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ABSTRACT OF THE PROJECT

Purpose: Limited data are available on the role of circulating tumor DNA of Human Papillomavirus
(HPV-ctDNA) as a pharmacodynamic marker to monitor response to treatment in the
recurrent/metastatic (R/M) setting. Our study aimed to investigate the sensitivity and
pharmacodynamic value of HPV-ctDNA levels during treatment in patients with R/M HPV-related
squamous cell carcinoma (SCC) treated with pembrolizumab in combination with vorinostat.
Experimental Design: Plasma samples were prospectively collected from HPV-related SCC patients
before treatment initiation and every six weeks until disease progression. HPV-ctDNA was quantified
using droplet digital PCR (ddPCR). The levels before treatment were analyzed according to patients
and tumor characteristics. Landmark analyses were performed to study the association between HPV-
ctDNA level variation and both progression-free survival and overall survival.

Results: HPV-ctDNA was detected before treatment in all 57 patients with an HPV-related SCC.
HPV-ctDNA levels correlated with the number of HPV copies in tumor tissues (p<0.001). Higher
levels of HPV-ctDNA in plasma samples were observed in anal cancer in comparison with other
tumor types (p<0.0001), and in patients with distant metastases with or without locoregional
recurrence as compared with patients with locoregional recurrence alone (p=0.02). The increase of
HPV-ctDNA levels during treatment was associated with a lower overall response rate (p=0.01), as
well as shorter progression-free survival and overall survival (both, p=0.01).

Conclusions: Dynamic HPV-ctDNA variation levels during treatment have a pharmacodynamic
value and may help monitoring treatment response in patients with advanced HPV-related SCC of

different locations.



INTRODUCTION: Personalized Oncology and Liquid Biopsy with a focus on HPV Circulating

Tumor DNA

1. Personalized Oncology and the Use of Biomarkers

Advances in novel laboratory techniques, such as DNA sequencing, gene expression profiling, DNA
methylation analysis, and proteomics, have greatly enhanced our understanding of cancer
development and progression. Since the publication of the first full human genome sequence was
published in 2001, large-scale projects such as The Cancer Genome Atlas (TCGA) and the
International Cancer Genome Consortium (ICGC) have characterized genomic alterations in solid
tumors (1). These initiatives have uncovered key mutations and molecular pathways critical to
oncogenesis and disease progression, significantly impacting cancer diagnosis, prognosis, and
treatment. These findings have also facilitated the tailoring of anticancer therapies, enabling a more
personalized approach in clinical settings. Additionally, they held important implications for high-
risk individuals, such as those with BRCA1/BRCA2 germline mutations, who may benefit from more
intensive cancer screening (2). Improved tumor acquisition and analysis methods can now identify
cancer cells subpopulations, revealing mechanisms of sensitivity or resistance to treatments. This
heterogeneity between (intertumoral heterogeneity) and within (intratumoral heterogeneity) tumors
significantly affects prognosis and therapeutic responses. Intratumoral heterogeneity can vary
significantly due to cellular (e.g., intercellular heterogeneity), genotypic (including genetic,
epigenetic, transcriptomic, and proteomic variations), and phenotypic changes (driven by factors like
hypoxia, pH, and extracellular signaling) (3). Moreover, at the molecular level, tumor evolution and
progression result from the accumulation of distinct driver mutations in different tumor cell
subpopulations, which vary across different sites of disease (spatial heterogeneity) and over time

within a single tumor lesion (temporal heterogeneity) (3)(4).



“Personalized oncology” aims to address these findings by adapting treatments to each patient’s
genetic and molecular profiles, optimizing therapeutic impact and reducing toxicity. This approach
involves the use of biomarkers that deliver patient- and tumor-specific molecular information (5).
Biomarkers, which reflect disease processes, play a central role in the disease diagnosis, treatment
responses prediction and the identification of resistance mechanisms. These tools have become
fundamental in advancing targeted cancer therapies and improving patient selection in clinical trials,
shifting oncology drug development from generalized cytotoxic treatments to highly precise,

molecularly targeted approaches (6).

Thus, the development of advanced technologies capable of capturing tumor heterogeneity is essential
in the current era. These technologies will contribute to a personalized approach, helping to identify
the most suitable treatments, improve response rates, enhance patients' quality of life, and reduce
healthcare costs. An urgent need for novel biomarkers that can enhance cancer diagnosis, prognosis,

and treatment prediction, ideally allowing for continuous monitoring throughout treatment, is crucial.

2 The Potential Role of Liquid Biopsy in Clinical Oncology

Currently, decision-making tools in oncology are limited. Standard imaging techniques are not always
reliable as they can lead to overdiagnosis (e.g., mammography) or pose significant challenges (as
seen in pancreatic cancer). Serum biomarkers, such as CA 19-9, have low specificity and sensitivity,
which can result in false positives or negatives (7) (8). Moreover, analyzing mutations from a single-
site tissue biopsy has several limitations. First, the procedure can be risky for the patient and, in some
cases, may be impossible due to the patient’s clinical condition. Additionally, tissue biopsies often
do not provide sufficient material for molecular analysis and they tend to underestimate tumor

heterogeneity and are not able to reflect the dynamic evolution of tumor clones over time (9).



A major advancement in oncology for characterizing tumor heterogeneity and plasticity, both at
diagnosis and during treatment, has been the development of a promising, minimally invasive tool.
All cells release materials into the bloodstream, such as cell-free DNA (cfDNA), RNA, proteins, and
vesicles like exosomes. Cancer cells exhibit a rapid turnover, leading to the continuous release of
tumor-derived nucleic acids and vesicles into circulation. Additionally, cancer cells themselves can

detach from the primary tumor and enter the bloodstream (10) (Figure 1).

Figure 1: Cell-free nucleic acids in the blood. Mutations, methylation, DNA integrity, microsatellite
alterations and viral DNA can be detected in cell-free DNA (cfDNA) in blood. Tumor-related cfDNA
(ctDNA), which circulates in the blood of cancer patients, is released by tumor cells in different forms
and at different levels. DNA can be shed as both single-stranded and double-stranded DNA. The
release of DNA from tumor cells can be through various cell physiological events such as apoptosis,
necrosis and secretion. The physiology and rate of release are still not well understood; tumor burden
and tumor cell proliferation rate may have a substantial role in these events. Individual tumor types

can release more than one form of cfDNA. (From: Schwarzenbach H, Nat Rev Cancer 2011, 10)
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This ability to analyze the molecular profile of solid tumors via a simple blood sample has garnered

significant interest in oncology and is known as liquid biopsy, offering a way to overcome the
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limitations of tissue biopsies. Liquid biopsy, which analyze circulating tumor components in the
blood, is minimally invasive and potentially allows for real-time monitoring of the tumor’s genetic
landscape, both at diagnosis and throughout treatment. It potentially captures the overall spatial

heterogeneity of the disease and can detect emerging subclones responsible for treatment resistance

(11)(12).

Circulating tumor DNA (ctDNA), which is tumor-related ¢cfDNA found in the blood of cancer
patients, is released by tumor cells in different forms and at different levels. It has already gained
considerable attention as a biomarker in cancer management due to its potential to provide real-time
insights into tumor dynamics. ctDNA has multiple potential clinical applications, including its use
for screening, characterization of early disease, detection of molecular residual disease after definitive
treatment, prediction of relapses, early assessment of treatment efficacy, monitoring of response and

identification of mechanisms of resistance to therapy (13)(Figure 2).

Figure 2: Potential clinical applications of circulating tumor DNA. (From: Pascual J, Ann Oncol

2022,13)
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Within the context of Human Papillomavirus (HPV)-related malignancies, HPV-ctDNA represents
a specific form of ctDNA, reflecting the presence of HPV DNA shed by tumor cells into the

bloodstream (14).



This thesis will primarily focuses on HPV circulating tumor DNA (HPV-ctDNA) as a promising
pharmacodynamic biomarker which is discussed in detail below. A pharmacodynamic biomarker
reflects the biological impact of a treatment on both the patient and the tumor. In oncology,
specifically, pharmacodynamics refer to the drug's effect on the patient and tumor, illustrating the
connection between drug exposure and the pharmacological response. Evaluating pharmacodynamics

helps determine whether a given drug dose effectively modulates the intended target.

3. The Role of Circulating HPV DNA in HPV-Related Malignancies

Human papillomavirus (HPV) is widely recognized as the leading cause of cervical cancer and plays
a significant role in other cancers, including anal and a subsite of head and neck squamous cell
carcinomas (HNSCC), the oropharyngeal squamous cell carcinoma (OPSCC). The detection of HPV-
ctDNA offers potential applications across the cancer care continuum, from early diagnosis to
treatment monitoring and post-treatment surveillance. The application of HPV-ctDNA in clinical
practice could be particularly valuable for cancers that lack known and readily identifiable precursor
lesions or approved early screening methods, such as OPSCC and anal cancers. For cervical cancer,
where routine screening through cytology and HPV testing has significantly reduced incidence and
mortality, HPV-ctDNA could complement existing methods by providing additional information,
particularly for monitoring disease progression or recurrence in advanced stages. In addition, HPV-
ctDNA analysis may potentially help monitor treatment response and guide adaptive therapy

strategies, particularly in systemic anti-cancer treatments across all solid HPV-related malignancies

(15).

Despite the promise of HPV-ctDNA, several challenges remain in the integration of this biomarker

into routine clinical use. The accuracy and sensitivity of HPV-ctDNA detection are influenced by the
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development of robust, reliable assays. Over the past decade, significant advancements have been
made in the technology used to detect HPV-ctDNA, including quantitative PCR (qPCR), droplet
digital PCR (ddPCR), and next-generation sequencing (NGS) (Figure 3). These methods enable the
detection of small amounts of circulating DNA, improving the sensitivity of HPV-ctDNA testing.
However, the standardization of these techniques and the establishment of clinical guidelines for their
use are necessary (16). Given the relatively recent emergence of HPV-ctDNA as a biomarker,
ongoing research is needed to establish its full potential in clinical oncology. Studies focusing on the
clinical utility of HPV-ctDNA in different types of HPV-driven cancers are crucial to validate its role

in diagnosis, treatment monitoring, and long-term follow-up.

Figure 3: Comparison of technologies for HPV-ctDNA testing. The blue blocks indicate the
probe/primer coverage for each method. A single PCR amplicon can coveronly one locus (such
as E6 or E7) (down left). While multiple amplicons can provide increased coverage, they are
still limited to specific sequences within the HPV genome (down the middle). It is possible to
cover both episomal and integrated HPV in full detail using probes tiling the entire genome
(down right). URR, Upstream Regulatory Region; Chr, Chromosome; qPCR, quantitative PCR;

dPCR, digital PCR; NGS, Next-generation sequencing. (From: Lin G, Clin Chim Acta. 2023, 16)
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4. Aims and Outline of the Thesis

The general aim of this thesis was the development of a pharmacodynamic-based approach to
evaluate HPV circulating tumor DNA during treatment with a combination of anti-PD1 and histone
deacetylase inhibitor in the recurrent/metastatic setting across various HPV-related squamous cell

carcinoma.

The work is divided into two sections:

e Section I provides an overview of HPV structure and its role in HPV-related malignancies.
e Section II is the core of this thesis, evaluating the role of HPV circulating tumor DNA as a
pharmacodynamic biomarker in HPV-related solid tumors in the recurrent/metastatic setting,

to monitor treatment response and disease progression and predict overall survival.
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SECTION I: HPV Overview Across Different Solid Tumors

1. HPV Infection and Cancer

Human Papillomavirus (HPV) is one of the most prevalent causes of sexually transmitted infections
globally and is the primary etiological agent behind several cancers, particularly cervical cancer.
HPVs possess a circular, double-stranded DNA genome of approximately 7—8 kilobase pairs (kbp).
The genome is divided into three distinct regions: the Upstream Regulatory Region (URR), which
houses the viral promoter, enhancer, and origin of replication; the early gene region (E), containing
six open reading frames (ORFs) (E6, E7, E1, E2, E4, E5); and the late gene region (L), encoding the
major capsid proteins L1 and L2. The core replication proteins E1 and E2 and the capsid proteins L1
and L2, are highly conserved across all papillomaviruses. The oncogenic HPV types are unique in
their production of E6 and E7 oncoproteins, which play a central role in cancer development (1). A
key function of these proteins is the maintenance of a cellular environment that promotes viral
replication by modulating host cell proliferation and differentiation. E7 binds and inactivates the Rb
protein (pRb), a tumor suppressor that regulates the cell cycle’s G1 checkpoint, thereby inducing S-
phase entry and promoting cell proliferation. Additionally, HPV E7 degrades pRb, which amplifies
this effect. Concurrently, E6 inhibits p53, another critical tumor suppressor, preventing growth arrest
and apoptosis. In high-risk (Hr) HPV infections, E6 further promotes cancer progression by
degrading p53 and by inducing the expression of telomerase, thus preventing cellular senescence.
The inhibition of p53 and pRb leads to unchecked cellular proliferation, genomic instability, and
increased resistance to apoptosis, which are key features of cancer development (2). HPV is classified
into two types: low-risk HPV (Lr-HPV) and Hr-HPV. Lr-HPV is mainly associated with the
development of anogenital and cutaneous warts, while Hr-HPV is primarily linked to cancers of the

oropharyngeal region (including oral, tonsil, and throat areas) and anogenital cancers, such as
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cervical, anal, vulvar, vaginal, and penile cancers. The causal link between HPV and cancer has been
well-established for many squamous cell carcinomas, with evidence supporting its association with
cervical cancer (99%), anal cancer (88%), penile cancer (50%), vaginal cancer (70%), vulvar cancer
(43%), colorectal cancer (35%), and oropharyngeal cancer (12-53%) (Figure 1). In approximately
90% of cases, HPV infections resolve spontaneously without causing clinical symptoms, and only a
small percentage of individuals progress to invasive cancers, depending on the HPV variant. Research
shows that the risk of invasive cervical cancer rises over time following a single positive HPV test,

reaching approximately 2.5% after 30 years. (3)(4).

2. HPYV associated Malignancies

HPV-associated malignancies exhibit distinct characteristics compared to HPV-unrelated cases that
are summarized below (Tablel). Notably, HPV-positive malignancies generally have better
prognostic outcomes than their HPV-negative counterparts (5). HPV-positive cancers tend to show
increased mutational activity driven by the Apolipoprotein B mRNA Editing Catalytic Polypeptide-
like (APOBEC) family of proteins, disrupted DNA repair pathways, and alterations in the tumor
microenvironment. In contrast, the pathogenesis of HPV-independent cancers is linked to specific
genomic mutations. For instance, HPV-negative cervical carcinomas are characterized by distinct
molecular profiles, including lower proliferative capacity, positive p53 immunostaining, decreased
expression of pl16, p27, and p14, as well as mutations in PTEN, p53, KRAS, CTNNBI1, ARIDIA,
and ARIDS5B. Additionally, these tumors show reduced expression of inflammation-related genes,
which may explain their poor response to immune checkpoint inhibitors, such as PD-1/PD-L1
inhibitors (6). A detailed characterization of clinical and molecular features for each HPV-related

tumor is reported below.

15



Figure 1: Major types of cancers linked to HPV infection and their prevalence. Created with

Biorender.com

Cervical cancer (99%)
Vulvar and vaginal cancer (43-70%)

Anal cancer (80%)
Colorectal cancer (31-35%)

Oropharyngeal cancer
(12-53%)

Penile cancer (50%)

Table 1: Unique Features of HPV Positive Malignancies (5)(7)

Significant Features of

) Mechanism Involved Type of Cancer
HPV-related Malignancy

Enhanced Cell cycle progression E6 and E7 mediated degradation of p33 All
and pRb
Increased radiosensitivity Regulation of wt-p33, accumulation of HNSCC, Cervical cancer,
double-gtranded DNA breaks Anal cancer
Dysregulation of homologous
] - 5 recombination by the overexpression of
Impeired DNA sepair pl6, Dysregulation of non-homologous HNSCC
HPV Positive end joining by pRB.
Cancers - . - - -
Upregulatgd immune checl-.polmts EJ. med1ate{1 PD-L1 expression, HNSCC, Cervical Cancer
proteins like PD-L1 and CTLA-4 Hypermethylation of DNA repair genes
Altered tumor immune Abundance of CDS8+ cells, Increased HNSCC, Cervical Cancer
microenvironment levels of IL-6, IL-8 and CXCL1
. - Higher APOBEC mutations, Disrupted .
Accumulation of mutations DNA . . HNSCC, Cervical Cancer

CpG methylation in both repetitive Higher Line -1 Methylation and higher

and non-repetitive regions genomic instability HNSCC
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2.1 Cervical Cancer

Cervical cancer remains a leading cause of cancer-related mortality among women worldwide.
Munoz et al. (8) conducted a pooled analysis of 11 case-control studies across various countries,
confirming the strong association between HPV infection and cervical cancer. The study identified
15 HPV types as high-risk, three as probable high-risk, 12 as low-risk, and three with undetermined
risk based on their progression to cervical cancer. Traditionally, the PAP test has been the primary
method for screening; however, it is invasive, time-consuming, and requires specialized expertise.
The increasing adoption of HPV vaccinations and the emergence of new detection technologies, such
as HPV self-testing, are reshaping the approach to cervical cancer screening (9). Several risk factors
are associated with HPV infection and the subsequent development of cervical cancer, including
sexual behavior, reproductive history, and socioeconomic status. The highest incidence is seen among
women who report early sexual activity (<16 years), multiple sexual partners, smoking, and lower
socioeconomic status (10) (11). Co-infection with other sexually transmitted infections (STIs),
particularly HIV, significantly increases the risk of HPV infection. Women with HIV are more likely
to acquire high-risk HPV types and have persistent infections (12) (13) (14) (15). Persistent HPV
infection can lead to the progression of cervical cancer. HPV promotes cell immortalization and
cervical dysplasia (also known as cervical intraepithelial neoplasia or CIN), which can progress from
mild to severe dysplasia and eventually to invasive cervical cancer. HPV oncoproteins E6 and E7
play critical roles in disrupting apoptosis and the cell cycle, particularly through inactivating tumor
suppressor proteins p53 and pRb (16). The E6 oncoprotein and E6-associated protein (E6AP), an E3
ubiquitin-protein ligase, facilitates the degradation of p53, a key mechanism in HPV-induced cervical
cancer (17). The Notch 1 gene, which typically induces cellular differentiation, is suppressed by E6
through the inactivation of p53, contributing to malignant transformations and blocking p53-mediated
apoptosis (18). Indeed, studies consistently demonstrate increased expression of p53 as cervical

cancer progresses (19) (20). HPV primarily infects the mucosal surface of the female reproductive
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tract, which serves as the first line of defense against infections, including HPV (21). Vaginal
microbiota plays a key role in maintaining homeostasis in this ecosystem, and its composition has
been extensively studied using 16s rRNA sequencing (22). Five distinct microbial community state
types (CSTs) have been identified, with four (CST-I, II, III, V) dominated by Lactobacillus species,
while CST-IV is characterized by a higher prevalence of anaerobic bacteria such as Gardnerella,
Atopobium, Prevotella, and others (22). Vaginal dysbiosis, marked by a reduction in Lactobacillus
species and an increase in anaerobic bacteria, can lead to bacterial vaginosis (BV), disturbing vaginal
homeostasis and increasing the risk of HPV infection and progression to cervical intraepithelial
neoplasia. BV has been associated with elevated pro-inflammatory cytokines and reduced levels of
SLPI (Secretory leukocyte protease inhibitor), an anti-inflammatory cytokine, altering immune
responses and enhancing susceptibility to HPV infection. Oxidative DNA damage linked to BV,
driven by reactive oxygen species, can cause DNA breaks, enhancing HPV viral acquisition and
integration and leading to neoplastic transformation, as promoted by HPV E6 (23). Numerous studies
confirm that a healthy balance of Lactobacillus species correlates with lower rates of HPV infection
and HPV clearance, while the presence of anaerobic species like Gardnerella increases the risk of
HPYV acquisition and progression to cervical cancer (24)(25)(26)(27)(28)(29). L. iners, one species of
Lactobacillus, is known to contribute to dysbiosis and is associated with a higher incidence of HPV
infection (28). In addition to microbiological factors, epigenetic mechanisms like microRNAs
(miRNAs) also regulate gene expression in HPV-induced cervical cancer. miRNAs are small non-
coding RNAs that modulate post-transcriptionally gene expression and may act as either oncogenic
miRNAs (OncomiRs) or tumor suppressor miRNAs. miR-21, miR-19a, and miR-19b, which are
overexpressed in various cancers, including cervical cancer (30). For instance, miR-21, for example,
negatively regulates PDCD4 (Programmed cell death 4), a key regulator of apoptosis, and its
interaction with miR-21 promotes tumor growth (31). Similarly, miR-19a and miR-19b enhance cell

proliferation and differentiation in vitro in HeLa and C-33a cell lines (30). Oncogenic miRNAs such
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as miR-9, miR-10, and miR-205 promote cell invasion, proliferation, and metastasis by dysregulating
target genes, while tumor suppressor miRNAs like miR-26a, miR-126, and miR-132 inhibit these
cancer hallmarks (30). Chronic inflammation, characterized by the production of Reactive Oxygen
Species (ROS), cytokines, and growth factors, is also a key driver of cervical cancer. Persistent HPV
infection, facilitated by E6 and E7 oncoproteins, modulates the NF-kB pathway, promoting
inflammation. Activation of the NF-kB-mediated COX2/Caspase-1 signaling pathway induces cell

proliferation, inflammation, and apoptosis in cervical cancer (32)(33).

2.2 Oropharyngeal Cancer

Head and neck cancer is the sixth most common cancer type globally, primarily driven by smoking
and tobacco use. Notably, HPV, particularly the HPV-16 and 18 genotypes, are significant risk factors
for oropharyngeal cancer (OPSCC) (34)(35). Globally, as of 2021, 33% of OPSCCs are HPV-

positive(36). Similar to cervical cancer, the development of HPV-driven head and neck squamous

cell carcinoma (HNSCC) from a transforming infection may take more than 10 years (37). Studies
reveal that repressing viral oncogene expression in HPV-positive oropharyngeal cancer cells triggers
extensive apoptosis and restores tumor suppressor pathways like p53 and pRb (38) (39). These
cancers, distinct from those caused by smoking and tobacco, demonstrate unique biological and
clinical features. (Figure 2). Wild-type TP53 activation, the PIK3CA mutation, decreased EGFR
expression and increased p16 expression, are all hallmarks of HPV-induced head and neck cancers

(40)(41)(42).
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Figure 2: Candidate therapeutic targets and driver oncogenic events. Alteration events for key genes

are displayed by sample (n 279). TSG, tumour suppressor gene (From: Cancer Genome Atlas

Network, Nature 2015, 43)
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A combination of immunohistochemical (IHC) staining for p16 and in situ hybridization (ISH) for

high-risk HPV shows high sensitivity (97%) and specificity (94%) to detect HPV positivity (44). The

eight edition of the American Joint Committee on Cancer (AJCC) staging system distinguishes p16-

negative from p16-positive OPSCC to reflect the better prognosis associated with the latter (44).

2.3. Vulvar and Vaginal Cancer

While high-risk HPV (Hr-HPV) is a well-established cause of cervical cancer, its role in vulvar and

vaginal cancers remains debated. Vulvar squamous cell carcinoma (VSCC) accounts for 4—6% of all

gynecological cancers (45) and those related to HPV are currently 43%. Two pathways are linked to

vulvar cancers: one involves autoimmune responses and is HPV-negative (often related to TP53
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mutations in women over 69), and the other is associated with persistent Hr-HPV infection,
particularly in younger women (46) (47). A 2009 meta-analysis estimated that 84% of vulvar
intraepithelial neoplasia (VIN) cases were HPV-positive (48). Some studies have shown that the

presence of HPV DNA in tumor tissue is a positive prognostic factor for VSCC (49)(50).

Vaginal cancer constitutes 1-2% of all gynecological cancers (51)(52), with 67% of cases being
linked to HPV, according to a recent metanalysis (53). Most vaginal cancers occur in post-
menopausal women, though the increasing prevalence of HPV has led to more cases in younger
women as well. Persistent HPV infection, particularly HPV-16, has been implicated in the
progression to vaginal cancer (54) (55) (56) (57). One unusual case reported the presence of HPV-
68 in an HIV-positive woman with vaginal squamous cell carcinoma, suggesting that other HPV
subtypes may also have an oncogenic potential (58). Although HPV and p16 status have been shown
to improve prognosis in patients with vaginal cancer, their prognostic value remains to be better
explored compared to other HPV-related cancers (59). Further research is needed to fully understand

the burden of Hr-HPV in vaginal cancer.

2.4. Anal Cancer

Anal cancer, although rare (accounting for less than 5% of gastrointestinal cancers), has seen a rise
in incidence among both men and women, with HIV-positive patients and those with other sexually
transmitted infections, being at particularly high risk (60) (61) (62). HPV-16 is the causative agent in
approximately 90% of anal cancers linked to Hr-HPV subtypes (63). In HIV-positive patients,
immunosuppression increases the risk of persistent HPV infection and subsequent anal cancer
development (64) (65). Studies have shown a 40.1% prevalence of Hr-HPV infections and a 39.5%

rate of abnormal anal cytological lesions in women with HIV (66). Women with a history of cervical
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cancer or cervical lesions face an increased risk of anal cancer and the prevalence of anal cancer
appears to rise with the grade of cervical lesions (67) (68). A study found that 15% of women with
low-grade squamous intraepithelial lesions (LSIL) had anal cancer, increasing to 55% in those with
microinvasive carcinoma (69). However, other research found no significant association between
LSIL and High-grade Squamous Intraepithelial Lesions (HSIL)/SCC with anal HPV infection,
indicating that multiple risk factors contribute to anal cancer progression, requiring further

investigation (70).

2.5 Other Cancer Types Associated with HPV

In addition to the major cancers mentioned earlier, HPV has also been associated with breast, penile,
ovarian, renal adenocarcinomas, lung, liver, and even brain cancers. However, studies linking HPV
to these malignancies are relatively limited, and the mechanisms through which HPV contributes to
cancer development in these cases remain unclear. Penile cancer is a rare malignancy, affecting
between 0.1 and 1 in 100,000 men in high-income countries (71), and accounting for approximately
0.5% of all cancers in men (72). HPV-associated penile squamous cell carcinoma often presents with
warty or basaloid features, eventually progressing to penile intraepithelial neoplasia (73). The
detection of HPV DNA in invasive penile carcinoma varies widely, with studies reporting detection
rates ranging from 14% to 100%, depending on the diagnostic method used (74). However, the precise
mechanisms by which HPV contributes to malignancy in penile cancers require further detailed

investigation.
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2.6 Prophylactic and therapeutic vaccines anti-HPV
Three prophylactic HPV vaccines directed against L1 proteins of the viral capsid have been produced,
namely bivalent (HPV16/18), quadrivalent (HPV6/11/16/18), or nonavalent
(HPV6/11/16/18/31/33/45/52/58). However, they are ineffective in the treatment of HPV-induced
cancers (75). Indeed, prophylactic vaccines elicit the production of neutralizing antibodies that bind
to the viral capsid L1 proteins and block virus entrance into host cells, however, these proteins are
not expressed in already infected basal epithelial cells, thus preventing the identification or
eradication of already infected cells (76).
Nevertheless, HPV-positive cancer cells generate non-self antigens, which could become potential
targets for a vaccination strategy (77). Ideal HPV-derived antigens are the oncoproteins E6 and E7
because they are expressed constitutively, at high levels, and exclusively in cancer cells. In addition,
these oncoproteins are also essential for the onset and maintenance of malignancy.
Several clinical trials are investigating the use of different tumor antigens and delivery platforms in
the treatment of HPV-induced cancers (Filippini et al., submitted).
Among peptide-based cancer vaccines, we can mention the “trojan” peptide vaccine based on a
peptide derived from the HPV-16 E7 antigen (78,79), ISA101 vaccine that includes 13 long synthetic
peptides of 25 to 35 amino acids encompassing the entire sequence of HPV-16 E6 and E7 (80), DPX-
E7 that is a synthetic peptide consisting of amino acids 11 through 19 of the viral oncoprotein HPV-
16 E7 (76,81), and a liposomal multipeptide therapeutic vaccine targeting HPV-16 E6/E7 (PDS0101)
(81).
Concerning vaccines derived from infective agents, a live attenuated vaccine based on Listeria
monocytogenes, ADXS11, has been produced with a fragment of the toxin listeriolysin O (LLO) that
is fused to the oncoprotein HPV-16 E7 (82,83). In addition, we can mention TG4001 vaccine, which
is a non-propagative, highly attenuated vaccinia vector (MVA) that was engineered to express the

coding sequences of E6 and E7 and IL-2 cytokine (84).
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SECTION II: HPV circulating tumor DNA as a marker to monitor response to pembrolizumab

and vorinostat combination in patients with advanced HPV-related squamous cell carcinoma

INTRODUCTION

In an era of personalized and precision-oriented medicine, the utility of liquid biopsy is emerging to
optimize therapeutic management for patients with various malignancies (1). Different types of
circulating markers include micro-vesicles exosomes, microRNAs, circulating tumor cells,
circulating tumor (ct) DNA and circulating EBV DNA that could potentially be useful for cancer
screening and diagnosis, prognosis definition and treatment response monitoring (2,3).

In recent years, HPV-ctDNA has been recognized as a promising pharmacodynamic
biomarker for monitoring and surveillance of patients with HPV-related cancers(4-8). HPV-ctDNA
detection by ddPCR technique became widely established thanks to its enhanced sensitivity as well
as its ability to perform absolute quantification, surpassing the capabilities of quantitative polymerase
chain reaction (QPCR) (9-12). Most of the current evidence supporting the use of HPV-ctDNA to
monitor treatment response originated from patients undergoing chemoradiation in the curative
setting for HPV-related oropharyngeal, anal and cervical cancers (13-16). Previous studies in
oropharyngeal and anal cancers showed that rapid clearance of HPV-ctDNA during treatment was
associated with a favorable outcome (13,15). Conversely, patients with persistent HPV-ctDNA at the
end of treatment displayed a higher risk of persistent or recurrent disease after chemoradiation. In a
trial including locally advanced cervical patients, mostly squamous cell cancers (SCC), residual HPV-
ctDNA detection after chemoradiation was associated with shorter disease-free survival (DFS) and
overall survival (OS)(10). Similarly, in locally advanced anal SCC patients, residual HPV-ctDNA
after chemoradiation was associated with a poor outcome (17).

Additionally, the longitudinal HPV-ctDNA analysis in patients with HPV-related tumors

following a curative treatment has appeared more reliable in detecting clinical disease recurrence
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(18). These findings have been observed in patients with oropharyngeal and cervical cancers
suggesting that repeated timepoints to draw HPV-ctDNA after primary treatment may be required to
better predict relapse (8,19). To date, limited evidence has been documented on the clinical validity
of HPV-ctDNA levels variation as a pharmacodynamic marker of treatment response in the
recurrent/metastatic (R/M) setting (6,7, 20-22).

In this study, we present the results of a longitudinal HPV-ctDNA analysis in patients with
R/M HPV-related SCC from different primary locations enrolled in the PEVO trial who received
pembrolizumab combined with vorinostat and the correlation between HPV-ctDNA dynamic changes

and the clinical outcome.

PATIENTS AND METHODS

Study design and patients cohorts

The PEVO trial (See Appendix I) was an open-label, non-randomized, multicenter phase II basket
trial, evaluating the efficacy of an immune checkpoint inhibitor targeting PD1 (pembrolizumab)
combined with an epidrug targeting histone deacetylases (vorinostat), in patients with R/M SCC from
different primary locations (Borcoman ef al., submitted). In this trial, tumor tissue before treatment
initiation, as well as sequential blood samples were collected in order to identify prognostic and
pharmacodynamic biomarkers (23).

Patients received treatment with pembrolizumab 200 mg flat dose every three weeks
administered intravenously and vorinostat 400 mg daily given orally. Conventional computed
tomography (CT) scans were performed every six weeks (every two cycles). Plasma samples were
collected before treatment initiation (T0) and every six weeks until disease progression: at cycle 3
(T1), at cycle 5 (T2), and/or at disease progression (T3), whichever occurred first (Figure 1). The
disease staging was carried out according to the eighth Edition of the American Joint Committee on

Cancer (AJCC) (24). Tumor response evaluations were performed according to RECIST1.1 (25).
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Written informed consent was obtained from all patients prior to study entry. The study was
compliant with the Declaration of Helsinki and Good Clinical Practice and was approved by the
appropriate ethics committees. The clinical protocol was sent to French regulatory agencies in March
2020 by UNICANCER and approved on June, 2™ 2020 by “Agence Nationale de Sécurité du
Médicament” (ANSM) and “Comité de Protection des Personnes” (CPP) in France, under the
following references : Protocol n°: UC-GMP-1908; EudraCT n°: 2019- 003839-33, and NCI
Identifier : NCT04357873.

This ancillary pre-planned study focused on patients with R/M HPV-related SCC of the anus,
cervix, vulva/vagina, penis, and head and neck. All patients had a plasma sample collected before
treatment initiation and at least one sample collected during treatment or at the time of disease

progression.

HPYV typing in tumor tissues
Total genomic DNA was isolated from tumor tissues with AllPrep DNA/RNA Mini kit (Qiagen),
according to the manufacturer’s protocol, at the Integrated BioBank of Luxembourg (IBBL,
Luxembourg). Real-time PCR using 20 ng of DNA, Sybr®Green PCR Master mix and specific
primers for HPV16, HPV18 and HPV33 types was performed on a QuantStudio™ 7 Flex Real-Time
PCR System (Thermo-Fisher Scientific), according to the previously described conditions (26).
Additional PCR using consensus GP5+/GP6+ primers, which can detect a large spectrum of
HPV types, was performed on samples found negative for HPV16/18/33, according to the previously
described conditions (27). Sanger sequencing using GP5+ primer was conducted on the PCR products
and HPV type was identified by comparing the obtained sequence with the reference sequences.
HPV typing was performed on 5 pL of cell-free DNA isolated from plasma samples when

tumor tissues were not available.
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HPYV ctDNA quantification

Plasma samples were kept at -80°C until DNA isolation. Cell-free tumor DNA was extracted from 3
to 8 mL of plasma at the Integrated BioBank of Luxembourg (IBBL, Luxembourg) using the
QIAsymphony SP instrument (Qiagen) following the manufacturer’s instructions. The eluate volume
ranged from 36 to 52 puL, depending on the samples. Eluates were stored at -20°C until HPV-ctDNA
analysis.

The HPV-ctDNA analysis was performed by ddPCR using TagMan probes to detect the E7
gene of the different HPV types previously identified in the tumor tissue, including HPV16, HPV18,
HPV31, HPV33, HPV35, HPV59 and HPV73 types. Primer and probe sequences, amplicon sizes and
annealing temperatures are given in Supplementary Table 1. The ddPCR reactions were conducted in
triplicates, with the maximal volume of ctDNA template (8 pL), on the QX200 system (Bio-Rad
Laboratories) as per the manufacturer’s protocol(10). The ddPCR reaction was multiplexed with a
commercial human ddPCR assay targeting the RPP30 (Ribonuclease P/MRP Subunit P30) gene
(dHSaCP2500350, Bio-Rad Laboratories), serving as the human DNA reference, to quantify ctDNA.
For each patient, DNA from the matching tumor was tested as a positive control, and a triplicate of
no template DNA was tested as a negative control for each plate. Following our previous findings,
plasma samples were deemed HPV-positive if at least three droplets containing HPV amplicons were
present (9). A plasma sample was considered HPV-negative when fewer than 3 or no droplets
containing HPV amplicons were detected, while more than 500 copies/mL were detected for the

RPP30 human reference gene.

Tumoral HPV copy number
The HPV copy number in tumor tissues was assessed through ddPCR, with the same HPV-specific
and RPP30 assays used in the HPV-ctDNA quantification experiment. Each experiment was

performed with 5 ng of DNA extracted from tumor tissues. The RRP30 gene served as a reference,
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representing two copies of DNA sequences per cell. The HPV copy number in tumor tissues was
derived by doubling the ratio of HPV E7 to RPP30 obtained from the ddPCR experiment, this value

retained as indicative of the HPV copy number within the tumor tissue.

Statistical analysis

This report was written in accordance with REMARK criteria (28). For this study, no pre-specified
power was calculated, since this is an ancillary study of a clinical trial. Clinico-pathological
characteristics and biological parameters were summarized by frequency and percentage for
categorical variables, and by median and range for continuous variables. Variation of HPV-ctDNA
levels between TO and T1 was calculated as the relative difference between the two time points [i.e.
(HPV-ctDNA (T1) — HPV-ctDNA (T0)) / HPV-ctDNA (TO0)] and was expressed in percentage. A
similar methodology was used to determine the variations between the other timepoints. Associations
between HPV-ctDNA levels at TO and baseline clinico-pathological characteristics were assessed
using the Mann-Whitney test. Associations between variations of HPV-ctDNA level (T0-T1) and
response were assessed using the Mann-Whitney test (percentage of variation) and the Chi-squared
test (increase versus decrease).

Progression-free survival (PFS) was defined as the time from inclusion until disease
progression or death from any cause, and OS as the time from inclusion until death from any cause.
PFS and OS were assessed using the Kaplan-Meier method. Associations between variations of HPV-
ctDNA levels (T0-T1) and PFS and OS were assessed using the Logrank test and the Cox proportional
hazards model. Hazard ratios (HR) were estimated with 95% confidence interval (95%CI). To prevent
immortal-time bias, landmark survival analyses were performed, leading to the exclusion of patients
with a PFS or OS duration less than the maximum delay between inclusion and T1 (n=12 and 2

patients excluded respectively).
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All statistical tests were two-sided and p-values less than 0.05 were considered statistically
significant. Statistical analyses were carried out using STATA v18 (StataCorp, College Station, TX,

USA) software.

RESULTS

Patient characteristics

Among the 112 patients enrolled in the PEVO trial, we identified 65 patients (58%) with HPV-related
tumors, including 57 patients (88%) with available plasma samples before treatment (T0) (Figure 1).
The clinical and biological baseline characteristics according to the HPV-ctDNA levels are reported
in Table 1.

Most patients were female (81%) and were aged 60 or older (54%). The most common
primary tumor location was anus (47%), followed by cervix (28%), vulva/vagina (4%), penis (7%),
and head and neck (3%). The majority of patients (86%) had distant metastases (with or without
locoregional disease) while 8 patients (14%) presented only a locoregional recurrence. Overall,
HPV16 was detected in 84% of tumors, whereas HPV 18 was identified only in two cervical cancers.
Less frequent HPV subtypes (31, 33, 35, 59, 73) were present in 12% of SCC (Table 1). Clinical and
biological baseline features according to the tumor site are reported in Supplementary Table 2.

Out of the 57 included patients, 52 (91%) had both TO and T1 plasma samples. Among them,

43 (83%) and 16 (31%) patients had additional T2 and T3 plasma samples, respectively (Figure 1).

HPYV circulating tumor DNA detection before treatment (T0)

At TO, HPV-ctDNA was successfully detected in all 57 patients (100%) (Figure 2A). The median

HPV-ctDNA concentration at TO was 1,414 copies/mL [range: 1; 4,781,967) in the whole cohort
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(Table 1). There was no significant association between HPV-ctDNA levels and age, sex or HPV
type (Table 1).

We observed a significant difference in HPV-ctDNA levels according to the primary tumor
location. The level of HPV-ctDNA was significantly higher in the anus cohort compared with the
cervix cohort (p<<0.0001) (Table 1, Figure 2A). This difference was still significant when comparing
anal cancers with all genital cancers combined together (cervix, penis, vulva and vagina tumors)
(p<0.0001) (Figure 2A). Head and neck squamous cell cancer (HNSCC) was excluded from this latter
analysis due to its limited sample size. Similarly, HPV copy number in tumor tissues was significantly
higher in the anal cancer cohort compared to the cervical cancer cohort (p=0.03) (Figure 2B). Based
on the analysis of 51 patients with available tumor tissue, we observed a positive correlation between
plasma HPV-ctDNA levels at TO and HPV copy number in tumor tissue (r=0.62, p<0.0001,
Spearman) (Figure 2C).

Finally, we observed that the median level of HPV-ctDNA at TO, in patients with distant
metastases with or without locoregional disease, was significantly higher compared to patients with
only a locoregional recurrence (1718 copies/mL versus 209 copies/mL, p=0.02) (Table 1). However,

this increase was not significantly associated with the number of metastatic sites (Table 1).

Pharmacodynamic value of HPV-ctDNA levels

Out of 57 patients, 52 were evaluable for the assessement of HPV-ctDNA levels variation between
TO and T1. All patients experienced a modification of HPV-ctDNA levels (range of variation: -100%;
+5700%), including three patients who had a variation lower than 10%. Among them, 19 patients
(36%) demonstrated an objective response to the treatment, including 7 patients (13%) with a
complete response (CR), and 12 patients (23%) with a partial response (PR). Stable disease (SD) was
observed in 21 patients (40%), while 12 patients (23%) experienced an upfront progressive disease

(PD) (Supplementary Table S3).

35



All patients experiencing a CR had a decrease (n=4) or a complete clearance (n=3) of HPV-
ctDNA levels in their T1 sample compared to TO. In 10 out of the 12 patients (83%) with a T1
available sample achieving a PR, a decrease in HPV-ctDNA levels at T1 was observed. The decrease
in HPV copies persisted over time, until patients experienced PD. Nine out of 17 responder (CR/PR)
patients (52%) who had an initial decrease in HPV-ctDNA are still alive without PD (Figure 3).

Among the 23 patients who achieved a SD as the best overall response, an increase of HPV-
ctDNA in their T1 sample (n=7) or in their T2 sample (n=7) was associated with subsequent disease
progression (Figure 3).

Overall, we observed that the early decrease of HPV-ctDNA levels at T1 was significantly
more frequent in responder patients (CR/PR) compared to non-responders (SD/PD) (89.5% versus
54.5%, p=0.01) and the level of decrease was significantly higher in responders (p=0.0001) (Figure
4, Supplementary Table S3). Conversely, an increase in HPV-ctDNA levels was significantly more
frequent in non-responder patients (SD/PD) compared to responder patients (CR/PR) (45.5% versus
10.5%, p=0.01) (Figure 4, Supplementary Table S3).

Increasing HPV-ctDNA levels from TO to T1 strongly correlated with adverse clinical
outcomes. The 6-months PFS rate was 22.2% (95%CI, 3.4; 51.3) in patients with increasing
HPV-ctDNA levels, and 59.1% (95%CI= 39.3; 74.4) in patients with decreasing HPV-ctDNA levels
(p=0.01) (Figure 5A). Similarly, the 6-months OS rate was 60% (95%CI, 31.8; 79.7) in patients with
increasing TO-T1 HPV-ctDNA levels versus 91.4% (95%CI= 75.7; 97.2) in patients with decreasing
HPV-ctDNA levels (p=0.01) (Figure 5B).

Taken as a continuous variable, an increase in HPV ctDNA between TO and T1 was associated
with a shorter PFS (HR [per 10% variation unit]=1.01; 95%CI, 1.00-1.01, p=0.004) and OS (HR [per
10% wvariation unit]=1.00; 95%CI, 1.00-1.01, p=0.005) in univariable analysis. No multivariable

analyses for OS and PFS were carried out due to the small number of patients.
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DISCUSSION

In this prospective study of different cohorts of R/M HPV-related SCC patients, we found that (i)
HPV-ctDNA was detected before treatment in all patients, and that (ii) variations of HPV-ctDNA
levels during treatment predicted tumor response and survival.

The detection of HPV-ctDNA by ddPCR is feasible and reliable as it reflects the abundance
of circulating copies. The ddPCR is a rapid, cost-effective, and highly sensitive technique that offers
enhanced sensitivity, reproducibility, and absolute quantification in HPV-ctDNA detection,
compared to other methods (9). Our 100% detection rate of HPV-ctDNA by ddPCR in pretreatment
blood samples is in line with previous studies in both localized and R/M HPV-related different cancer
types (6,29). HPV-ctDNA levels correlated with HPV copy number in tumor tissue, consistently with
our previous findings (10)(19). It remains to establish a cut-off value of pretreatment HPV-ctDNA
levels and investigate its prognostic significance, similar to the approaches taken by Chung ef al. and
Mazurek et al. who recently reported that patients with R/M and localized disease, respectively,
presenting pre-treatment high levels of HPV-ctDNA had a lower overall response rate, shorter
PFS/OS, and improved risk of distant metastases (21,30).

Our results also suggest that, beyond the viral load in the tumor tissue, several factors such as
disease setting (only locoregional recurrence versus metastatic disease with or without locoregional
recurrence) and tumor primary site may influence HPV-ctDNA levels detection. Previous studies,
mainly in localized/locally advanced cervical cancer, reported that levels of HPV-ctDNA increased
with tumor stage, and that HPV detection rate was also significantly higher in patients with lymph
node involvement (10,19,31-33). In our study, patients with metastatic disease with or without
locoregional recurrence exhibited higher levels of HPV-ctDNA compared with those with only
locoregional recurrence, supporting the correlation between tumor burden and ctDNA levels, as
reported in previous studies (22,34-36). The specific relationship between plasma biomarker levels

and tumor burden is complex and may be influenced by factors such as greater apoptosis rates in the
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metastatic disease with a subsequent release of more ctDNA into the bloodstream than a localized
recurrence (34).

We report for the first time that HPV-ctDNA levels may differ according to the cancer type since
HPV-ctDNA levels were significantly higher in anal cancer compared to cervical cancer or to all
genital cancers taken together. This difference might be explained by the difference in HPV copy
number in tumor tissue, with anal cancers presenting the highest tumoral HPV copy number levels.
Further studies are needed to confirm this result and to investigate if additional factors, such as HPV
type, may have an impact on HPV-ctDNA levels. Due to the predominance of HPV16 in our cohort,
we were not able to establish a link between other HPV types in tumor tissue and ctDNA levels.
Previous studies have however reported a lower detection rate of HPV-ctDNA in HPV18-related
tumors(10-12).

Finally, the main result of our study was the pharmacodynamic value of HPV-ctDNA during
treatment in patients with advanced SCC of different primary sites. Increased HPV-ctDNA levels
during treatment were significantly associated with a lack of objective response and poor survival,
whereas almost all responder patients displayed a decrease or a clearance of HPV-ctDNA.

So far, few studies evaluating the kinetics of HPV-ctDNA and its correlation with clinical
outcome were conducted in small cohorts of patients with R/M HNSCC or cervical/vulvar cancers
treated with immunotherapy (6,20,22). Although our study involved a combination of immune-based
treatment including pembrolizumab and vorinostat, our findings are consistent with those reported in
previous studies involving only immunotherapy. Kang ef al. reported that, in a cohort of nine patients
with metastatic cervical cancer receiving tumor-infiltrating lymphocyte (TIL) infusion, six patients
who had PD remained positive for HPV-ctDNA at all timepoints, whereas the three responder patients
turned negative for HPV-ctDNA early after treatment initiation (6). Haring et al. also observed that
an increase greater than 60% of HPV-ctDNA levels after one cycle of treatment was associated with

PD in a cohort of 16 R/M HNSCC patients, including seven patients undergoing immunotherapy (20).
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In a report of a R/M anal SCC patient who experienced a PR to single-agent nivolumab, a
transient 10% increase in HPV-ctDNA immediately after the second dose of nivolumab was
documented, after which HPV-ctDNA dropped by over 95% after four doses (7). More recently,
Huffman et al. reported a significant correlation between decreasing levels of HPV-ctDNA from
baseline to three and six weeks and clinical benefit (defined as the percentage of patients with a CR,
PR or SD for at least 6 months’ duration) and longer PFS compared to patients with increasing levels
during treatment with pembrolizumab in a cohort of 32 patients with metastatic or locally advanced
incurable anal SCC (37).

Although not tested in this study, HPV-ctDNA could help clinicians to interpret equivocal
imaging results, such as pseudoprogression or mixed response with immune checkpoint inhibitors
(20,38,39).

We ackwnowledge that our study has some limitations. First, some cohorts had few patients,
such as HNSCC and penile cancers. Second, the majority of tumors were HPV16-related, with a
limited representation of HPV 18 and other less common HPV types. Consequently, we were not able
to observe association between HPV-ctDNA level and any specific HPV type.

In conclusion, our study confirms that the HPV E7 gene is a sensitive and a suitable
pharmacodynamic biomarker for treatment monitoring of patients with R/M HPV-related SCC.
Further studies are warranted to validate the clinical implications of HPV-ctDNA levels, particularly
for optimizing the management of R/M SCC within multimodal treatment strategies. Additionally,
these studies should aim to establish an appropriate threshold for HPV-ctDNA variation during

treatment to guide clinical decision-making.
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TABLES AND FIGURES

Table 1: Patient characteristics and HPV-ctDNA levels before treatment

HPV ctDNA (copies/mL)
Characteristics All patients Median Range p-value
Total N=57 1,414 1; 4,781,967
Sex 0.67
Male 11 (19%) 975 16; 55,538
Female 46 (81%) 1,415 1;4,781,967
Age 0.40
<60 years 26 (46%) 898 2; 168,613
>60 years 31 (54%) 1,415 1; 4,781,967
Primary cancer site <0.000] AnusvsCervi
Anus 27 (47%) 18,257  25;4,781,967
Cervix 16 (28%) 234 1; 39,187
Vulva/Vagina 8 (14%) 1,227 16; 168,613
Penis 4 (7%) 520 16; 1,718
Head and Neck 2 (3%) 27,788 38; 55,538
Disease setting 0.02(FRRvsDistan)
LRR 8 (14%) 209 13; 4,129
Distant metastases (+/- 49 (86%) 1,718 1;4,781,967
LRR) 0. 47(1 sitevs>2 sites)
1 site 12 21% 1,399 2; 20,654
2 sites 20 (35%) 1,812 1; 4,781,967
>3 sites 17 (30%) 1,763 5; 342,192
HPV types 0. 07(HPV] 6vs18+other)
HPV16 48 (84%) 1,626 1; 4781967
HPV18 2 (4%) 514 57; 970
Other (31, 33, 35, 59, 73) 7 (12%) 393 5; 12,693

Abbreviations: LRR: Locoregional recurrence; p: Mann-Whitney test.



Figure 1: Overview of the study design
Patients selection for HPV-ctDNA analysis at different timepoints (TO= before treatment initiation;
T1= at the first radiographic evaluation after 2 cycles of treatment; T2= at the second radiographic

evaluation after 4 cycles of treatment,; T3= at disease progression).

Time on systemic treatment: pembrolizumab 200mg g3w + vorinostat 400 mg/daily

6 weeks 6 weeks

+ 7 days + 7 days
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Figure 2: HPV-ctDNA detection by droplet digital PCR before treatment

Circle, square and triangle correspond to patients with HPV16-related tumors, HPVIS8-related
tumors and other HPV-related tumors, respectively. (A) HPV-ctDNA levels (log scale) according to
different tumor primary locations, group median is represented by a horizontal bar (Mann-Whitney
test). (B) HPV copy number in tumor tissues (log scale) according to different primary tumor
locations,; group median is represented by a horizontal bar (Mann-Whitney test). (C) Positive
correlation between HPV-ctDNA levels and HPV copy number in tumor tissues (log scale). Spearman

correlation, r=0.63 (p < 0.001).
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Figure 3: Evolution of HPV-ctDNA during treatment

Each line represents a single patient (n=>57). The length of each line corresponds to the duration of

follow-up. Red (e), green (®) and white (o) circles correspond to an increase in HPV ctDNA level, a

decrease in HPV ctDNA level, and a clearance of HPV ctDNA, respectively. Time zero indicates the

time of enrollment into the study. Blue arrow, (=), black cross (x), and plus sign (+) mean patient

alive
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Figure 4: Waterfall plot illustrating response according to HPV-ctDNA fold change levels (%)

from TO0 to T1 in each patient (n=52)

For 1 patient, the fold change was 5,700% and was represented as a fold change of 2,100% with a

horizontal arrow (1) for graphical reason.
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Figure 5: Survival analyses according to HPV-ctDNA variation levels between T0 and T1 across
all cohorts
(A) progression-free survival, (n=40), (B) overall survival (n=50)
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Supplementary information
Supplementary Table S1: Primer and probe sequences, amplicon sizes and annealing
temperatures
HPV Forward sequence Reverse sequence Probe sequence Amphcon Annealing
type s1ze temperature
HPV16 | TCCAGCTGGACAAGCAGAAC CACAACCGAAGCGTAGAGTC ACAGAGC;I::CA?}TACAAT- 88 pb 60°C
HPV18 AACATTTACCAGCCCGACGA TCGTCTGCTGAGCTTTCTAC AACCACA%SS;;ICACACAA- 106 pb 60°C
HPV31 | CGTTACCTTTTGTTGTCAGTGT GAACAGTTGGGGCACACGA ACAGAGC&%?\EAAGTAG- 123 pb 56°C
HPV33 | CAGATGAGGATGAAGGCTTGGA | ACTGTTGACACATAAACGAACTG CTTGTCCATCTGGCC-6FAM 119 pb 56°C
HPV35 AGGCGACACTACGTCTGT ACACTATTCCAAATGTGCCCA ACAGAGCS:CA?/ICACATTG- 87 pb 56°C
HPV59 | CAATTACCTGACTCCGACTCC ATGTTGTGACGCTGTGGTTC AGTAGCAAIEI(:}AGIGTGATTAAC- 101 pb 56°C
HPV73 | TCAATGGCAAGGCATACTGTG | AGGATGAGGATGAAACAGACAGC | ACTATTCTGTAACACTCTCGT 109 pb 56°C
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Supplementary Table S2: Pretreatment clinical and radiological characteristics according to the

primary cancer site

Sex
Male
Female
Age
<60 years
>60 years

Disease setting
Distant metastases(+/- LRR)
1 site
2 sites
>3 sites
LRR only
HPYV types
HPV16
HPV18
HPV31
HPV33
HPV35
HPV59
HPV73
Best response
CR
PR
SD
PD
NA

Total
(n=57)

11 (19%)
46 (81%)

26 (46%)
31 (54%)

49 (86%)
12 (24%)
20 (41%)
17 (35%)
8 (14%)

48 (84.5%)
2 (3.5%)
1.(2%)
1.(2%)
1.(2%)

2 (3.5%)
2 (3.5%)

7(12%)
13(23%)
23(40%)
13(23%)
12%)

Primary cancer site

Anus
(n=27)

5 (18%)
22 (81%)

11 (41%)
16 (59%)

25 (93%)
6 (24%)
10(40%)
9 (36%)
2 (7%)

26 (96%)
0 (0%)
1 (4%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)

4 (15%)
5 (19%)
12 (44%)
5(19%)
1 (4%)

Cervix
(n=16)

16 (100%)

10 (62%)
6 (37%)

12 (75%)
3 (25%)
5 (42%)
4 (33%)
4 (25%)

10 (63%)
2(12.5%)
0 (0%)
0 (0%)
1(6%)
2(12.5%)
1(6%)

2 (12%)
5(31%)
6 (38%)
3 (19%)
0 (0%)

Vulva/Vagina
(n=8)

8 (100%)

3 (37%)
5(62%)

7 (87%)
2 (29%)
2 (29%)
3 (43%)
1 (12%)

6 (75%)
0 (0%)
0 (0%)

1 (12.5%)
0 (0%)
0 (0%)

1 (12.5%)

1 (12%)
2(25%)
0 (0%)
5 (62%)
0 (0%)

Penis
(n=4)

4 (100%)

0 (0%)
4 (100%)

3 (75%)
1 (33%)
2 (67%)
0 (0%)
1 (25%)

4 (100%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)

0 (0%)
1 (25%)
3 (75%)
0 (0%)
0 (0%)

Head and Neck
(n=2)

2 (100%)
0 (0%)

2 (100%)
0 (0%)

2 (100%)
0 (0%)
1 (50%)
1 (50%)
0 (0%)

2 (100%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)

0 (0%)
0 (0%)
2 (100%)
0 (0%)
0 (0%)

Abbreviations : LRR: locoregional recurrence; CR: complete response; PR: partial response ; SD:

stable disease; PD: progressive disease; NA: not assessed
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Supplementary Table S3: Association between HPV-ctDNA levels change between T0 and T1 and

best overall response
p-value
Total CR PR SD PD (CR/PR vs SD/PD)
(N=52) N=7) (N=12) (N=21) (N=12)
HPV-ctDNA 0.0001
variation (%)
Median -42.1 -100 -73 =37 146
(Range) (-100; 5,700) (-100; -61) (-96; 71) (-96; 5,700) (-77; 2,100)
HPV-ctDNA level 0.01
change
Increase 17 (33%) 0 (0%) 2 (17%) 7 (33%) 8 (67%)
Decrease 35 (67%) 7 (100%) 10 (83%) 14 (67%) 4 (33%)

Abbreviations: CR: complete response; PR: partial response ; SD: stable disease; PD: progressive

disease; HPV: Human Papillomavirus; TO: before treatment initiation; T1: at cycle 3 of treatment
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Appendix I: PEVO Study Description

TRIAL DESCRIPTION/DESIGN:

Open-label, non-randomized, multi-center, basket phase II trial, evaluating the efficacy of
pembrolizumab in combination with vorinostat in adult patients with recurrent and/or metastatic

squamous cell carcinoma of different locations.

Figure 1 - Study design

Pembrolizumab + Vorinostat

Récurrence
et/ou

, Progression
métastase

CLRO Pevor

Carcinomes épidermoides

Imagerie Imagerie Imagerie Imagerie

Biopsie Biopsie * Sang Biopsie *

n =nombre de patient
C = Cycle de traitement (21 jours)
* = prélévement optionnel

PRIMARY OBJECTIVE:

To evaluate the antitumor activity of pembrolizumab in combination with vorinostat in patients with
recurrent and/or metastatic squamous cell carcinoma of the head and neck, cervix, lung, anus,

vulva/vagina, and penis, using the ORR during treatment (investigator assessment).

SECONDARY OBJECTIVES:

* To determine, in each cohort, the anti-tumor activity in term of:
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Centrally confirmed objective response rate (ORR), as per RECIST v1.1.
Centrally confirmed immune objective response rate (iIORR), as per iRECIST.
Duration of response (DOR).

Progression-free survival (PFS), as per RECIST.

Immune-progression-free survival (iPFS), as per iRECIST.

Overall survival (OS).

N N N N RN

* To evaluate the safety and tolerability of pembrolizumab in combination with vorinostat according

to NCI CTCAE v5.0:

v" In each cohort.

v"In the overall study population.

TRANSLATIONAL OBJECTIVES:

The translational studies associated with this clinical study aim to assess the following:

* Link between the tumor molecular profile and immune parameters.

* Link between immune-related biomarkers and drug combination efficacy.

* Post-treatment modification of immune-related and molecular epigenetic biomarkers.

* Predictive value of tumor microenvironment and epigenetic parameters.

* Predictive value of circulating biomarkers.

DIAGNOSIS AND INCLUSION CRITERIA:

1. Aged >18 years old.

2. Patients with Eastern Cooperative Oncology Group (ECOG) performance status <I.

3. Patients must have histologically confirmed recurrent and/or metastatic squamous cell carcinoma

of the head and neck, cervix, lung, anus, vulva/vagina, or penis.

4. Patients must have radiologically confirmed progressive recurrent and/or metastatic disease.
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5. Patients naive or previously treated for recurrent and/or metastatic disease.

6. Disease amenable to biopsy for study purpose.

7. Measurable disease according to RECIST v1.1.

8. Adequate renal function: serum creatinine <1.5 x upper limit of normal (ULN) (OR creatinine
clearance [Cockcroft and Gault] >30 mL/min for participant with creatinine levels >1.5 x ULN)

within 14 days prior to inclusion.

9. Adequate liver function: aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
levels <2.5 x ULN (<5 ULN when documented liver metastases) and total bilirubin level <1.5 x ULN,

within 14 days prior to inclusion.

10. Adequate bone marrow function: absolute neutrophil count (ANC) >1,500/mm3, platelet count

>100,000/mm3, and hemoglobin >9 g/dL, within 14 days prior to inclusion.

11. Adequate coagulation: prothrombin time (PT)/international normalized ratio (INR) <1.5 x ULN
within 14 days prior to inclusion. If the participant is receiving anticoagulant therapy then the PT or
activated partial thromboplastin time (aPTT) should be within the therapeutic range of intended use

of anticoagulant.

12. Females of child-bearing potential must have a negative serum pregnancy test within 72 hours

before starting study treatment.

13. Females of childbearing potential, must use "highly effective" methods of contraception for the
study duration and for 4 months following the last dose of pembrolizumab and 6 months following

the last dose of vorinostat.

14. Male participants must agree to use an effective contraceptive for the duration of the trial and for
at least 4 months after the last the last dose of pembrolizumab and 6 months following the last dose
of vorinostat (to allow for effective elimination of the study drugs). Also, they should refrain from

donating sperm during this period.

15. Patients must be willing and able to comply with the protocol for the duration of the study

including scheduled visits, treatment plan, and laboratory tests.
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16. Patients must be willing and able to comply with other study procedures, including a baseline

tumor biopsy and a series of blood samples throughout the study.

17. Patients who are able to swallow oral medications.

18. Patients must be affiliated with a Social Security System (or equivalent).

19. Patients must have signed a written informed consent prior to any trial-specific procedures. When
the patient is physically unable to give their written consent, a trusted person of their choice,

independent from the investigator or the sponsor, can confirm in writing the patient’s consent.

NON-INCLUSION CRITERIA:

1. Prior treatment with anti-PD-1/PD-L1 agents or histone deacetylases (HDAC) inhibitors.

2. Patients with central nervous system involvement that has not been controlled for >3 months.

3. Patients with no other site for biopsy than bone lesions.

4. Patients with other concurrent severe and/or uncontrolled medical disease which could compromise
participation in the study, including uncontrolled diabetes, cardiac disease, uncontrolled
hypertension, congestive cardiac failure, ventricular arrhythmias, active ischemic heart disease,
myocardial infection within one year, chronic liver or renal disease, active gastrointestinal tract

ulceration, severely impaired lung function.

5. Known history of human immunodeficiency virus (HIV), Hepatitis B virus (HBV; defined as
Hepatitis B surface antigen [HBsAg] reactive) or known active Hepatitis C virus (HCV; defined as
HCV RNA detected) virus infection.

6. History of autoimmune disease with the exception of:

* (1) Patients with a history of autoimmune hypothyroidism on a stable dose of thyroid replacement

hormone,
* (2) Patients with controlled Type 1 diabetes mellitus on a stable insulin regimen,
* (3) Patients with eczema, psoriasis, lichen simplex chronicus, or vitiligo with dermatologic

manifestations only (e.g., patients with psoriatic arthritis would be excluded) provided that they meet
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the following conditions: (i) Rash must cover less than 10% of body surface area; (ii) Disease is well
controlled at baseline and only requiring low potency topical steroids; (iii) No acute exacerbations of
underlying condition within the previous 12 months (not requiring psoralen plus ultraviolet A
radiation [PUVA], methotrexate, retinoid, biologic agents, oral calcineurin inhibitors, high-potency

or oral steroids).

7. History of allogeneic organ or bone marrow transplantation.

8. History of non-infectious pneumonitis that required steroids or has current pneumonitis.
9. Has an active infection requiring systemic therapy.

10. Has received a live vaccine within 30 days prior to the first dose of study drug. Examples of live
vaccines include, but are not limited to, the following: measles, mumps, rubella, varicella/zoster
(chicken pox), yellow fever, rabies, Bacillus Calmette—Guérin (BCG), and typhoid vaccine. Seasonal
influenza vaccines for injection are generally killed virus vaccines and are allowed; however,

intranasal influenza vaccines (eg, FluMist®) are live attenuated vaccines and are not allowed.
11. Known prior severe hypersensitivity to investigational products or its excipients,

12. Has received prior systemic anti-cancer therapy including investigational agents within 4 weeks
[could consider shorter interval for kinase inhibitors or other short half-life drugs] prior to the first

dose of study treatments.

Note: Participants must have recovered from all AEs due to previous therapies to <Grade 1 or

baseline. Participants with <Grade 2 neuropathy may be eligible.

13. Has received prior radiotherapy within 2 weeks of start of study treatment. Participants must have
recovered from all radiation-related toxicities, not require corticosteroids, and not have had radiation
pneumonitis. A 1-week washout is permitted for palliative radiation (<2 weeks of radiotherapy) to

non-CNS disease.
14. Major surgery within 28 days prior to the first dose of study treatments.

Note: Local surgery of isolated lesions for palliative intent is acceptable.
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15. Current or prior use of immunosuppressive medication within 7 days before the first dose of

pembrolizumab. The following are exceptions to this criterion:

* Intranasal, inhaled, topical steroids, or local steroid injections (e.g., intra articular injection),

* Systemic corticosteroids at physiologic doses <10 mg/day of prednisone or its equivalent,

» Steroids as premedication for hypersensitivity reactions (e.g., CT scan premedication).

16. Patients using drugs that could have pharmacokinetics interaction with investigational drugs. This
includes, but is not limited to, valproic acid, coumarin-derivative anticoagulants, drugs that disrupt

electrolyte levels, and drugs that may prolong QT.

17. Pregnant women or women who are breast-feeding.

18. Patients enrolled in another therapeutic study within 30 days prior to inclusion and during the

treatment period. Patients can participate in an independent, approved, non-interventional studies.

19. Patients unwilling or unable to comply with the medical follow-up required by the trial because

of geographic, familial, social, or psychological reasons.

20. Persons deprived of their liberty or under protective custody or guardianship.

PRIMARY ENDPOINT:

Investigators will assess the ORR. The ORR is defined in each cohort as the percentage of evaluable
patients for ORR, designated as the proportion of patients with best response of complete response

(CR) or a partial response (PR) during treatment according to RECIST v1.1.

SECONDARY ENDPOINTS:

* Anti-tumor activity endpoints will be evaluated in each cohort:

"1 ORR is defined as the proportion of patients with best response of CR or PR during treatment, as

assessed by a central radiological panel according to RECIST v1.1.

"1 iORR is defined as the proportion of patients with best response of CR or PR during treatment, as
assessed by a central radiological panel according to immune-specific response criteria (IRECIST).
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"1 DOR will be evaluated in patients with either a complete response (CR) or partial response (PR).
DOR is defined as the time from the first assessment of a CR or PR until the date of the first
occurrence of progressive disease (PD) or death from any cause (if death occurred within predefined

period), whichever occurs first.

"1 PFS is defined per RECIST1.1 as the time from inclusion until disease progression (per RECIST
v1.1) or death from any cause, whichever occurs first. At the time of analysis, a patient alive and
without disease progression will be censored at the date of the last tumor assessment. Patients alive
without disease progression who started a new anticancer therapy will be censored at the date of the

last tumor assessment prior to the start of the new anticancer therapy.

"1 1iPFS is defined per iRECIST as the time from inclusion until confirmed disease progression (per
iRECIST), or death from any cause, whichever occurs first. At the time of analysis, a patient alive
and without progression will be censored at the date of the last tumor assessment. Patients alive
without disease progression who started a new anti-cancer therapy will be censored at the date of the

last tumor assessment prior to the start of the new anticancer therapy.

1 OS is defined as the time from inclusion until death from any cause. Patients who are alive at last

follow-up news will be censored at this date.

* The safety will be evaluated according to the incidence of adverse events (AEs) graded by NCI-
CTCAE v5.0:

) In each cohort.
] In the overall study population.
TRANSLATIONAL ENDPOINTS:

* To assess the link between the tumor molecular profile including epigenetics features and immune

parameters of the tumor microenvironment (TME) and in blood samples.

* To assess the link between immune-related biomarkers in the TME and in blood samples (including
but not limited to tumor tissue PD-L1 expression by IHC, RNA gene expression profiling, and DNA

mutation analysis), and measures of efficacy.
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* To explore the modification of immune-related and molecular epigenetic biomarkers following

treatment.

* To analyze the impact of TME and epigenetics parameters on sensitivity/response to treatment.

* To assess the predictive value of circulating biomarkers on sensitivity or resistance to treatment.

TRANSLATIONAL STUDIES: AN OVERVIEW

All patients enrolled in this study will participate in the translational study. Collection of all blood
and baseline tumor samples is mandatory. Collection of on-treatment or at progression tumor samples
is optional and the patient must signed a separate ICF. Collecting and using the patient’s biological
samples will not modify or influence the diagnosis, medical care, and treatment administered to the

patient.

All the samples will be transported and centralized at Integrated BioBank of Luxembourg (IBBL),

under the responsibility of Dr Kristin Kornerup, located at the following address:

IBBL, INTEGRATED BIOBANK OF LUXEMBOURG

1, rue Louis Rech, L-3555 Dudelange Luxembourg

Translational research:

» Blood sample at progression

0 2 x 10 mL PACgene CCF tubes for plasma +buffy coat

0 2 x 8. mL CPT tubes for phenotyping of PBMC

» Optional tumor biopsy at progression: when possible, 2 frozen and 2 FFPE.

Storage and use of disease assessment samples (blood, biopsy, tumor specimen, etc.)
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During the medical care that is going to be realized, biological samples of tissues and/or cells (blood,
tumor tissue) will be collected for medical purposes. A part of these samples may be stored and used
for scientific researches. These samples will be used to investigate potential biomarkers predictive of

response to pembrolizumab, vorinostat, or their combination in the PEVOsq study.

The patient will be informed via a patient information sheet and, in the absence of opposition on his

part, biological samples for research will be prepared, stored and used for this research.

The preparation, storage and use of the biological samples does not modify or imply any change with

respect to the diagnosis, care and treatments that will be administrated to the patient.

Collecting additional biological samples for research purpose: Tumor and blood sampling will be
performed at several time points during the course of the treatment in order to collect molecular and
immune parameters for integrative analyses with the aim to better understand the mechanisms of
response or resistance to this combination. This research also aim to determine how integrate these

data to determine the best treatment option appropriate to specific patients.

To perform this research, additional blood and tumor samples will be collected:

. Mandatory tumor samples to be obtained for all patients

» Tumor biopsy at baseline (2 frozen + 2 FFPE)

. Optional tumor samples to be obtained for willing patients

» Tumor biopsy at D1 of cycle 3 (2 frozen + 2 FFPE)
» Tumor biopsy at disease progression (2 frozen + 2 FFPE)

. Mandatory blood samples

» Blood for ctDNA analysis at baseline:

0 2 x 10 mL PACgene CCF tubes for plasma +buffy coat.

0 2 x 8. mL CPT tubes for phenotyping of PBMC.
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Then at D1 cycle 3, at D1 cycle 5 and if applicable, at progression:

0 2 x 10 mL PACgene CCF tubes for plasma +buffy coat.

0 2 x 8. mL CPT tubes for phenotyping of PBMC.

These biological samples should be prepared, stored and used for the purpose of the research, as
described in the Manual Lab provided by the Sponsor. These additional samples are subject to specific
additional written consent from the patient. This specific consent for the ancillary/translational
research is revocable at any time. In addition, the patient has the right to request the destruction of

their samples at any moment.
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Appendix II: Droplet Digital PCR

(All this section refers to the website “https://www.bio-rad.com”)

1. Introduction to Droplet Digital PCR

Droplet digital polymerase chain reaction (ddPCR) is a digital PCR method based on water-oil
emulsion droplet technology. ddPCR uses a combination of microfluidics and proprietary surfactant
chemistries to divide each sample into water-in-oil droplets. The technology uses reagents and
workflows similar to those used for most standard TagMan probe-based assays, and provides absolute
quantification of nucleic acid target sequences by counting nucleic acid molecules encapsulated in

discrete, volumetrically defined water-in-oil droplet partitions.

ddPCR is highly effective in the following areas:

» Absolute quantification — ddPCR provides a concentration of target DNA copies
per input sample without the need for running standard curves, making this
technique ideal for target DNA measurements, viral load analysis, and microbial
quantification.

» Genomic alterations such as gene copy number variation (CNV) — CNVs
result in too few or too many dosage-sensitive genes responsible for phenotypic
variability, complex behavioral traits, and disease. ddPCR enables measurement
of 1.2x differences in gene copy number.

> Detection of rare sequences — researchers must amplify single genes in a
complex sample, such as a few tumor cells in a wild-type background. ddPCR is

sensitive enough to detect rare mutations or sequences.
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» Gene expression and microRNA analysis — ddPCR provides stand-alone
absolute quantification of expression levels, especially low-abundance
microRNAs, with sensitivity and precision.

» Next-generation sequencing (NGS) — ddPCR quantifies NGS sample library
preparations to increase sequencing accuracy and reduce run repeats. Validate
sequencing results such as single nucleotide polymorphisms or copy number
variations with absolute quantification.

> Single-cell analysis — the high degree (10-fold to 100-fold) of cell-cell variation
in gene expression and genomic content among homogeneous post-mitotic,
progenitor, and stem cell populations drives a need for analysis from single cells.
ddPCR enables low copy number quantification.

» Genome edit detection — ddPCR enables fast, precise, and cost-effective
assessment of HDR (homology directed repair) and NHEJ (non-homologous end

joining) generated by CRISPR- Cas9 or other genome editing tools.

ddPCR has the following benefits for nucleic acid quantification:

» Unparalleled precision — The massive sample partitioning afforded by
ddPCR enables small fold differences in target DNA sequence between
samples to be reliably measured.

> Increased signal-to-noise ratio — High-copy templates and background are
diluted, effectively enriching template concentration in target-positive
partitions. This allows for the sensitive detection of rare targets and enables a
+10% precision in quantification.

> Removal of PCR efficiency bias — Error rates are reduced by removing

the amplification efficiency reliance of qPCR, enabling accurate

62



quantification of targets.
» Simplified quantification — There is no requirement for a standard

curve for absolutequantification.

2. ddPCR Workflow

The ddPCR process adheres to the following workflow:

o You prepare your samples for PCR by combining DNA or RNA with primers,
probes dye, and Bio-Rad ddPCR supermix.

o A droplet generator fractionates a sample into approximately 20,000
uniform nanoliter-sized droplets, with target and background DNA
distributed randomly into the droplets during the partitioning process.

o A thermal cycler performs PCR amplification of the nucleic acid target in each
individual droplet.

o A droplet reader reads each droplet to determine the fraction of positive
droplets in the original sample. Positive droplets containing at least one copy
of the target DNA molecule exhibit increased fluorescence compared to

negative droplets.

3. QX200 Droplet Digital PCR System

As part of its QX200 Droplet Digital PCR System, Bio-Rad provides the following

instruments:

» QX200 Droplet Generator or the Automated Droplet Generator to generate the
droplets from your samples

» QX200 Droplet Reader to read the generated and thermal-cycled droplets
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QX200 Droplet Generator Automated Droplet Generator QX200 Droplet Reader

The QX200 Droplet Reader performs the post-PCR droplet reading function only.

A droplet generator and a thermal cycler are required to perform a full ddPCR

cycle.

Aboutthe QX200 Droplet Reader

Following the droplet generation and thermal cycling processes, the QX200 Droplet

Reader collects binary data for analysis as it

o Singulates the droplets in each sample

o Streams the droplets in single-file past a two-color detector to determine which
droplets containone or more target molecules (positive reading) and which do
not (negative reading)

Assembling a Plate for the QX200 Droplet Reader

The QX200 Droplet Reader accepts a solid 96-well plate that fits into a secure holder. Three

separate components comprise the QX200 Droplet Reader plate:

o A base section to hold the plate

o The plate itself
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o A top section to secure the plate

You must assemble the plate components before you can insert the plate into the

QX200 Droplet Reader.

Top section

‘ | 96-well PCR plate
‘J“”‘ {:“‘ 7y |\ \ | I | “ \ “‘«‘J \““‘: ‘

To assemble the plate
1. Place the plate into the base section.
2. Raise the release tabs on the top section.
3. Place the top section over the plate, and then lower the release tabs to secure the

plate in theholder.

Inserting an Assembled Plate into the Instrument

To insert a plate into the QX200 Droplet Reader

1. Press the button to open the compartment.



Push button
to open or
close lid

Important: Make sure the tabs on the plate holder are securely clamped and the

plate laysflat. Otherwise, the sampling needle can strike the lid and damage the

instrument.

3. Press the button again to close the lid.

The software uses the formula and variables shown below.
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4. Concentration Calculation

N
== ln( ]:;g ) / I/droplel
Where:
-In Negative natural logarithm
Vdroplet Volume of droplet
Nneg Number of negative droplets
N Total number of droplets

Confidence Interval Calculation

Note: If you select a 68% confidence interval, the multiplier is changed from 1.96 to 1.00.

Oy, =~ Np(1-p)

— _ *
N, neg.min N, neg 1.96 aN,,eg
_ %
Nneg,max - Nneg +1.96 aN"eg
Where:
Vdroplet Volume of droplet
Nneg Number of negative droplets
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N Total number of droplets

p p-value (probability of finding the target in the sample)

] Delta

5. Copy Number Analysis

Important: To see copy number variation data, you must run a copy number

variation (CNV) ddPCR experiment.

Copy number measures the probable count of the target gene, relative to the reference
gene, to calculate the number gene targets per genome. Use the toolbar to merge or
separate the calculated results for each well, and to recalculate your results based on a

different error model and confidence interval.

Show Both Merged Individual XAxis Error Model ~  Analysis Chart Display ~

The software uses the formula and variables shown below.

A
CNV =2N,
B
Where:
A Target concentration
B Reference concentration
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NB  Number of reference copies in genome (usually 2)

Confidence Interval Calculations

A |CI? CI?
C]CNV:NB.E A2A+ BZB

(CNV;OW;%%» CNVhi)s%) = (CNV_ (1 /2)CICNV9 CNV"'(I / Z)CICNV)

Where:
A Target concentration
B Reference concentration
NB Number of reference copies in genome (usually 2)
Cla Poisson confidence interval of target (95% max - 95% min)
CIp Poisson confidence interval of reference (95% max - 95% min)

Notes: Copy Number analysis involves determining the number of copies of a given target DNA
sequence as compared to an invariant reference DNA sequence. Use the CNV analysis to determine
structural variations, such as ploidy changes (addition or deletion of chromosomes), deletions

(missing partial chromosomes) or duplications (repeated target sequences) in the genome.
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