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The digital polymerase chain reaction (dPCR) is considered to be the third-generation polymerase chain reaction
(PCR), as it yields direct, absolute and precise measures of target sequences. dPCR has proven particularly useful
for the accurate detection and quantification of low-abundance nucleic acids, highlighting its advantages in cancer
diagnosis and in predicting recurrence and monitoring minimal residual disease, mostly coupled with next

generation sequencing.

digital PCR dPCR next-generation sequencing NGS

| 1. Introduction

The introduction of the digital polymerase chain reaction (dPCR) in cancer research is quite recent. The history of
this third-generation polymerase chain reaction (PCR) technology started in the 1990s with the first attempts to
obtain single PCR molecules, applying limiting dilution conditions LIZEBIAIEIEl |n 1992, Sykes et al. first explored
the idea of using limiting dilution, PCR and Poisson statistics to quantitate the rearranged immunoglobulin heavy
chain (IgH) gene derived from a leukemic clone in a background of excess rearranged IgH genes from normal cells
[l At the end of the decade, the introduction of emulsion-based formulations for sub-partitioning and of
nanofluidics, as well as the expansion of software tools, allowed for the development of more performant
instruments able to subdivide the reaction in very small volume partitions 2. The technology, as it is known to us,
owes its name to Vogelstein et al. B8], who were the first to apply dPCR platforms in the oncologic field &l Since
then, different systems have been invented, such as the microfluidic chamber-based BioMark Digital PCR from
Fluidigm 19, the chip-based Quantstudio 12k/3D dPCR System from Thermo Fisher Scientific 11, the droplet-
based QX-100/QX-200 Droplet Digital PCR (ddPCR) Systems from Bio-Rad Laboratories 12, the RainDrop dPCR
from RainDance Technologies 11, the Crystal dPCR System with the Naica System from Stilla Technologies 131,
the Clarity dPCR system from JN MedSys 14, and FORMULATRIX dPCR from QIAGEN. Each variation of the
dPCR methodology has been demonstrated to be useful for studying cancer, yielding comparable results in
regards to nucleic acid quantification, sensitivity and specificity 13126]: however, of them all, ddPCR seems to
present greater diffusion as compared to the other technologies, likely because of its qualities as regards ease of
use and application, and adaptability, saving time and effort. It is the digital platform most commonly used for

cancer applications 17, and also in studies on hematologic malignancies [181129120]121]

| 2. dPCR for Detecting Somatic Mutations
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dPCR has been applied for the detection of several somatic mutations, both for absolute allele quantification and
for rare mutation detection (Figure 1). The most numerous studies in this regard have been conducted on
Philadelphia negative (Ph-) chronic Myeloproliferative Neoplasms (MPNs), such as polycythemia vera (PV),
essential thrombocythemia (ET) and myelofibrosis (MF). Ph- MPNs are associated with driver genes mutations,
like JAK2 in nearly 90% of PV patients and in around 50% of all ET and MF patients (22 and CALR, present in
about 20%-35% of patients affected by ET and primary MF [23l Gene expression dysregulation due to
chromosomal rearrangements has rarely been reported in Ph- MPNs [24]. The first report dates back to 2015, when
Fontanelli et al. compared qPCR and ddPCR in detecting the JAK2Y617F mutation, the major MPN diagnostic
criterion [28]. They identified 225 MPN patients presenting the JAK2V617F mutation by conventional gPCR and 99 of
these were evaluated also by ddPCR. The specificity was absolutely concordant between the two methods, but the
sensitivity was half a log higher for ddPCR than qPCR [22. Similar conclusions were obtained in other subsequent
studies, allowing researchers to state that ddPCR is a very suitable, precise, and sensitive method for the
quantification of the JAK2V617F mutation, allowing a sensitivity of 0.01%, equitable with that achieved by Kroger et
al. with an ARMS gPCR in 2007 [22l26127128] Moreover, Nystrand et al. explored the use of ddPCR to test if serum
is a good material for the detection and quantification of the JAK2V617F mutation. At first, the JAK2 mutation was
detected in peripheral blood (PB) samples of 47 patients, and afterwards, among these, 45 of 47 corresponding
serum samples showed a very strong correlation between PB and serum. The overall detection sensitivity was
96% and the mutation was detected in all cases where the mutant allele load was above 1%. The observation of a
significantly higher allele burden detected in serum compared to PB highlighted the point that ddPCR could be a

reliable method for detecting the JAK2V617F mutation also in serum 22,

dPCR Applications in Hematologic Malignancies
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Figure 1. The figure summarizes all the current applications of droplet digital polymerase chain reaction (dPCR)

technology explored in the field of hematology. For each disease, the studied alterations are indicated in round
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brackets. MPNs—Myeloproliferative Neoplasms; AML—Acute Myeloid Leukemias; cHL—Classical Hodgkin
Lymphoma; WM—Waldenstrém Macroglobulinemia; PCNSL—Primary Central Nervous System Lymphomas; AITL
—Angioimmunoblastic T-Cell Lymphoma; CLL—Chronic Lymphocytic Leukemia; MRD—Minimal Residual Disease;
APL—Acute Promyelocytic Leukemia; MM—Multiple Myeloma; MCL—Mantle Cell Lymphoma; FL—Follicular
Lymphoma; ALL—Acute Lymphoblastic Leukemia; CML—Chronic Myeloid Leukemia; SMART-ddPCR—Somatic
Mutation Allelic Ratio Test-ddPCR.

| 3. dPCR for MRD Monitoring

MRD is the strongest prognostic factor in Acute Lymphoblastic Leukemia (ALL), able to predict response to
treatment and risk of relapse 9. However, to date, only few studies have explored the utility of dPCR application in
ALL MRD assessment. The reasons for this paucity could lie in the assumption that gPCR is a consolidated tool for
MRD monitoring, despite the demonstration of a superior sensitivity of dPCR. In fact, gPCR is not always able to
precisely define the amount of residual disease, frequently classifying samples with a very low MRD level as
“positive not-quantifiable” (PNQ), a definition that is poorly interpretable. Indeed, another important limitation of
gPCR is the need for a standard curve based on diagnostic DNA. In 2016, Della Starza and colleagues compared
the two quantification techniques in the analysis of 50 ALL cases, reporting a sensitivity and accuracy for ddPCR
that was at least comparable to those of gPCR L. Subsequently, in 2019, the same research group focused
attention on FU adult ALL samples with a very low disease load (QPCR MRD levels <1074, using ddPCR and NGS
for analyzing immunoglobulin/T-cell receptor gene rearrangements as molecular markers B2, This comparison
showed a concordance rate of 57% (13/23) for gqPCR/ddPCR and 52% (12/23) for gPCR/NGS; indeed, ddPCR and
NGS also identified positivity in samples with a very low disease burden, yielding concordant MRD results in 87%
of samples. Moreover, ddPCR/NGS analysis significantly reduced the number of PNQ samples compared to
gPCR, increasing the number of quantifiable samples and helping to identify three relapses in patients that resulted
PNQ/NEG through qPCR, as already previously reported 3. These data demonstrated that in ALL, dPCR and
NGS could more precisely stratify samples with very low MRD, for which gPCR is unable to detect or to quantify
the disease burden 2. As regards expression analysis, two studies employed dPCR for ALL MRD monitoring,
analyzing Philadelphia-positive (Ph+) cases with the BCR-ABL1 p190 fusion transcript (m-bcr), which account for
20%-30% of adult ALLs [B4I35136] | the study reported in 2014 by lacobucci et al., 60 BCR-ABL1+ ALL samples in
hematologic and cytogenetic remission were analyzed using the microfluidic dPCR approach (Biomark system
from Fluidigm) B4, They demonstrated that the assay was able to detect until a single copy of BCR-
ABL1 transcript, with results at least comparable with those obtained with the conventional gPCR test. However, as
compared to the dPCR technologies available today, this system was less sensitive and accurate, as only about
9000 partitions could be generated and the total assay volume was limited to 8 pl; indeed, for each sample the total
amount of analyzed RNA was about 20ng [BZ[B8l29 \More recently, Coccaro et al. conducted a second study, this
time performing ddPCR to define its possible predictive molecular value during BCR-ABL1+ ALL FU 9. with
ddPCR, the evaluable sample volume is 20 ul, and partitioning reaches 20,000 droplets, allowing for higher
accuracy and sensitivity 28, FU samples showed that the p190 ddPCR assay was able to quantify very small

disease levels by loading a high quantity of cDNA (up to 750ng per well) in different wells and combining the counts
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from multiple replicates. Of note, scaling up the ddPCR reaction to 750 ng of cDNA did not have a negative impact
on the reaction performance, as data from serial dilutions performed loading such amount of cDNA showed
remarkable linearity, reliability, and a precision of up to 0.001%. Comparison of the results obtained with
conventional PCR and ddPCR in 117 FU samples showed discordant results in 27% cases, and further analysis
through qPCR showed 19 ddPCR positive samples with a low tumor burden that was negative to PCR, failing to
provide quantitative results in 63% of cases, classifying three samples as negative and nine as PNQ. This
emphasizes the concept, that for gqPCR, there is a gap between the sensitivity and the quantitative range. This is a
critical limitation, as borderline cases that fall in the range of inadequate quantification cannot be classified though
gPCR, whereas this can be carried out with ddPCR. The demonstrated higher sensitivity of the digital p190 assay
as regards PCR and/or gPCR was, indeed, demonstrated to be able to predict molecular relapse, offering a timely
advantage for patient management. In fact, it may allow a rapid change of therapy before hematological relapse 41

[42][43][44]45](46] 5n( thus improve the chances of preventing disease progression 49,

| 4. dPCR and Transplantation

dPCR has also been demonstrated to be useful for monitoring platelet engraftment after allo-HSCT. It is normally
examined by daily platelet counts, but any necessary platelet transfusions performed in the patient can obscure the
detection of platelet engraftment. Using ddPCR, Doescher at al. drew up an experimental assay based on
mitochondrial DNA isolated from platelets in order to quantify circulating platelets derived from the stem cell graft,
distinguishing them from transfused single-donor apheresis platelets 44, Consecutive daily PB samples from day 7
to day 20 after transplantation were collected from 22 patients. The authors defined platelet engraftment as the
third of at least three consecutive days of increasing levels exceeding 1000/mL of endogenous platelets. They
assessed platelet counts according to the engraftment criteria of the Center for International Blood and Marrow
Transplant Research (CIBMTR) “8l and the European Society for Blood and Marrow Transplantation (EBMT) 42,
When analyzing the results in detail, they found evidence that the moment of platelet engraftment based on the
EBMT criteria corresponded to the ddPCR observation of transplantation-derived platelets, confirming that this
ddPCR test is a sensitive method for monitoring platelet engraftment without interference due to platelet

transfusions 42,

| 5. Other dPCR Applications and Evolution

dPCR is useful for discriminating transcript variants: some researchers employed the method in a study on CML to
establish gPCR efficiency in identifying BCR-ABL1 transcript variants. Kjaer et al. analyzed 219 CML patients with
either the e13a2 (n = 113) or e14a2 (n = 106) variant, enrolled at three Danish diagnostic centers, and the data
obtained suggested that the gPCR assay may underestimate the e14a2 variant compared to the e13a2 variant,
since the analysis of gPCR vs. ddPCR values revealed a significant average difference in the bias between the
variants (e3a2/el4a2) at the three centers. These data were concomitantly confirmed by Bernardi et al. BB,

ddPCR was also employed as an alternative to FISH in CML for breakpoint characterization, noting, apart from
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improved specificity and sensitivity, the possibility of identifying variant translocation patterns, including derivative

chromosome 9 deletions 32,

Another potential application of dPCR is DNA methylation analysis, which has been explored in several studies of
malignancies B3l In the hematologic field, Orsini et al. recently proposed a ddPCR method to investigate Alu
differential methylation for the use in profiling patients affected by hematologic malignancies for

diagnostic/prognostic purposes 241,
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