as anti-PD1. This AE may be associated with chylothorax probably related to lymphatic permeability induced by anti-PD1.
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Introduction

Immune checkpoint inhibitors (ICIs) such as anti-programmed cell death 1 (anti-PD1) and anti-cytotoxic T-lymphocyte-associated protein 4 (anti-CTLA-4) have revolutionized the prognosis of cancer. Adverse events (AEs) of ICIs are frequent and mainly due to an overactivity of the immune system leading to excessive inflammatory responses (immune-related AE) that can affect any organ of the body. Beside the most frequent AEs, such as thyroid, cutaneous, gastro-intestinal and hepatic AEs, there are rare AEs whose diagnosis and treatment can be challenging. We report here a singular case of capillary leak syndrome (CLS) associated with chylothorax occurring in a patient who had been treated with adjuvant nivolumab (anti-PD1) for resected AJCC stage IIB primary melanoma.



Case report

A 43-year-old woman was diagnosed with a nodular stage IIB NRAS-mutated melanoma of her left thigh, according to the AJCC 8th edition (T3bN0M0). She first underwent a wide resection of the primary lesion and started infusions of anti-PD1 antibodies (nivolumab 480 mg monthly), as part of a therapeutic trial. She developed thyroiditis after 2 infusions of nivolumab with successive phases of hyper- and then hypothyroidism which was treated with thyroid substitution. The occurrence of a grade III immune thrombocytopenia (platelets count: 27 000/mm3 without autoantibodies) subsequently led to the interruption of nivolumab after 4 infusions and was resolved with systemic corticosteroids (1mg/kg) and eltrombopag olamine (75mg daily). Three months after treatment discontinuation (7 months after initiation of nivolumab), she developed edema of the legs and face, along with a weight gain (+ 8 kgs), asthenia, dyspnea, and cough. Laboratory tests showed a drop of serum-albumin levels from 40g/l to 23g/l, normal hematocrit count without hemodynamics disturbances (122/69mmHg, 100 bpm), without signs of enteropathy, neither heart, kidney or liver failure. All hormonal tests (TSH, cortisol) and serum protein electrophoresis were normal. There was no proteinuria and urinalysis results were normal. The CT-scan revealed mild bilateral pleural effusion and mild ascites due to anasarca (Figure 1). Echocardiography also found a slight pericardial effusion without cardiopathy. Colonoscopy was normal. A scintigraphy with marked albumin (99mTc) showed a capillary hyperpermeability (Landi’s test). Thoracentesis allowed a 600cc fluid evacuation. Cytology was normal but triglycerides’ levels were elevated at 25g/L (N<1,1 g/L) in favor of chylothorax with normal levels of triglycerides in blood.




Figure 1 | Clinical photography (A) and CT-scan images (B, C). (A) Facial edema (B) Pleural effusion (white star). (C) Ascites (white arrow).



The diagnosis of a secondary form of capillary leak syndrome (CLS) with chylothorax induced by nivolumab was made in the absence of infection, vaccine and other inducing drugs. Cytokines levels were as follows: normal IL-6 levels (<3,6pg/ml) and elevated vascular endothelial growth factor (VEGF) levels (109 pg/ml, N<60 pg/ml).

High doses of corticosteroids (1mg/kg) and intravenous immunoglobulins (IVIG) (0.4 g/kg for 5 days) followed by IVIG (1g/kg/day for two consecutive days monthly) for 5 months, along with a fat-free diet and iterative pleural puncturing provided the resolution of the edema, the chylothorax and the ascites. At last follow-up (one year after nivolumab discontinuation), there was no evidence of melanoma progression according to CT-scan.



Discussion

CLS is a very rare and potentially life-threatening AE that has been described with different treatments (1, 2).

5 cases of CLS have recently been reported with ICI, particularly anti-PD1 antibodies (nivolumab and pembrolizumab) (3–6).

In the current case, the role of eltrombopag olamine cannot be excluded even if it has never been previously reported.

This case is singular because these rare toxicities (CLS and chylothorax) occurred many months after nivolumab discontinuation. Immune-related adverse events (irAE) can be delayed and occured after the completion of ICI (> 90 days) (7). Indeed, CLS were mostly reported early during anti-PD1 treatment (5)) or soon after their discontinuation (one month after discontinuation of pembrolizumab and nivolumab) (3, 4).

This is the first case of CLS and chylothorax induced by adjuvant nivolumab in a patient with early-stage cancer (resected primary stage IIB melanoma). Until now, CLS induced by ICI has only been reported in patients with advanced cancers. Furthermore, the association of chylothorax with CLS after anti-PD1 treatment has been scarcely reported in the literature. A patient with a stage IV melanoma treated with pembrolizumab and injections of talimogene laherparepvec developed the association of CLS and lymphatic dysfunction with chylous pleural and abdominal effusions (3). Another patient died of a chylothorax related to tumor progression 12 months after initiation of nivolumab for a metastatic pulmonary adenocarcinoma (8). Thus, the association of these two adverse events does not appear coincidental and appear to be irAEs due to the same mechanisms.

In our practice, we lack parameters to identify patients at risk of severe toxicities. In the future, we will evaluate the probability of response and the risk of toxicity to evaluate the benefice/risk balance of ICI treatment, particularly with patients treated at early stage (such as this patient with resected stage II melanoma). Indeed, adjuvant pembrolizumab treatment has demonstrated its efficacy by decreasing the risk of melanoma recurrence in patients with resected stage IIB or IIC melanoma (9). However, there are frequent irAEs including severe irAEs and chronic irAEs (such as endocrine AE reported at 25%). Thus, the benefice/risk balance of ICI treatment should be discussed with the patient.

It will be necessary to stratify the treatment according predictive factors of response such as the TMB, IFN-γ-signature (10) and predictive factors of toxicity such as the fecal microbiote (11) or the diversity of the TCR clones (12).

Regarding toxicity, there are studies evaluating clinical and biological factors associated with toxicities (NCT04871542) and evaluating strategy to avoid treatment toxicity such as fecal microbiota transplantation (NCT04163289). In a phase I study, the role of microbiome modification in preventing immune-related toxicities by adding fecal microbiota transplantation to ICI therapy was associated with a safety profile in unselected metastatic renal cell carcinoma and promising clinical efficacy data (13).

However, most of these biomarkers are not performed in clinical practice (TMB, IFN-γ-signature, TCR clones) and were not available for this patient. Furthermore, there is no tool validated in clinical practice and no recommendation to predict toxicities, prevent toxicities, adapt the treatment according to the risk of toxicities and the probability of response. Therefore, these parameters cannot be use for treatment decision. If predictive factors of response and toxicities are identified and validated in prospective studies, the treatment could be adapted to increase treatment efficacy and avoid toxicity. Thus, further studies are needed to develop individualized approaches to avoid treatments toxicities.

It is remarkable to notice that CLS mainly occurred in patients with a controlled disease suggesting that this AE is associated with a strong anti-tumor immune response as reported with other AEs (14). Although the pathophysiology of CLS is not clear, T-cell activation and the release of cytokines induced by ICIs may be involved. T-CD8 cells surrounding endothelial cells in CLS have been indeed described (15).

The association of CLS with chylothorax suggests a severe endothelial dysfunction, both vascular and lymphatic, induced by ICI, involving the crosstalk between immune cells and endothelial cells (16, 17). It is known that ICI stimulate cytokines secretion by immune cells and it was reported that circulating cytokines levels (including VEGF during treatment with ICI) were increased in patients with severe irAE (18) as found in our case. This supports that the mechanisms of nivolumab-induced CLS and chylothorax involve immunity.

PD-L1 expression was found on endothelial cells and involved in T-cell mediated myocardial injury (19). It is well known that angiogenesis and immunosuppression occurs simultaneously and that there are interactions between angiogenesis and the immune response (17, 20). VEGF promotes the recruitment and proliferation of immunosuppressive cells such as Treg cells, MDSCs, and M2-TAMs, creating a more immunosuppressive environment (21). Indeed, vascular normalization may enhance antitumor immunity and lymphocyte-mediated cancer immunotherapy with immune checkpoint inhibitors (21, 22).

Furthermore, increased levels of VEGF have been reported in CLS and support the hypothesis of endothelial activation and the use of anti-VEGF therapy as found in our patient (23).

Targeting angiogenesis may increase tumor control of cancer such as melanoma (24). Indeed, the combination of anti-angiogenic therapy to ICI can potentiate anti-tumor immune response by regulating the interactions between angiogenesis and the immune response (25, 26). The combination of bevacizumab and ipilimumab was safely administered in patients with metastatic melanoma (27). Finally, strategies combining anti-angiogenic and anti-PD1 agents have been studied and appears to tip the balance of the tumor microenvironment and improve treatment response in advanced melanoma (28, 29). These results support the efficacy of anti-angiogenic agents with ICI and further investigation.

In conclusion, physicians should be aware of the possibility of a CLS associated with lymphatic permeability induced by anti-PD1. Despite the favorable melanoma prognosis, this IRAE may be life-threatening.
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Background

Nano-Pulse Stimulation™ Therapy (NPS™) is a new, bioelectric modality that applies ultrashort pulses of electric energy to trigger regulated cell death in treated tissues. Instead of initiating necrosis by heating or freezing, NPS therapy permeabilizes intracellular organelles to activate the cell’s own self-destruct pathway of programmed or regulated cell death. Unlike cryotherapies that can both damage structural tissues and diffuse into the periphery beyond the margins of the lesion, NPS only affects cells within the treated zone leaving surrounding tissue and acellular components unaffected.



Methods

We generated melanoma tumors in mice by injecting B16-F10 cells intradermally and compared the efficacy and resulting skin damage from Nano-Pulse Stimulation Therapy with that of cryoablation in clearing these tumors.



Results

The results of the study demonstrate that NPS is superior at clearing B16-F10 melanoma lesions. NPS permanently eliminated up to 91% of all tumor lesions with a single treatment compared to cryoablation that only eliminated up to 66%. Importantly, NPS permanently eliminated these lesions with no recurrence and with minimal dermal fibrosis, underlying muscle atrophy, permanent hair follicle loss or other markers of permanent skin damage.



Conclusions

These findings suggest that NPS is a promising new modality for the clearance of melanoma tumors and is a more efficacious, less damaging approach than cryoablative methods for the treatment of aggressive malignant tumors.





Keywords: nano-pulse stimulation therapy (NPS), regulated cell death, cryoablation, B16-F10, melanoma, dermal fibrosis and scarring, nanosecond pulsed electric fields (nsPEF)



Introduction

Cutaneous melanoma is the most aggressive and lethal form of skin cancer. Over the past few decades, the incidence of melanoma has been steadily increasing and in 2022 alone there are projected to be nearly 100,000 new cases diagnosed, with over 7% of those cases resulting in mortality (1). Early-stage disease is usually managed with surgical excision alone, but removal of the malignant tissue eliminates further exposure to the immune system. Some other methods to ablate lesions have the additional advantage of initiating an immune response. Two such therapies are cryotherapy (2) and Nano-Pulse Stimulation Therapy (3) so both have been used in this study to compare the efficacy and skin damage resulting from each of them.


Nano-pulse stimulation therapy

Every cell in our bodies contains a fail-safe mechanism called regulated or programmed cell death that allows it to self-destruct when it reaches the end of its useful life, encounters a lethal gene mutation or an injury that it is unable to repair (4–6). Nano-Pulse Stimulation™ Therapy (NPS™) activates this pathway using ultrashort electric pulses. Unlike direct-contact ablation technologies that kill cells by necrosis using heat or cold, NPS is a bioelectric energy modality that triggers the cell’s natural self-destruct pathway by initiating a transient permeabilization of the plasma and organelle membranes of targeted cells without causing thermal damage. This alters the function of internal cellular organelles, including the mitochondria and endoplasmic reticulum (7), without disrupting the extracellular tissue, primarily collagen-rich dermal foundation. The current lesion size limitation is 1 cm in diameter for a single treatment, but larger lesions can be treated with multiple applications. Previous published work includes treatments of seborrheic keratosis (8), sebaceous hyperplasia (9), warts (10) and basal cell carcinoma (11). In animal studies, NPS has shown high efficacy in treating a variety of malignant murine tumor types including rat hepatocellular as well as mouse breast, fibrosarcoma, squamous cell carcinoma (SCC), pancreatic, lung and melanoma tumors (12–18).



Cryotherapy

Due to the low cost of cryoablation, it has become an alternative to other more traditional surgical methods for cancer treatment. Cryoablation has been used to treat bone, cervical, eye, kidney, liver, lung, and prostate cancers (19–22). Some of the noted drawbacks to cryoablation have been the potential for scarring and long-term nerve damage caused by the treatment itself (23), as well as a question as to its long-term efficacy and ability to prevent microscopic spread of cancers (24, 25). While cryoablation and NPS are both considered focal therapies, NPS only affects cells between the two sets of microneedles of the applicator while cryoablation spreads beyond the applicator surface due to thermal diffusion.

In this study we demonstrate that NPS has superior efficacy in clearing a B16-F10 murine melanoma tumor, without reoccurrence with minimal dermal fibrosis and tissue damage. Since NPS is highly efficacious while producing less damage to tissue it is a promising minimally invasive physical modality for the treatment of tumors, particularly those that are not surgically resectable.




Materials and methods


In Vivo tumor model

Mice: Female C57BL/6J mice, 6-8 weeks old (Jackson Laboratories, Sacramento, CA) were acclimated for at least 3 days before treatment, housed in groups of 10, and both flanks were shaved before the start of tumor inoculations. Temperature and humidity were monitored daily, and animals were maintained on a 12-hour light/dark cycle. Water (Milli-Q) and food (Pirolab Diet 20 chow) were given ad libitum. All experiments were performed in accordance with animal care guidelines set forth by the Pulse Biosciences IACUC.

Tumors: The B16-F10 tumor line was obtained from ATCC (Manasus, VA, cat # CRL-2539) and propagated in tissue culture with DMEM supplemented with 10% v/v fetal bovine serum (FBS), penicillin/streptomycin, and harvested for inoculation between passages 9-12 for all studies. Tumors were initiated in mice by intradermal (i.d.) injection into the right flank with 2x105 cells/30µL in Hank’s balanced salt solution (HBSS). Tumor growth was measured twice a week by calipers. The volumes were determined using the formula: volume = length x width2/2. Tumors were randomized to treatment groups when the largest diameter reached ~5mm on Day 6 post tumor inoculation (PTI). Mice were removed from the study if the animal lost more than 20% of their initial body weight, appeared moribund, the tumor was ulcerated, or the tumor volume exceeded 2000mm3. The day at which each mouse was sacrificed or found dead was recorded and used to generate a Kaplan-Meier survival curve. Mice who cleared the lesion were continually monitored for tumor regrowth until study completion on Day 65, at which point mice were sacrificed and skin lesions removed for histological analysis.



NPS and cryoablation tumor treatments

Six days post-inoculation, mice that developed tumors were treated with either NPS energy delivered by the CellFX® System (Pulse Biosciences, Hayward, CA) or cryotherapy using a 5mm closed-end conical metal cryoprobe (Brymill, Ellington CT, model CRY-AC-3 B800). Tumors were injected into the intradermal space within the skin so that they could be stretched over a platform designed to isolate them from the body and internal organs (Figure 1). Before treatment, each cage of mice was placed into a chamber containing 2.1% isoflurane in oxygen to induce an anesthetized state. Once mice were recumbent, each mouse was individually placed onto the treatment platform, receiving inhaled isoflurane directly from a nose cone for the duration of the procedure, typically 2-3 minutes. Upon completion of each treatment mice were returned to their home cage for recovery. All procedures were performed according to IACUC-approved protocols.




Figure 1 | Images of the CellFX™ treatment platform and a treated melanoma tumor. (A) CellFX Pulse Generator; (B) Montage of images illustrating the procedure used to treat the melanoma tumors by stretching the skin containing the tumor over a translucent silicone light post and aligning the tumor with the application electrode followed by treatment with the CellFX system; (C) Transillumination images of a typical melanoma over time, Before treatment, immediately after treatment, 3 days post treatment and 25 days after treatment.





Nano-pulse stimulation (NPS) therapy

NPS therapy was delivered using a 5.0 × 5.0 × 3.5mm treatment tip attached to a handpiece plugged directly into the CellFX® device. The treatment tip contained two rows of 5 microneedles 3.5 mm long, spaced 5mm apart. Mouse tumors were treated by stretching the skin containing the tumor over a translucent silicone treatment post and inserting the probe needles to flank the sides of the tumor (Figure 1). A light source housed under the treatment post was employed to illuminate the tumor treatment area to aid in placement of the microneedles around the tumor. Each tumor received either a low-mid dose of 180 mJ/mm3 or a high dose of 360 mJ/mm3. The energy doses chosen were selected based on previously performed dose-response tumor clearance studies (Figure 2). The low-mid dose was established as effective at clearing >60-70% of all treated tumors and the second higher dose was capable of clearing >90-100%.




Figure 2 | The percentage of treated tumors that are completely cleared as a function of the energy applied during treatment. Bars represent the Standard Error of the Mean.





Cryotherapy

Cryotherapy was delivered as a single dose of a cryosurgical system with a 5mm closed-end conical probe cooled with liquid nitrogen applied directly to the tumor (Brymill Corp., Ellington CT). The cryoablation dispenser (model CRY-AC-3 B800) was filled with liquid nitrogen and the probe tip was pre-chilled to -40°C as measured by a thermal imaging camera (FLIR, Estonia; model FLIR-E64501). Mouse skin was stretched across the treatment post and cryotherapy was applied to the tumor for the designated time, during which the temperature was continually monitored, and the probe received a cooling burst every ten seconds to keep the temperature stable at -40°C. Cryoablative temperatures rely on the formation of ice crystals in tissues as the cell death mechanism (26). Durations of exposure, defined as “doses,” were chosen based upon previous clinical findings showing that exposures under one minute were less likely to induce complete cell death of all tumor cells, than were exposures lasting longer. Exposure length is thus a critical variable as longer exposures are more likely to permanently eliminate a lesion (21, 27). We chose 45 seconds (45s) as the low-mid dose and 90 seconds (90s) as the high dose.



Skin biopsies

After euthanasia, a rectangle of skin (2.5 cm long by 1.5 cm wide) containing the treatment area in the center, was excised andattached flat to paper card stock without stretching, and submersed in 10% neutral-buffered formalin. After 24-48 hours of fixation, each skin sample was bisected in the center of the treatment area, samples were marked with surgical ink to maintain orientation, and both halves were embedded in paraffin along their treatment area cut surfaces. Samples were routinely processed for paraffin histology (AcePix, Hayward, CA), sectioned to 5 micrometers, and stained with hematoxylin and eosin (H&E) or Gomori’s trichrome.



Histological analysis of skin samples

Assessment of histopathology was performed by a board-certified veterinary pathologist with expertise in dermatopathology. Skin treatment areas were compared for treatment-related tissue scarring and injury that included dermal fibrosis, width of fibrosis, hair follicle loss, intactness of epidermis, cutaneous trunci muscle atrophy/loss, and inflammation. Dermal fibrosis was identified by linearization, compactness, and thickness of dermal stroma. Cutaneous trunci muscle atrophy/loss was recognized as segmental muscle thinning or absence in the treatment area. Skin lesions were scored using a standard severity scale: 0 = no change, 1 = mild, 2 = moderate, and 3 = marked (Table 1). All histology slides were randomized and scored in a blinded manner. If lesions differed in sections from the same treatment, then the most severe lesion was scored. Histopathology scores were compared across all groups using a Kruskal-Wallis one-way analysis of variance (ANOVA).


Table 1 | Severity scoring of markers of tissue damage.





Statistical analysis

Statistical analyses were performed using GraphPad Prism software (v9, La Jolla, CA). Tumor elimination rates were compared between groups using a chi-square contingency test (Figure 3). Kaplan-Meier survival curves were compared by log-rank (Mantel-Cox) test (Figure 4). Kruskal-Wallis non-parametric ANOVA was used to compare histopathological scores generated for each marker of tissue damage for histological samples (Figure 4). A two-tailed p-value of < 0.05 was considered statistically significant (*p<0.05; **p<0.01; ***p<0.001).




Figure 3 | Growth rates of individual tumors treated with the treatment indicated above each graph. Each color represents a single tumor. N represents the percentage of tumors completely cleared in each case (A) Untreated; (B) Cryo (45s); (C) Cryo (90s); (D) NPS (180 mJ/mm3); (E) NPS (360 mJ/mm3).






Results


Efficacy of tumor clearance

Intradermal B16-F10 murine melanoma tumors grow rapidly in mice and normally reach a size that requires euthanasia within 3 weeks (Figure 3A). However, treatments with both NPS and cryoablation greatly slow this growth and usually result in tumor shrinkage within 2 weeks. Tumors that cleared following NPS treatment remained cleared and did not recur. However, even after initial clearance with cryoablation, tumor growth would resume for many of the tumors within 20-30 days of initial clearance. When mice were treated with a low-mid dose (180 mJ/mm3) of NPS, tumors were permanently eliminated in 78% of mice (18/23) and when treated with the higher dose (360 mJ/mm3) of NPS energy the percentage increased to 96% (21/22). In contrast, the lower dose of cryo (45s) eliminated only 58% (14/24) of all tumors and the higher dose (90s) only showed a slight improvement to 66% (16/24). The higher dose of cryo exposure failed to reach the level of efficacy of even the low-mid dose NPS. The rate of complete tumor elimination was significantly greater in the high dose NPS (360 mJ/mm3) group compared to both the low-mid (**p=0.0096) and high (*p=0.0391) dose cryo groups (Figure 5). The efficacy of each treatment group was also reflected in the survival rate. Mice treated with high-energy NPS (360 mJ/mm3) were the most likely to survive until the study endpoint (91%) and this was significantly longer than for mice treated with a low dose of cryo (58%) (Figure 4; *p=0.0159).




Figure 4 | Kaplan-Meier Survival data to day 65 for each treatment. The high dose NPS group survival is significantly better than the 45s cryo treatment group. Both treatment does of NPS had higher rates of survival than either cryo group (log-Rank Mantel-Cox test, *p<0.05).






Figure 5 | The percentage of tumors that were completely eliminated by the indicated treatments. Both low-mid (180 mJ/mm3) and high (360 mJ/mm3) NPS treatment groups exhibited higher rates of complete tumor elimination than either the low (45 s) or high (90 s) cryoablation treatment groups. (Chi square test: *p<0.05, **p<0.01).





Histological analysis of post-treatment tissue

Histopathology confirmed the absence of melanoma in treatment areas in all samples evaluated. Evidence of scar in all treatment groups was only mild (Figure 6, 7, S1-4, Table S1). Dermal fibrosis, width of fibrosis, hair follicle loss, and cutaneous trunci muscle atrophy/loss were on average mild or mostly mild. Notably, dermal fibrosis was significantly greater (*p=0.0179) after treatment with a high dose of cryoablation (90s) relative to a low dose (45s) (Figures 6, S1-2, Table S1). However, there were no statistically significant differences between the remainder of the treatment groups for lesion scores. Inflammation was mostly absent in most samples, regardless of treatment and did not differ significantly. The epidermis was intact in all samples and erosions and ulcers were not present.




Figure 6 | Histopathology scoring of histology sections collected on day 65 from each tumor treatment. Scale: 0=no lesion, 1=mild, 2=moderate, 3= marked. (A) Dermal fibrosis was significantly higher for the 90s cryo treatment than the 45s treatment (Kruskal-Wallis ANOVA, *p<0.05); (B) Lesion width showed no significant differences between the different treatments; (C) Hair follicle loss was similar for all treatments; (D) Muscle atrophy/loss: 1=partial loss; 2= full-thickness loss of muscle for short distance; 3=extension of atrophy beyond full-thickness loss. There was no significant difference in atrophy among the four treatments; (E) Inflammation score indicated only very minor inflammation at 65 days for the four treatments.






Figure 7 | Histological sections of skin regions where the tumor had been treated stained with Gomori’s trichrome to assess collagen linearization and compaction (inset 4X greater magnification of black box region marked on the left). (A) Section showing no damage in which collagen and muscle are structurally intact with no loss of hair follicles; (B) Mild-moderate damage indicated by slight linearization and compaction of collagen indicating dermal fibrosis and loss of hair follicles; (C) Moderate-Marked damage indicated by moderate linearization and compaction of dermal collagen, clear loss of hair follicles and significant muscle atrophy across entire treatment site.






Discussion

The B16-F10 murine melanoma model was the first used to demonstrate the ability of NPS therapy to permanently eliminate intradermal melanomas (14, 15, 28). It was discovered quite early that the minimum electric field strength required was on the order of 20 kV/cm and that the most likely mechanism involved the formation of pores in lipid membranes (29, 30). The additional discovery that only about 400 mV is required across a lipid membrane to electropermeabilize it (31), suggested that the approximate size of the NPS target must be on the order of 0.2 um, the size of smaller intracellular organelles such as mitochondria. A single NPS pulse has little effect on the tumor but as the pulse number increases, the electropermeabilization effect becomes more evident (Figure 2). However, this response does not depend on any significant temperature increase (32, 33) which indicates the cell death mechanism induced by NPS is of a non-thermal nature.

NPS has also demonstrated high efficacy in the treatment of tumors in other murine models of cancer. The tumor elimination rate is typically around 75-100% dependent upon the model and treatment energy used (34). NPS demonstrated 100% efficacy in eliminating 4T1 murine breast cancer in one study (35), in another study a 75% elimination rate was observed after NPS treatment of mouse hepatocellular carcinomas (36) and a 80-90% response rate was noted in the treatment of rat hepatocellular carcinomas (37). Within our laboratory alone, we have shown that an energy of 360 mJ/mm3 eliminates between 90-100% of tumors across several murine tumor types, including B16-F10 melanoma (Figure 2). Response rates are related to tumor type and size as well as treatment energy. NPS has also typically exhibited an ability to induce an immune response after treatment, likely due to the immunogenic nature of the RCD process triggered by NPS (3, 37–40).

In addition to the high efficacy in treating murine tumors, NPS exhibits similar high levels of efficacy in treating human skin lesions while producing limited damage to the skin itself (8, 41, 42). Histologic examination has shown only a minimal degree of epidermal and dermal inflammation associated with NPS treatments and this was less than typically observed in skin treated with cryoablative and other physical methods of lesion removal. These low levels of inflammation lead to less abnormal collagen deposition resulting in less dermal fibrosis and therefore less permanent scaring (43). Clinical trials utilizing NPS in the treatment of seborrheic keratosis, sebaceous gland hyperplasia, non-genital warts and basal cell carcinoma have all shown successful treatment outcomes (8, 11, 41, 42). Based on the results of these trials the CellFX® device, used to deliver NPS energy, recently attained medical device clearance for the treatment of human benign skin lesions in the USA (FDA 510(k)), Canada (Health Canada) and the EU (CE mark).

While NPS and cryoablation share treatment similarities, the mechanism each uses to destroy cells is quite different. NPS uses ultrashort, high voltage electric pulses that generate transient nanopores in cell and organelle membranes, leading to the initiation of a regulated cell death process in the exposed cells while leaving acellular tissue components unharmed (43, 44). It can also treat tissues with more precise boundaries than thermal-based treatment modalities, ensuring the treatment zone is highly focal to the lesion (3). In contrast, the cryoablation mechanism of cell death involves the quick drastic cooling of the tissue to -40°C which leads to the formation of ice (26, 45). Ice formation causes immediate cell shrinkage and damage to intracellular proteins and membranes. Over time the continued exposure to extremely low temperatures causes thrombosis, tissue hypoxia and eventual necrosis. Cryo exposure also causes cell death indirectly, as the formation of ice within tissues can destroy supporting structural tissue and vasculature that is required for the survival of cells. Vascular endothelial cells can be significantly damaged, and as the tissues gradually thaw, reperfusion draws in platelets that can cause significant clotting and blockage of blood vessels (46–48). This ischemic outcome serves to starve the treated tissue of needed blood supply. The ischemia can also cause hyperemia, erythema, and edema through the production of molecules that cause vasodilation and inflammation (47, 49). While these effects are critical to the mechanism of cryo-induced cell death they also have the potential to significantly damage surrounding tissues due to thermal diffusion, particularly if longer exposure times and multiple cycles are being utilized for treatment.

One of the biggest potential drawbacks to the use of cryosurgical techniques, is that regimens aggressive enough to completely eliminate tumors without recurrence are also highly damaging to other tissues. When cryotherapy is used to ablate cancerous lesions in the clinic it requires the use of multiple cycles and longer freeze times, which increases the likelihood of scarring and damage to underlying structures and peripheral tissues (50, 51). This has kept cryotherapy from being a recommended first line therapy for most malignant lesions and tumors and only remains an option when surgical excision is not (24). The current strategy for elimination of cancerous lesions with cryo therapies such as non-melanoma skin cancers (NMSCs), prostate, kidney or hepatic lesions (52) is typically to overtreat and extend the margins into the periphery to ensure complete elimination of all fast growing malignant cells to prevent reccurrence or even metastasis (52). Obviously, the complete elimination of all tumor cells is imperative, and the primary endpoint of any treatment used to eliminate a malignant lesion. However, minimizing the destruction of normal cells and tissues is also vital and an obvious objective in any clinical trial. Thus, one of the largest potential benefits of NPS treatment over cryoablation therapies is its high rate of tumor clearance at a dose that demonstrates very minimal damage to surrounding tissues.

Additionally, when cryoablative treatments are used to treat melanomas, they are typically used in combination with immunotherapies, other surgical procedures and/or to debulk non-surgically accessible metastatic lesions (53, 54). Trials are currently being conducted to investigate the use of therapies that combine immune adjuvants and/or immune checkpoint blockade with cryotherapy to treat melanoma and other aggressive cancers (55–57). These studies are intended to harness the immune response that is induced by the release of antigens after treatment and direct it towards an adaptive CD8+ memory response that has the ability to target and destroy tumor cells left over after the primary mechanism of cell death has ceased (57). The potential for abscopal effects that may target metastatic sites is also being investigated (58).

Although we only examined the single-agent efficacy of NPS on primary tumor elimination in this study, previous published studies have documented the ability of NPS to inhibit both the growth of a tumor cell rechallenge and prevent metastasis in a CD8-dependent manner (13, 15, 17, 18, 34, 38). The RCD process induced by NPS is likely responsible for priming this CD8+ T cell- mediated immune response (44). The combination of NPS with immune adjuvants appears to have an additive effect that boosts treatment efficacy and prevents the growth of a tumor cell rechallenge as evidenced in studies conducted within our laboratory. In the future, we may plan studies to compare the immune responses induced by NPS with those induced by cryoablation.



Conclusion

NPS displayed superior efficacy over cryoablation with negligible impact to the skin tissue in our side-by-side preclinical comparison. Although NPS has not yet been used in the human clinic to treat aggressive malignant tumors such as melanoma, it has displayed a high rate of efficacy in the treatment of murine tumor types that are typically difficult to kill, without reoccurrence. NPS shares many of the features that make cryotherapies attractive, such as the ability to target hard-to-access lesions and tumors that are untreatable with surgical means, without the associated thermal tissue damage characteristic of cryotherapy.
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Supplementary Figure 1 | Representative composite image based on average severity scoring for Cryo (45s) condition, shown at 10X and 40X magnification. Severity scoring for all metrics of tissue damage were as follows: Dermal Fibrosis = 1; Lesion Width = 1; Follicle Loss = 1; Muscle Atrophy = 1; Inflammation = 1.

  
Supplementary Figure 2 | Representative composite image based on average severity scoring for Cryo (90s) condition, shown at 10X and 40X magnification. Severity scoring for all metrics of tissue damage were as follows: Dermal Fibrosis = 1; Lesion Width = 2; Follicle Loss = 2; Muscle Atrophy = 2; Inflammation = 0.

Supplementary Figure 3 | Representative composite image based on average severity scoring for NPS (180 mJ/mm3) condition, shown at 10X and 40X magnification. Severity scoring for all metrics of tissue damage were as follows: Dermal Fibrosis = 1; Lesion Width = 1; Follicle Loss = 1; Muscle Atrophy = 1; Inflammation = 1.

Supplementary Figure 4 | Representative composite image based on average severity scoring for NPS (360 mJ/mm3) condition, shown at 10X and 40X magnification. Severity scoring for all metrics of tissue damage were as follows: Dermal Fibrosis = 1; Lesion Width = 1; Follicle Loss = 1; Muscle Atrophy = 2; Inflammation = 0.
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Melanoma represents an increasing public health burden with extensive unmet needs in Latin America (LA). A mutation in the BRAF gene is present in approximately 50% of all melanomas in White populations and is a target of precision medicine, with the potential to dramatically improve patient outcomes. Thus, increased access to BRAF testing and therapy is LA must be explored. At a multi-day conference, a panel of Latin American experts in oncology and dermatology were provided with questions to address the barriers limiting access to testing for BRAF mutation in patients with melanoma in LA, who may be eligible for targeted therapy to improve their prognosis. During the conference, responses were discussed and edited until a consensus on addressing the barriers was achieved. Identified challenges included ignorance of BRAF-status implications, limited human and infrastructural resources, affordability and reimbursement, fragmented care delivery, pitfalls in the sample journey, and lack of local data. Despite the clear benefits of targeted therapies for BRAF-mutated melanoma in other regions, there is no clear path to prepare LA for a sustainable personalized medicine approach to this disease. Due to melanoma’s time-sensitive nature, LA must aim to provide early access to BRAF testing and consider mutational status within treatment decision making. To this end, recommendations are provided and include establishing multidisciplinary teams and melanoma referral centers and improving access to diagnosis and treatment.
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Introduction

Melanoma represents an increasing public health burden with extensive unmet needs in Latin America (LA). Globally, melanoma incidence has risen and accounts for most skin cancer-related mortality (1), with 324,635 new cases in 2020 and 57,000 deaths worldwide (2) Moreover, studies report that patients with skin melanoma in low-and-middle-income countries, such as those in LA, are more likely to present with advanced disease and have poorer survival when compared to high-income countries (3–5).

Nevertheless, the prognosis of patients with advanced melanoma has dramatically improved in recent years. Before immunotherapy and targeted therapy emerged, the average five-year survival for patients with stage IV melanoma was 2·3%, and the median survival was eight to ten months (6). More recently, the advent of precision medicine has leveraged the increased understanding of tumor biology and the immune system’s role in developing personalized cancer therapies. One target of precision medicine is the BRAF protein, encoded by BRAF.

BRAF is a potent oncogene, present in approximately 50% of all melanomas in the White population, that plays a critical role in the Ras-Raf-mitogen-activated protein kinase/extracellular signal-related kinase (MEK) cell-signaling pathway (7, 8). People with melanoma who possess BRAF gene variants exhibit distinctive clinical features, with particularly aggressive biological behavior; patients are often younger and have tumors in areas without chronic sun exposure, with superficial spreading or nodular histology, and have an increased nevus count (9, 10). Additionally, BRAF-mutated tumors are more likely to metastasize to the brain (11, 12).

Data regarding melanoma mutations primarily comes from high-income countries (HIC), likely due to greater access to testing. Unlike in Europe and the US (13), data on melanoma incidence in LA is scarce. The available reports are mainly based on hospital records or private institutions that do not represent the general population, likely leading to underestimating the burden of this disease in the region (3, 14, 15). Additionally, the available data regarding mutational status has not been collected prospectively, thus having limited accuracy. Therefore, increased epidemiologic and data collection efforts are necessary to characterize the different populations and perform improved clinicopathologic correlation studies.

Melanoma epidemiology and BRAF-mutation frequency are heterogeneous and affected by ethnicity. For instance, a meta-analysis comparing the incidence rates of Asians and Whites found 19.5% and 40.3%, respectively (9). BRAF-mutation prevalence in LA has been found to be lower than in predominantly White populations. This is potentially a result of higher proportions of indigenous heritage and higher rates of acral-lentiginous melanoma in LA. However, ethnic variations among and within countries in LA are wide (9), and prior genomic knowledge of country-specific populations key to mutation screenings is largely lacking.7

Still, a few studies have documented BRAF-related melanoma in LA. In a single-institution cohort of 459 patients with melanoma in Barretos, Brazil, 34% carried a BRAF mutation (16). Another cohort showed V600 BRAF mutations in around 40% of cases (17, 18). However, this data is from a private institution and may not represent the general population (17–19). In Argentina, BRAF V600 mutation was reported in 50·2% of 354 patients (20).. Most of this sample is from patients from either the city or province of Buenos Aires, where most residents are White. In Mexico, studies identified BRAF V600E variant frequencies in primary melanoma studies ranging from 6·4% (3/47 patients in Mexico City) (21) to 73·0% (24/33 in Northeast Mexico) (22). In Chile, there is a complete lack of epidemiologic data.

Patients with melanoma with BRAF V600E and V600K mutations respond to clinically available BRAF inhibitors. Targeted treatment for patients with BRAF melanoma has reversed the poor prognosis associated with this molecular alteration (10). The success of targeted therapies in BRAF-mutated melanoma has led to the recommendation that patients with advanced disease and at high relapse risk be screened for V600 mutations to help guide therapeutic decision making (23).

Despite these advances, unmet needs remain, especially in regions such as LA, where determining mutational status and access to timely diagnosis and treatment are challenging. This review discusses the unmet needs of patients with BRAF-mutated melanoma in LA, including molecular testing strategies for detecting the mutation and their appropriate use within the regional context. The content is from the literature and panelists’ experience and opinion. The challenges to providing adequate and effective diagnosis and treatment for patients with BRAF-mutated melanoma are discussed, and recommendations on overcoming these barriers will be provided.





Methods




Study design and panelists

Americas Health Foundation (AHF) identified seven experts in oncology and dermatology from Argentina, Brazil, Chile, Colombia, and Mexico who have published in BRAF-mutated, melanoma, or health economics since 2016. As it was not practical to gather panelists from all the countries in Latin America together for a conference, the panel was chosen to provide a perspective of oncologists and dermatologists from countries across Latin America. The panel convened for a three-day virtual meeting on October 26-29, 2021, to discuss the need for region-specific recommendations. To identify the panel, AHF conducted a literature review to identify scientists and clinicians from the above countries who have publications relating to BRAF-mutated melanoma since 2016. Augmenting this search, AHF contacted opinion leaders from LA’s medical field to corroborate the list of individuals who adequately represented the necessary fields of study. All the experts who attended the meeting are named authors of this paper. An AHF staff member moderated the discussion. The authors retain complete control over the content of the paper.

Search strategy AHF conducted a literature review using PubMed, MEDLINE, and EMBASE. The following search terms were used: “BRAF,” “melanoma treatment,” and “cancer,” in combination with “Latin America,” “Mexico,” “Colombia,” “Argentina,” “Brazil,” and “Chile,” “molecular testing,” from 01/01/2016 until 04/10/2021. The articles identified were in English, Portuguese, and Spanish. Particular attention was paid to identifying literature and research in LA.

AHF developed specific questions to address barriers limiting access to testing BRAF variants in LA and assigned one to each panel member (Supplementary Table 1). A written response to each question was drafted by individual panel members based on the literature review and personal expertise. Each narrative was reviewed and edited by the entire panel during the three-day conference through numerous rounds of discussion until a complete agreement was reached. For issues where there was disagreement among the panel, additional dialogues took place until all panel members agreed to the content included in this paper. The recommendations developed were based on the evidence gathered, expert opinion, and personal experience and were approved by the entire panel. After the conference, the final manuscript was distributed by email to the panel for review and approval.





Role of the funding source

This manuscript was supported by an unrestricted grant given to AHF, a 501(c)3 nonprofit organization dedicated to improving health care throughout LA, by Novartis. The funder had no role in the study design, data collection, data analysis, interpretation, and writing of the report.





BRAF mutation testing




Patient selection and timing

International clinical practice guidelines (CPG) suggest that BRAF mutation testing be mandatory in patients with stage III or stage IV melanoma and high-risk resected disease (24). When metastases occur, it is recommended to use the metastatic sample. If it is unavailable, the analyses may be performed on lymph node metastases or the primary tumor, as there is a high degree of concordance between the BRAF status of primary melanomas and their metastatic lesions (25).

In the appropriate clinical context, initiating reflex testing at an earlier stage (IIB, IIC) for patients with limited access to frequent visits and specialist care can prevent unnecessary delays in targeted BRAF/MEK inhibitor therapy (26). They may prove to have a similar benefit for BRAF-mutated melanoma, as earlier treatment initiation may improve clinical outcomes for patients.





Testing methods

Different methods for BRAF testing exist and can be considered based on their utility in screening, confirmatory, and reference testing (27). Testing decisions often depend upon available methods and infrastructure, specificity and sensitivity, and variable cost and access throughout the region (Table 1) (28). Primary cutaneous melanomas, metastatic lymph nodes, or radiologically detected lesions are fixed with formaldehyde and paraffin-embedded in blocks that can be used for testing (29). Essential to accurate molecular testing, the tissue sample journey is complicated and involves prefixation, fixation, and post-fixation processes. The specific procedures of each step must be optimized to achieve preservation and ensure a high-quality sample.


Table 1 | Sensitivity, specificity, and use in LA clinical practice for common BRAF diagnostic techniques.



Tumor heterogeneity in advanced-stage melanoma must be considered as it may have implications for molecular testing and, thus, treatment (30). To mitigate the risk of misinterpreting BRAF mutational status due to intratumor heterogeneity, testing should always be conducted on metastatic lesions when available (31, 32). Sequential analysis using confirmatory methods for detecting BRAF mutations is usually performed in high income countries (HIC). Nevertheless, this approach is not always feasible or cost-effective in limited-resource contexts. Ideally, confirmatory testing with real-time polymerase chain reaction (PCR), Sanger sequencing, or Next-Generation Sequencing (NGS) should be conducted in all patients with a negative test result through immunohistochemistry (IHC). Alternatively, a blood sample may be assayed for circulating tumor DNA, but its lower sensitivity compared with a tissue-based biopsy must be considered (33). Figure 1 proposes a suggested pathway for BRAF testing in limited-resource settings.




Figure 1 | IHC, immunohistochemistry; RT-PCR, reverse transcription polymerase chain reaction; NGS, next generation sequencing.






Immunohistochemistry (IHC)

IHC is relatively simple and inexpensive, providing rapid results. BRAF V600E is the only variant that can be detected through this method (26, 34). Of note, IHC is not the best method regarding sensitivity: mutations may not be detected in some patients (31). However, employing IHC can be a cost-effective tool and a valuable supplement to conventional mutation testing to allow patients with V600E-variant metastatic melanoma to be triaged rapidly into appropriate treatment pathways (31, 32).





Real-time PCR-based techniques

Various real-time PCR-based methods are available, including Cobas 4800 and THxID-BRAF. Although these methods offer the advantages of a relatively quick turnaround time, they do not allow direct identification of the specific nucleotide sequence. These are commercially available companion diagnostic kits, each targeted to identify mainly V600E and V600K mutations (8).





Next-generation sequencing (NGS)

Despite NGS time, cost, and data-analysis demands, it can provide robust data on all BRAF and other actionable variants and quantify allele frequency. High specificity and sensitivity can be achieved with a small proportion of tumor DNA from the tissue sample. Its role is especially prominent in research, large mutation analysis, clinical trials, therapeutics, and confirmatory testing.





Sanger sequencing

Sanger sequencing, long known as the gold standard for reference testing in somatic variants, is 100% specific, providing quality sample preparation (8). It primarily serves as a confirmatory test in the case of inconclusive PCR methods, given its relatively higher costs and turnaround time (35).





Other methods

Several other methods for BRAF testing that offer high sensitivity and specificity exist but are generally not available in LA outside of the research context, primarily due to high costs and technological requirements. These methods include pyrosequencing, matrix-assisted laser desorption ionization time of flight mass spectrometry, allele-specific PCR, and droplet digital PCR.







Systemic treatment for BRAF-mutated melanoma

Targeted therapy defied the conventional thinking in the United States, Europe, and Australia that patients in poor clinical condition due to advancing disease should not be treated. The uptake of these therapies throughout LA has been slower than in other regions due to access limitations, infrastructure issues, and cost constraints. Nevertheless, healthcare systems in the region could benefit from increasing the use of a precision medicine approach regarding patient outcomes, cost-effectiveness, and resource allocation.

Despite the fact that targeted therapy and immunotherapy have been highly effective in treating advanced BRAF-mutated melanoma (36–38), data comparing the two treatments revealed that targeted therapy has a greater response relative to immunotherapy. In contrast, immunotherapy confers longer-lasting results (39). Therefore, disease features, safety profiles, medical history, patient preferences, and access must be considered when making treatment decisions.

The first BRAF inhibitor developed, vemurafenib, surprised the oncological community with its Phase-I trial results showing rapid and profound responses that had never been seen in melanoma, though short-lived (40). The combination of MEK and BRAF inhibitors improved response rates, progression-free survival, and overall survival (OS) compared to monotherapy with BRAF inhibitors, as demonstrated with dabrafenib + trametinib (38); vemurafenib + cobimetinib (36); and encorafenib + binimetinib (37). For these three therapies, five-year progression-free and OS results were almost 20% and 35%, respectively. Some advanced melanoma characteristics associated with long-term responses to these drugs are normal lactate dehydrogenase (LDH) levels, less than three metastatic sites, and a good Eastern Cooperative Oncology Group performance status (38). These clinical features may help select patients with BRAF-mutated melanoma that would benefit most from targeted therapy in the long term. Patients with a high tumor burden, rapid progression, or poor performance status represent an unmet need for currently available drugs; reasonable access to target therapy for these patients is vital because of the rapidly progressing disease.

Combination therapy with immunotherapy (nivolumab/ipilimumab) followed by target therapy (dabrafenib/trametinib) is emerging as an option that may yield greater overall survival in patients with BRAFV600-mutated advanced melanoma (38, 39, 41, 42). The CheckMate 067 is a phase III trial which randomized previously untreated unresectable stage III or stage IV melanoma patients to receive nivolumab plus ipilimumab (four doses) followed by nivolumab; or nivolumab alone; or ipilimumab alone. The 6.5-year overall survival rates were respectively 57%, 43%, and 25% in patients with BRAF-mutant tumors and 46%, 42%, and 22% in those with BRAF-wild-type tumors, and the median overall survival is the longest in a phase III melanoma trial reported to date (43).

Few prospective data are available on sequential immunotherapy and BRAF/MEK inhibition for BRAF-mutant metastatic melanoma. The SECOMBIT is a noncomparative phase II trial which randomized patients with untreated, metastatic BRAF-mutant melanoma to receive A) encorafenib plus binimetinib until progressive disease followed by ipilimumab plus nivolumab; or B) ipilimumab plus nivolumab until progressive disease followed by encorafenib plus binimetinib; or C) encorafenib plus binimetinib for 8 weeks followed by ipilimumab plus nivolumab until progressive disease followed by encorafenib plus binimetinib. At a median follow-up of 32.2 months, the median overall survival was not reached in any arm. However, the 2 and 3-year OS rates showed that sequential immunotherapy and targeted therapy provide clinically meaningful survival benefits (44).





Access to BRAF testing and treatment in LA

Although the proportion of patients with a melanoma diagnosis that undergoes BRAF-mutation testing in LA is unknown, it is likely lower than that of HIC due to restricted access. Access to diagnostic methods and treatments varies widely among and within countries in LA. Moreover, vast inequities exist in access between the regional private and public healthcare systems. Molecular testing demands an infrastructure comprising technological, financial, and human resources, which few institutions in LA possess (45). The complex technologies and processes are mostly only available in highly specialized centers, usually concentrated in major cities, leaving large populations underserved. In general, public hospitals do not offer this testing.

In countries in LA where targeted therapies are approved, BRAF testing is sometimes provided cost-free by the pharmaceutical industry, making it available to a large portion of the population for as long as the sponsored programs exist (45). Although this offers a short-term solution to access, it is not without problems. Logistical issues arise in the sample-handling journey, often resulting in diagnostic and treatment initiation delays. Further, these programs displace the government’s responsibility to provide reimbursement for testing, which is an undesirable situation.

Ideally, access to BRAF testing must be accompanied by access to targeted therapies. This is often not the case in LA, mainly due to economic constraints. Although at least one targeted therapy for BRAF-mutated melanoma is approved by regulatory agencies and available in many countries in LA, including Argentina, Brazil, Chile, Colombia, Mexico, and Uruguay, a lack of reimbursement, particularly within the public healthcare systems, continues to limit drug access (46). Of note, since advanced melanoma is a time-sensitive malignancy, access to both testing and therapy must be prompt.






Discussion




Challenges to BRAF-mutated melanoma management in LA

A precision medicine approach to BRAF-mutated melanoma has demonstrated potential to improve health outcomes; however, factors inherent to precision medicine and LA’s healthcare systems create significant implementation obstacles. Given molecular pathology’s technical considerations and complexities, achieving precision medicine’s potential requires overcoming these hurdles. The barriers to quality management of BRAF-mutated melanoma in LA throughout the patient journey are depicted in Figure 2.




Figure 2 | Patient journey of people with BRAF melanoma in Latin America. PCP, primary care physician.






Affordability/Reimbursement

Precision medicine approaches demand high up-front investments in infrastructure, personnel training, and funding for molecular testing and targeted therapies. Although access to testing methods is not uncommon in the region, the corresponding targeted therapies are not always reimbursed or available. Additionally, anti-cancer drugs are proportionally much more expensive in LA when compared with higher income regions (47) because drugs are acquired with weaker currencies, and procurement strategies are not optimized. In the authors’ experience, the extent to which financing for testing limits access varies from not being an issue to affecting 75% of the time. The majority believe that financing for therapy is a limiting factor 25% of the time, although some report it is a factor 50-75% of the time.





Limited infrastructure

Healthcare centers with the capacity to provide melanoma care in LA are disproportionately located in major cities, leaving large areas underserved with unequal access levels. Even in major cities, pathology laboratories that meet the infrastructural demands of molecular tests used to diagnose BRAF mutations are scarce, resulting in long turnaround times for testing or unreliable test results.





Fragmented care

From diagnosis to treatment, melanoma care in LA is generally fragmented, a stark contrast to the current standard of care that involves a multidisciplinary team approach. Delays occur at virtually every step of the patient journey due to miscoordinations in care efforts at the primary level, during the diagnostic phase, and in treatment decision making. Tumor boards for melanoma, which can aid in overcoming diagnostic and management barriers, are not widely implemented.





Lack of human resources

There is a generalized shortage of medical personnel involved in melanoma care, including dermatologists, clinical oncologists, and pathologists, leading to high workloads and delays in diagnosis and treatment. This shortage may be related to the relatively small number of training opportunities for residencies and fellowships in these specialties within the region. Furthermore, a lack of resources in smaller cities or rural areas disincentivizes specialists from practicing in these areas, creating severe access gaps due to geographic resource maldistribution (48). At the primary care level, medical personnel lack training in identifying suspicious lesions and appropriate referral, which may also result in more advanced stages at diagnosis.





Lack of awareness of BRAF-status implications

Despite BRAF testing for advanced melanoma being compulsory based on unanimous international CPG, a generalized lack of awareness among stakeholders involved in melanoma decision making exists. Treating physicians do not always adhere to CPG, and similar treatment approaches are often taken for all or most patients with melanoma in LA, without regard to mutational status. Likewise, government, regulatory agencies, and payers do not always make evidence-based decisions to approve and reimburse targeted therapies and their corresponding diagnostic methods.





Pitfalls in the sample journey/quality assurance

Adequate institutional protocols and quality-control standards to regulate sample preparation are not standard across laboratories (49). Suboptimal practices within the tissue sample journey, including insufficient sample quantities, create technical challenges to BRAF testing. Because of limited infrastructural resources, there is a lack of continuity across the different healthcare institutions which the sample must pass in its journey, causing further delays.





Lack of local data

Region- and country-specific data to characterize the BRAF-variation prevalence in each population, enable accurate treatment decisions, and guide public policy are severely deficient. Global data corroborate the positive impact of introducing precision medicine strategies for melanoma treatment; however, the lack of local data hinders advancing this approach in the region. It is also necessary to define adequate metrics and indicators to track patient outcomes and determine the cost-effectiveness of targeted therapies for melanoma. Most decisions on healthcare resource allocation in LA are primarily based on cost. Yet coordinated (international) efforts to negotiate more accessible prices are not initiated by the governing bodies.






Recommendations

This panel has addressed the lack of access to diagnosis and treatment for BRAF-mutated melanoma. With increasing health care costs and limited resources, a critical need exists to understand the root causes of these technologies’ underuse in the population for which they were developed. Additionally, efforts to increase access should be a collaborative, multi-stakeholder endeavor. The recommendations below address the challenges to widespread access to these diagnostic tools and, as a result, adequate treatments. Because these access issues are not exclusive to this region or this cancer, these recommendations may be tailored on a country-by-country and cancer-by-cancer basis.

	Improve affordability and reimbursement

Governments must work toward achieving a sustainable approach to sourcing high-cost cancer diagnostic methods and therapies as a region by:	- Implementing procurement and contracting strategies such as managed entry agreements or risk-sharing strategies (50).

	- Leveraging negotiation power using pooled procurement, several countries can unite as a single buying bloc by combining their resources and requesting tests and doses.

	- Improving the coherence of approval and reimbursement for both pieces of the companion diagnostic (i.e., testing and therapy). Ideally, these regulatory pathways should provide an aligned channel for co-developed products to ensure innovation is not stifled.




	Improve testing infrastructure	Stakeholders must develop high-quality laboratories that can perform the molecular testing required for BRAF detection by:

	- Increasing investment in pathology departments and laboratories to meet the technological and training demands of high-quality molecular testing.

	- Establishing adequate quality-control standards, accreditation programs, and institutional protocols that regulate sample preparation and the quality of BRAF testing (51).

	- Creating centralized laboratories to perform the tests throughout the countries may help optimize turnaround times and save costs.




	Establish multidisciplinary teams and melanoma referral centers	Healthcare institutions should provide a multidisciplinary approach to melanoma management by:

	- Establishing multidisciplinary teams that include primary care physicians, dermatologists, clinical oncologists, surgeons, pathologists, geneticists, radiation oncologists, palliative care doctors, oncology nurses, and social workers.

	- Providing oncology navigators to guide and support patients through the medical and administrative process complexities related to cancer care.

	- Increasing referral centers for skin cancer care to promote care continuity and reduce delays (52–55).




	Raise awareness of melanoma and the actionability of BRAF variants	Medical societies and healthcare professionals must engage in continuous medical education at every level of care on the importance of determining BRAF mutational status.

	- Primary care physicians must be trained to recognize suspicious lesions and understand appropriate referral situations.

	- Specialists must understand the importance of determining BRAF mutations and facilitate diagnostic testing. Leveraging the concept of reflex testing may help reduce diagnostic delays.

	- Pathologists and molecular biologists must be adequately trained to conduct and interpret tests reliably and accurately.




	Increase BRAF testing	When indicated, healthcare professionals, medical societies, government, and patient organizations should promote testing for BRAF mutations.

	- All patients with metastatic or unresectable melanoma or those at high risk of relapse should be screened for BRAF V600 mutations, preferably in a metastatic lesion, and for adjuvant therapy in the primary tumor to guide therapeutic decision making (56).




	Address shortage and maldistribution of specialists	Governments, medical societies, and academic institutions must address the shortage and maldistribution of specialists by:

	- Increasing training opportunities in residency and fellowship programs in dermatology, surgical and clinical oncology, and pathology to address the lack of specialists in these fields.

	- Implementing virtual tumor boards or second opinion networks to bridge the gaps created by geographical disparities.




	Increase data collection and outcomes tracking	All stakeholders must prioritize funding for melanoma research to:

	- Establish national disease-specific registries to generate local data on which to base health policies tailored to the national context (50).

	- Define and quantify quality metrics, including indicators for access to diagnostic tools and therapies, to monitor patient outcomes and the impact of precision medicine strategies.











Conclusion

There are wide opportunities in LA to improve the landscape of melanoma prevention, early detection, characterization, and management. Strategies to bolster primary and secondary prevention of skin melanomas must be prioritized as essential steps to improving the OS of patients with skin melanoma and also considering the economic implications this may have for health systems by avoiding disease evolution to more complex stages (57–60). That said, healthcare systems in LA must be better equipped to adapt to the complexities of the advanced stages of melanoma. Delaying diagnosis and treatment initiation negatively impacts progression-free survival and OS. In HIC, broad access to effective therapy for advanced disease has led to reductions in mortality. Similar results can be expected in LA if access is improved (55, 61). Despite the clear outcome benefits from targeted therapies for BRAF-mutated melanoma in other regions, there is no clear path to prepare LA for a sustainable personalized medicine approach to this disease. Due to melanoma’s time-sensitive nature, LA countries must provide early access to BRAF testing in appropriate situations and for mutational status to be considered within treatment decision making.
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Background

Pre-clinical studies have shown that metformin reduces intratumoral hypoxia, improves T-cell function, and increases sensitivity to PD-1 blockade, and metformin exposure has been associated with improved clinical outcomes in various types of cancer. However, the impact of this drug in diabetic melanoma patients has not yet been fully elucidated.





Methods

We reviewed 4,790 diabetic patients with stage I-IV cutaneous melanoma treated at the UPMC-Hillman Cancer Center and Memorial Sloan Kettering Cancer Center between 1996-2020. The primary endpoints included recurrence rates, progression free survival (PFS), and overall survival (OS) with and without metformin exposure. Tabulated variables included BRAF mutational status, immunotherapy (IMT) by type, and incidence of brain metastases.





Results

The five-year incidence of recurrence in stage I/II patients was significantly reduced with metformin exposure (32.3% vs 47.7%, p=0.012). The five-year recurrence rate for stage III patients was also significantly reduced (58.3% vs 77.3%, p=0.013) in the metformin cohort. OS was numerically increased in nearly all stages exposed to metformin, though this did not reach statistical significance. The incidence of brain metastases was significantly lower in the metformin cohort (8.9% vs 14.6%, p=0.039).





Conclusion

This is the first study to demonstrate significantly improved clinical outcomes in diabetic melanoma patients exposed to metformin. Overall, these results provide further rationale for ongoing clinical trials studying the potential augmentation of checkpoint blockade with metformin in advanced melanoma.





Keywords: tumor microenvironment (TME), melanoma, checkpoint blockade, oxidative phosphorylation, tumor infiltrating lymphocyte, progression-free survival, metformin





Background

Melanoma is the fifth most common cancer diagnosed in the United States, with an incidence that continues to rise (1). Most patients have localized disease with excellent survival outcomes; however, five-year survival rates dramatically decrease for patients with locoregionally advanced or metastatic disease (1). The current era of immunotherapy (IMT) has revolutionized the treatment of advanced melanoma in both the adjuvant and metastatic setting (2–5), though validated predictive biomarkers are lacking to date (6). Metformin, a commonly utilized type II diabetes drug, has been shown to metabolically reprogram the tumor microenvironment (TME) (7), and in pre-clinical models, to augment the effectiveness of anti-programmed cell death protein 1 (PD1) IMT (8). The purpose of this study is to examine the impact of metformin on the clinical outcomes of diabetic patients with melanoma.

Several retrospective studies of various cancer types have demonstrated improved clinical outcomes in patients taking metformin (9). An analysis of over 300 diabetic patients with endometrial cancer revealed improved progression free survival (PFS) (HR 0.59, p=0.01) and overall survival (OS) (HR 0.43, p=0.005) in patients taking metformin versus those not exposed to the drug (10). A study of 302 diabetic patients with pancreatic cancer also demonstrated improved OS when comparing patients with and without metformin exposure (HR 0.68, p=0.003) (11). A 2018 retrospective study of 55 patients with unresectable stage IIIC and stage IV melanoma patients treated with IMT showed improved overall response rate (ORR) and PFS in patients exposed to metformin (12), though these results were not statistically significant. Furthermore, this study only included patients with advanced stage disease, and compared diabetic patients treated with metformin with non-diabetic patients who were thus not exposed to metformin. We therefore sought to analyze a large cohort of diabetic melanoma patients across all stages of disease to assess the association between metformin exposure and recurrence rates, PFS, OS, and incidence of brain metastases, among other variables.

A variety of mechanisms have been proposed to explain the improved clinical outcomes in cancer patients with metformin exposure. Many of these hypotheses center around metabolic alterations of the TME, which is understood to have important implications for tumor infiltrating lymphocytes (TIL), and thus, clinical outcomes with IMT (13). Metformin has been shown to activate a variety of both AMP-activated protein kinase (AMPK)-dependent and independent cellular signaling pathways that may alter the metabolic milieu of the TME and corresponding T-cell function (14). Metformin alters pro-inflammatory cytokine signaling in the TME, thereby rescuing exhausted CD8+ TILs and promoting anti-tumor effects (7, 15). Additionally, metformin was found to inhibit PD-L1 signaling via endoplasmic reticulum associated degradation; an effectual checkpoint blockade further enhancing TIL function (16). Metformin-mediated metabolic shifts have also been shown to inhibit regulatory T cells (Treg) in the TME and may also enhance immunity via alteration in the microbiome (17, 18). Furthermore, the association between metformin, a known complex I inhibitor, and hypoxia reversal in the TME is of significant interest, as it is now understood that the impact of hypoxia on immune function is largely detrimental. Hypoxia can induce an immunosuppressive state via enhanced Treg function and inhibitory T-cell receptor signaling (19). Hypoxic signaling can also lead to TIL dysfunction and phenotypic exhaustion, with important clinical implications for immune-based therapy (20, 21).

Notably, the related and previously studied biguanide, phenformin, has been shown to be a more potent mitochondrial inhibitor as compared to metformin (22). While both biguanides have a similar mechanism of action related to AMPK activation and oxidative phosphorylation (ox-phos) inhibition, phenformin has been shown to reduce tumorigenesis to a greater degree in some pre-clinical murine models (23). Additional pre-clinical work suggests that phenformin mediated AMPK activation can directly inhibit the mitogen-activated protein kinase (MAPK) pathway and provide a synergistic effect in combination with BRAF/MEK inhibitors in melanoma tumors with BRAF V600E/K mutations (24). Given these findings, an ongoing phase I clinical trial (NCT03026517) aims to assess the safety and efficacy of phenformin plus BRAF and MEK inhibitors in patients with BRAF mutant advanced melanoma. Apart from this trial, phenformin has been largely withdrawn from clinical use based on prior reports linking phenformin with higher rates of lactic acidosis and thus was not included in this retrospective study.

We and others have reported that the metabolic landscape of the TME is innately immunosuppressive (25, 26). Deregulated metabolism of tumor cells results in both a lack of nutrients such as glucose and oxygen, and buildup of toxic byproducts such as lactic acid. We previously demonstrated that melanoma patient tumor cells can be metabolically profiled directly from biopsies, and that deregulation of metabolism in tumor cells reveals insight into the status of the antitumor immune response to checkpoint blockade (27). Specifically, we showed that oxidative tumor cell metabolism is linked to resistance to anti-PD1 IMT; TIL isolated from melanoma tumors with high oxidative metabolism are more exhausted and less functional. High oxidative metabolism in tumor cells and the consequent generation of tumor hypoxia is associated with resistance to anti-PD1 and worse clinical outcomes, including decreased PFS, duration of response (DOR), and OS (27). We therefore developed a murine melanoma model to evaluate the impact of complex I inhibition on intra-tumoral hypoxia and T-cell function (27). Tumors from mice with complex I knock-down showed reduced ox-phos, improved T cell function, and decreased T cell exhaustion. Furthermore, only the complex I knock-down models showed response to anti-PD1, whereas GLUT1 knock down did not impact responses to IMT, suggesting that oxidative metabolism is implicated in resistance to anti-PD1 based IMT (27). Given these findings, we sought to evaluate actual clinical outcomes via this large retrospective analysis of diabetic melanoma patients with and without metformin exposure.





Study methods

A retrospective cohort study was conducted at the UPMC-Hillman Cancer Center (HCC) and Memorial Sloan Kettering Cancer Center (MSKCC). With IRB approval from each institution, 4,790 charts were reviewed from patients seen between 1996-2020. Relevant charts were identified based on coding for the diagnoses of cutaneous melanoma and type 2 diabetes (T2DM). After initial review, 668 patients were found to have T2DM, with stage identified at initial diagnosis (Figure 1). This final subset was further categorized into metformin versus no metformin exposure and the key variables were tabulated for each patient, including: stage at initial diagnosis (AJCC 7 criteria), age at diagnosis, sex, BMI, performance status (Eastern Cooperative Oncology Group, ECOG), ulceration, BRAF mutational status, metformin exposure (yes/no), metformin dose, recurrence status, time to recurrence, use of IMT and indication (adjuvant/systemic), type of IMT (high dose interferon alpha-2b (HDI), high-dose IL-2, anti-PD1, anti-CTLA4, anti-PD1 plus anti-CTLA4), presence of brain metastases, date of last follow up and vital status. Histologic subtype was also collected but consistent data was not available in a large portion of our early patient records. Nondiabetic patients were not included in order to reduce confounding variables between metformin exposed and non-exposed patients.




Figure 1 | Five-year recurrence rates stratified by stage and metformin exposure. *Rates of disease progression.



The primary objectives of this study included recurrence rates with and without metformin in patients with stage I-III melanoma, and PFS and OS in stage I-IV patients (with and without metformin). Secondary outcomes included recurrence and survival outcomes stratified by BMI, IMT treatment, and presence of brain metastases with or without metformin exposure. Recurrence rates were defined as the proportion of patients with documented recurrence (stage I-III) or disease progression (PD) (stage IV). PFS was defined as time in months from the diagnosis of melanoma to PD or death or being censored at the last follow-up. OS was defined as time in months from the diagnosis of melanoma to death or being censored at the last follow-up.

Comparison of recurrence and survival rates was performed using the Cox proportional hazards model. Normal continuous variables were tested using the t-test. Non-normal continuous variables were tested using the Wilcoxon rank-sum test. Categorical variables were tested using the Chi-squared test, with Fisher’s exact test being used for small counts. Crude recurrence rates between metformin groups were compared using the Fisher’s exact test. All analyses were performed using R version 4.1.1.





Results




Baseline characteristics

Patient demographics (n=668) are listed in Table 1. In total, 422 patients were treated with metformin and 246 patients were not. The mean age of the entire cohort was 64.2 years, and 68.2% were male. At initial diagnosis, 210 patients had stage I, 183 stage II, 195 stage III, and 80 patients had stage IV disease (AJCC 7). BRAFV600E/K mutation was found in 33.6% of the entire cohort, and this was not significantly different between the two groups. Most patients had an ECOG performance status of 0 or 1, and there was a higher proportion of ECOG 0 patients in the metformin cohort (55.8% vs 37.9%, p=0.001). Ulceration was present in 34.3% (n=169) of patients at diagnosis; this was not significantly different between the two groups. LDH levels at diagnosis were similar between the cohorts.


Table 1 | Demographics and baseline characteristics.



Adjuvant therapy was reported in 36.7% (n=112) of eligible patients; this was similar between the two groups, with HDI being most common. 52.4% (n=350) of patients were exposed to IMT, with the most common being HDI (n=108), anti-PD1 therapy (n=100), and anti-CTLA4 (n=44); this was similar between the metformin and no metformin groups.

The median metformin dose was 1000 mg daily (range 250-2000 mg; dose reported in 269 of 422 patients). Of 436 patients with BMI data, 39.7% were obese (BMI >30) with 60.3% non-obese (BMI ≤30). Other variables including years since T2DM diagnosis, mean Hgb A1C, utilization of other hypoglycemic agents, and duration of metformin therapy were not consistently available.





Recurrence rates

For the overall cohort (n=668), the five-year incidence of recurrence was significantly lower in patients exposed to metformin (43.8% vs 58.2, p=0.002). In a pooled cohort of patients with stage I or II melanoma (n=393), we again note that the five-year incidence of recurrence was significantly lower in patients exposed to metformin (32.3% vs 47.7%, p=0.012); this was still significant after adjusting for age, gender, and BMI (Figure 1 and Table 2). Evaluating individual stage cohorts for stage I and II, we find a consistent numerical increase in 5-year recurrence rates for patients not exposed to metformin, though this did not reach statistical significance (Table 2).


Table 2 | Recurrence rates stratified by stage/subgroup and metformin exposure.



Similarly, the five-year recurrence rate in all stage III patients (n=195) was lower with metformin compared to no metformin exposure (58.3% vs 77.3%, p=0.013) (Table 2). In patients treated with adjuvant therapy (stage IIB-IIIC, n=112), the recurrence rate was lower 59.3% vs 67.6% with metformin exposure, though this did not reach statistical significance (p=0.42). The overall incidence of brain metastases (MBM) was significantly lower in the metformin cohort (8.9% vs 14.6%, p=0.039) (Table 1), though significant changes in survival were not seen in the MBM subgroup. A low BMI (<30) was marginally protective against recurrence in the metformin group (45.9% vs 64.0%, p=0.068) (Table 2). Regardless of metformin exposure, BRAF mutation was not associated with any difference in recurrence. Additionally, higher BMI was associated with a nonsignificant reduction in recurrence regardless of metformin status (36.5% vs 44.7%, p=0.089).





Survival outcomes

There was no significant difference in PFS between the metformin cohorts (Table 3 and S1). Patients with lower stage disease (I/II) were noted to have an OS hazard ratio of 0.563 (p=0.084) in the metformin group (Table 4 and S2). When stratified by higher BMI, patients exposed to metformin had an OS hazard ratio of 0.598 (p=0.076) (Table 4). All survival data were adjusted for age, sex, and BMI at diagnosis. Other covariates including BRAF mutation, ulceration, performance status, and adjuvant therapy were not included in the Cox regression models due to the relatively large proportion of missing data.


Table 3 | Progression free survival hazard ratios (HR) for each stage and subgroup by metformin exposure.




Table 4 | Overall survival hazard ratios (HR) for each stage and subgroup by metformin exposure.








Discussion

Over the past decade, IMT has led to a groundbreaking improvement in clinical outcomes of patients with advanced melanoma, with 6.5 year OS for ipilimumab plus nivolumab of 49% (95% CI 44-55%) (28). However, a significant subset of patients develop primary or secondary resistance (29). Considerable effort is underway to better understand the mechanisms of resistance to IMT. It is now well understood that immunosuppressive and metabolically hostile TME, including decreased pH, altered amino acid metabolism, mitochondrial dysfunction, and hypoxia have substantial effects on the phenotype and function of TIL (8). This altered metabolic milieu of the TME may help to explain why only half of patients ultimately benefit from checkpoint blockade.

Seahorse cell analysis has been used to quantitatively measure oxidative phosphorylation (OCR) and glycolytic metabolism (ECAR) in melanoma tumor cells, and baseline tumor cell metabolism has implications on the TME, TIL function and clinical outcomes (8). Metformin reduced OCR in B16 bearing mice, and resulted in decreased intratumoral hypoxia. Furthermore, when mice were inoculated with a PD1 resistant melanoma cell line, the combination of metformin with anti-PD1 led to tumor regression in 80% of mice, whereas metformin or anti-PD1 monotherapy showed minimal anti-tumor efficacy, suggesting a synergistic effect on T-cell function in the TME (8). We have also shown that high oxidative metabolism in patient derived melanoma tumor cells is associated with decreased function and increased exhaustion of TIL, with significantly worse clinical outcomes, suggesting that high oxidative metabolism in melanoma tumor cells is associated with resistance to anti-PD1 (27). Furthermore, an experimental ox-phos inhibitor, IACS-010759, has shown improved survival in a pre-clinical murine MBM model (30).

While these pre-clinical models show that metformin has a beneficial impact on TIL function, our present clinical data shows a notable improvement in clinical outcomes for diabetic melanoma patients taking metformin. In the metformin group, we note a significant reduction in 5-year recurrence rates (stages I-III) and rates of PD (stage IV) for patients in the overall cohort, and also for patients with stage I/II and stage III disease. The finding of a numerical increase in 5-year recurrence in patients not on metformin may not have reached statistical significance in the individual stage I and II cohorts due to a smaller sample size. The significant reduction in recurrence rates noted here for the overall cohort, and for stage I/II patients taking metformin is certainly of interest, albeit difficult to attribute to any single metabolic change that might derive from metformin’s multiple downstream signaling effects. Based on pre-clinical data (8, 27), one may hypothesize that patients with early stage melanoma taking metformin have a more favorable TME and more efficient TIL anti-tumor activity at a critically early stage of pathogenesis. A similar study of 242 diabetic gastric cancer patients with or without metformin exposure showed significantly improved survival in only the localized (N0) subgroup, promoting this hypothesis in early stage disease (31). Our study also showed decreased 5-year recurrence in patients with stage III melanoma who took metformin. Overall, these findings in the context of our pre-clinical work suggest a more concerted and targeted metabolic effect secondary to metformin exposure (e.g. reduction in tumor cell oxidative metabolism improved TIL function, and reversal of hypoxia) (8, 25), though definitive correlation would require tumor-derived biomarker assessment. The decrease in recurrence rates for metformin-exposed stage III patients treated with or without IMT was not significantly improved with IMT, potentially due to the relatively small number of patients in this subgroup. Additionally, while there was an overall trend towards improved survival across all stages, patients with metastatic disease at diagnosis (n=80) did not exhibit any difference in survival with metformin exposure, though this was relatively small cohort. Further, patients may be less likely to derive benefit from metformin at more advanced stages of disease, when the drug is less able to significantly impact the TME due to nutrient competition, restricted drug delivery, and multiple acquired mechanisms of resistance.

Metformin exposure was associated with reduced incidence of brain metastases in this study. Our data aligns with previous work demonstrating improved OS in a MBM murine model after administration of an ox-phos inhibitor (30). In correlation, a recent gene expression analysis of intracranial and extracranial melanoma metastases revealed a significant increase in ox-phos expression along with immunosuppression in melanoma brain metastases (30), suggesting a selective pressure favoring the outgrowth of highly oxidative hypermetabolic clones. Given the biochemical properties permitting metformin to cross the blood-brain barrier, high prevalence of brain metastases in melanoma, and association with increased morbidity and mortality, these studies provide grounds for ongoing translational research in the field of immunometabolism (32, 33).

Notably, our data showing significantly improved recurrence rates with metformin exposure did not correlate with survival outcomes. Given the retrospective nature of this study with some of the patient data originating from over two decades ago, there are significant confounding factors that likely affected differential survival in these patient cohorts. Namely, improvements in SOC treatments leading to improved overall survival may have over time diluted metformin-mediated survival advantages. Regardless, after adjusting for various baseline characteristics, patients with stage I-II melanoma who were exposed to metformin had reduced recurrence rates. Though tissue biomarkers were not available in this retrospective study, our prior data suggests a biological shift towards an anti-tumor phenotype of more functional TILs with critical relevance towards combatting the immunosuppressive nature of the TME (8, 25).

Hahn et al. have shown that obesity is associated with both improved survival and reduced ox-phos in metastatic melanoma (34), and we therefore assessed obesity related outcomes in our patient population. While lower BMI was marginally protective against recurrence in the metformin cohort, survival outcomes suggested the alternative. Patients with an elevated BMI and metformin exposure had a lower OS hazard ratio. Further, a nonsignificant reduction in recurrence was seen in patients with higher BMI, regardless of metformin exposure. Taken together, these data suggest reduced ox-phos, potentially via metabolic changes induced through obesity or metformin, could lead to improved outcomes in patients with melanoma (35).

Our retrospective study has several limitations inherent to its nature. Conclusions drawn are based on data available in the electronic medical record. However, all the patients included in this cohort were seen at regular intervals for routine follow-up, and information on demographics and clinical outcomes such as response rates, treatment utilized, and recurrence was readily available. Furthermore, data on response to therapy was based on investigator assessment, which may increase variability with regards to this outcome. Our sample size for patients with stage III treated with adjuvant immunotherapy precludes our ability to draw clear conclusions in this patient population. Similarly, our cohort size for stage IV was smaller than for patients with earlier stage melanoma, as would be expected. Most covariates were well balanced between the two cohorts. However, a significantly higher proportion of patients with an ECOG 0 or 1 were found in the metformin exposed group, a potential confounding variable. Further, more patients in the metformin cohort had received adjuvant therapy, though this did not reach statistical significance. Despite its limitations, this analysis generates a hypothesis of clinically improved outcomes in diabetic melanoma patients treated with metformin, compared to diabetic melanoma patients not exposed to this drug. This is in line with reports of metformin in other malignancies and is confirmatory of our pre-clinical findings. In addition, we screened nearly 5,000 patients for inclusion in this study, resulting in a considerable cohort size of diabetic melanoma patients treated across two tertiary medical centers.

Overall, these data provide further rationale for prospectively investigating the role of metformin in the treatment of advanced melanoma and/or prevention of recurrence in the adjuvant setting. A prospective translational trial investigating anti-PD1 with or without metformin is underway (NCT03311308) and will assess the role of decreasing tumor cell ox-phos and reversing hypoxia in the TME together with checkpoint inhibition for the treatment of advanced melanoma.
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Authors Patient

(M/F;
age in
years)
Klein S. 1. M77
et al. (2,
16)
2. M;88
3. E79
Klein O. M; NA
etal. (17)

PDS location

Recurrence on the
forehead + multiple
parietal cutaneous
metastases

Inoperable primary
(temporal)

Inoperable primary
on the cheek with
infiltration of the
mandibular bone

2 cutaneous
metastases on the
scalp,

parotid gland
metastases, 2 lung
metastases

Treatment

Pembrolizumab (2 mg/
kg/3 weeks)

Pembrolizumab (200
mg/3 weeks) combined
with

local RT (70 Gy using 6
MeV

electrons in a linear
accelerator)

One single dose of
Pembrolizumab, stopped
due to autoimmune
colitis (grade II)

Pembrolizumab

T™MB

63.2/

78.0/
MB

NA

NA

PD-L1
expression

Moderate
infiltration of
PD-L1+ TILs

Limited PD-

L1 expression
of tumor and
TILs

TPS=80%

NA

CD8+
TILs

Moderate

Moderate

NA

Heavy
lymphocytic
infiltration

Treatment outcome

Complete remission

after 8 cycles as well as sustained
response over 4 years
(discontinuation of CPI treatment
after 21months)

Complete remission after 4
months. Patient died shortly
thereafter due to CLL progression

Tumor meltdown after single
infusion

Complete remission after 3
months, treatment stop after
owing to a flare of pre-existing
polymyalgia rheumatica

Immuno-
suppression

CLL

CLL

No

CPI, checkpoint inhibition; M/F, male/female; TILs, Tumor-infiltrating lymphocytes; TMB/MB, Tumor mutational burden/megabases; TPS, Tumor Proportion score; RT, radiotherapy;

NA, Not applicable.
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Total

Median age, years (range)

Sex
Female
Male

Type of skin cancer
Melanoma
Merkel cell carcinoma
Squamous cell carcinoma
Basal cell carcinoma

Charlson comorbidity index"
0
1-2
23

Overall performance status (ECOG)
0
1-2
23

LDH (serum)
Normal
Increased

Number of organs involved
0
1-3
>3

Type of systemic treatment
Immune checkpoint inhibition
Monotherapy (PD-1, PD-L1)
Combination (CTLA-4+PD-1)
Targeted therapy (BRAF+MEK)
Chemotherapy

Treatment setting
Adjuvant
Non-adjuvant

Treatment line
First-line

Second-line or higher

Tumor response to systemic treatment

Complete response
Partial response
Stable disease
Progressive disease
No evidence of disease
Not evaluable

Survival status
Alive
Dead
Died from skin cancer

Died from COVID-19

Total study cohort N (%)
60 (100.0)

65.0 (41-80)

5 (41.7)
35 (58.3)

51 (85.0)
6 (10.0)
2(33)
1(1.7)

44 (73.3)
13 (217)
3 (5.0)

53 (88.3)
6 (10.0)
1(1.7)

48 (80.0)
2(200)

19 (31.7)
32 (53.3)
9 (15.0)

52 (86.7)

38 (63.3)
4 (23.3)
7 (11.7)
1(1.7)

19 (31.7)
41 (68.3)

35 (58.3)
5 (41.7)

2(3.3)
15 (25.0)
6 (10.0)
17 (28.3)
17 (28.3)
3 (5.0)

0 (83.3)

10 (16.7)
0(16.7)
0(0.0)

COVID-19 vaccinated N (%)

41 (100.0)

64.0 (41-80)

17 (51.5)
24 (58.5)

37 (90.2)
2 (4.9)
1(24)
1(24)

31 (75.6)
9 (22.0)
1(24)

38 (92.7)
1(24)
2 (49)

35 (85.4)
6 (14.6)

14 (34.1)
23 (56.1)
4(9.8)

35 (85.4)
26 (63.4)
9 (22.0)
5(12.2)
1(24)

14 (34.1)
27 (65.9)

27 (65.9)
14 (34.1)

2(33)
11 (26.8)
4(9.8)
9 (22.0)
12 (29.3)
3(7.3)

40 (97.6)
1(24)
1(24)
0(0.0)

Characteristics of 60 patients receiving systemic treatment for advanced skin cancer at the time of first serum testing for anti-SARS-CoV-2-S antibodies. The outcome of systemic treatment
and the patients’ survival status during study progress are also provided. ! modified, the underlying skin cancer was excluded from comorbidities. LDH, lactate dehydrogenase.
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Total 41

Vaccination type (first and second vaccination)

mRNA (2x mRNA-1273, n=1; 2x BNT162b24, n=36) 37
Viral vector (2x AZD1222) 2
Mixed (Ix viral vector, 1x mRNA) 2

Immunosuppressive comedication

None 32
Corticosteroids (methylprednisolon >1mg/kg/d, prednisolon >100mg/d) 6
Rituximab 1
Extracorporeal photopheresis 1
Ustekinumab 1

Anti-SARS-CoV-2-S IgG (serum)

Positive prior to vaccination 3

Positive after vaccination (seroconversion) 32

Immune checkpoint inhibition 26

Targeted therapy (BRAF+MEK) 5

Chemotherapy 1
Not positive after vaccination (no seroconversion) 6
Immune checkpoint inhibition 6

MM; concomitant chronic inflammatory bowel disease (M. Crohn); 1

active immunosuppressive therapy (IL-12-/IL-23 monoclonal

antibody)

MM; concomitant malignancy (mantle cell lymphoma); previous 1

chemotherapy (R-CHOP, R-DHAP) and autologous stem cell

transplantation;

active immunosuppressive therapy (monoclonal CD-20 antibody)

MM,; previous chemotherapy (dacarbazine), last treatment 12 months 1

prior to time of vaccination

MM; concomitant malignancy (colorectal carcinoma); previous 1

chemotherapy (FOLFOX), last treatment 33 months prior to time of

vaccination

¢SCC; concomitant malignancy (chronic lymphocytic leukemia); 1

previous chemotherapy (cyclophosphamide, methotrexate,

fluorouracil), last treatment 15 years prior to time of vaccination

MM; concomitant malignancy (chronic lymphocytic leukemia) 1

Characteristics of 41 advanced skin cancer patients with active anticancer therapy who completed COVID-19 vaccination during study progress, corresponding to the time of first vaccine
application. Concomitant diseases and comedications of patients failing seroconversion are shown in detail. Abbreviations: MM, melanoma; ¢SCC, cutaneous squamous cell carcinoma; R-
CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, prednisolone; R-DHAP, rituximab, dexamethasone, cytarabine, cisplatin; FOLFOX, folinic acid, fluorouracil, oxaliplatin.
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Patient Characteristic

Median age(years)
Male sex
Female sex
White race
ECOG
0
1
Disease stage
Stage I1IC
Stage IV
Stage, distant metastases
Mla
Milb
Milc
Mid
Sum of target lesions
<60 mm
>60 mm
BRAF V600E/K
Median LDH

Prior adjuvant therapy

Overall Group
(n=9)

58
6

Cohort 1(P/V)
(n=4)

65
4

Cohort 2 (P/V/C)
(n=5)

57
2

o w o N
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Event Overall (n =9) Cohort 1 (n=4) Cohort 2 (n=5)

ALL Grades Grade = 3 ALL Grades Grade > 3 ALL Grades Grade > 3

Any event
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(SR
[T

Electrolyte abnormality

Arthralgias
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o o o
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o
MO O N NN W N U U u v

Burn
Neurotropenia

Thrombocytopenia

BN ON W oA A R A A LN N ®

Mucositis
Atrial fibrillation 1
Hypertension 1
Soft tissue infection 1

Thrush 1

© © ©o ©o o ©o © © © © o o N O
o
© © ©o ©o ©o ©o © © © © © ©

Pneumonitis 1

Adrenal Insufficiency 1 1 0
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Edema 1 0 0
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174 patients
- Advanced skin cancer (melanoma, Merkel cell carcinoma, squamous cell carcinoma, basal cell

carcinoma)

114 patients
- No systemic treatment
- Unknown vaccination and/or serological status

60 patients

- Systemic treatment for advanced skin cancer

- Known COVID-19 vaccination status

- Repetitive serum quantification of anti-SARS-CoV-2 IgG

19 patients

- Died from skin cancer prior to vaccination completion (n=7)

- External follow-up, no serological status after vaccination (n=6)
- Refusal of vaccination (n=3)

41 patients
- Complete COVID-19vaccination
- Serological status after complete vaccination

Outcome measures

- Anti-SARS-CoV-2 IgG seroconversion

- Outcome of COVID-19disease

- Outcome of systemic anticancer treatment
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Class

Chondral tissue
Dermis
Elastosis
Epidermis

Hair follicle
Skeletal muscle
Necrosis
Nerves
Sebaceous glands
Subcutis

Sweat glands
Vessels

BCC

$qCC

Naevi

Melanoma

Training, n (%)

by patches

4442 (62)
15878 (70)
136 (65)
10419 (74)
1437 (71)
6159 (80)
1641 (54
1201 (64
7268 (67
7370 (61
2533 (71
1068 (65
6919 (78
6793 (61
7923 (75

)
)
)
)
)
)
)
)
)
7784 (67)

by patient

9 (50)
134 (69)
1(33)
130 (70)
104 (71)
47 (73)
24 (67)
93 (68)
94 (69)
64 (65)
94 (71)
109 (71)
71 (76)
61 (61)
72 (73)
59 (68)

BCC, basal cell carcinoma; SqCC, squamous cell carcinoma.

Validation, n (%)

by patches

743 (10)
1857 (8)
6(3)
1086 (8)
250 (12,
904 (12,
468 (15)
219 (12)
1074 (10)
1245 (10)
220 (6
136 (8
(
(
(
(

)
)

)
)
1063 (12)
919 (8

)
944 (9)
1220 (10)

by patient

2(11)
20 (10)
1(33)
19 (10)
15 (10)
7 (11)
5 (14)
13 (10)
13 (9)
9(9)
11(8)
14.(9)
12 (13)
10 (10)
8 (8)
9 (10)

Test, n (%)

by patches

1992 (28)
4875 (22)
66 (32)
2613 (19)
325 (16)
669 (9)
924 (30)
464 (25)
2565 (24)
3438 (29)
818 (23)
439 (27)
941 (11)
3470 (31)
1762 (17)
2678 (23)

by patient

7 (39)
39 (20)
1(33)
36 (19)
27 (18)
10 (16)
7(19)
30 (22)
30 (22)
26 (26)
27 (20)
31 (20)
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Metric Model ID
Loss 19
BAC 20
MCC 19

BAC, balanced accuracy; ID, Identifier; MCC, Matthews correlation coefficient.

Epoch

27
28
27

loss

0.08955
0.08871
0.08955

Training
BAC

0.96953
0.96920
0.96953

MCC

0.96750
0.96760
0.96750

loss

0.18650
0.18998
0.18650

Validation

BAC

0.91650
0.94276
0.91650

MCC

0.93590
093178
0.93590
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First
author

Karam (1)
Hanawa (18)

Wakabayashi
(19)

Gunven (20)

Barth (21)

Ichiyama (22)

Hsieh (9)

Hsieh (9)*
Lu (23)

Nordmann
(24)

Nordmann

(24)

Bartoletti
(25)

Bartoletti
(25)*

Kimura (26)

Year of
publication

2008

2011

2012

2012

2015

2017

2019

2019
2019

2019

2019

2020

2020

2020

Primary
site of
EMPD

vulva
vulva
vulva
vulva
scrotum
vulva
vulva

vulva

scrotum

scrotum

scrotum

vulva

vulva

perianal

Inguinal
lymph node

involvement

yes

yes

yes

no

yes

yes

yes

yes

yes

yes

yes

yes

Sites of distant
metastases

/

axillary and
abdominal lymph
nodes

abdominal lymph
nodes, lung, liver
abdominal lymph
nodes, bone
cervical lymph nodes,
abdominal lymph
nodes, bone

/

/

/

abdominal lymph
nodes; bone and liver
thoracic and
abdominal lymph
nodes, lung

thoracic and
abdominal lymph
nodes, lung

abdominal lymph
nodes, lung pelvis;
abdominal lymph
nodes; anus
abdominal lymph
nodes, lung

abdominal lymph
nodes

*After progression to first line anti-HER2 therapy. “;” separate the information from different patients.

Anti-
HER2
therapy

trastuzumab
trastuzumab
trastuzumab
trastuzumab
trastuzumab
trastuzumab
trastuzumab

T-DM1

trastuzumab

lapatinib

trastuzumab

trastuzumab

T-DM1

trastuzumab

Chemotherapy in
combination
with anti-HER2
drug

1

paclitaxel

vinorelbine

paclitaxel

carboplatin +
paclitaxel

/

/5 paclitaxel

carboplatin

paclitaxel

PES with the anti-
HER2-based
therapy treatment
(months)

14
12

20
36

>12

>32

6
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primary resistance
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