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An accurate T-cell quantification is prognostically and therapeutically relevant in various malig-
nancies. We previously developed a digital PCRebased approach offering a precise T-cell enumer-
ation in small amounts of DNA. However, it may be challenging to apply this method in malignant
specimens, as genetic instability can disturb the underlying mathematical model. For example,
approximately 24% of the tumors from The Cancer Genome Atlas pan-cancer data set carried a copy
number alteration affecting the TRB gene T-cell marker, which would cause an underestimation or
overestimation of the T-cell fraction. In this study, we introduce a multiplex digital PCR experi-
mental setup to quantify T cells in copy number unstable DNA samples. By implementing a so-called
regional corrector, genetic alterations involving the T-cell marker locus can be recognized and
corrected for. This novel setup is evaluated mathematically in silico and validated in vitro by
measuring T-cell presence in various samples with a known T-cell fraction. The utility of the approach
is further demonstrated in copy number altered cutaneous melanomas. Our novel multiplex setup
provides a simple, but accurate, DNA-based T-cell quantification in both copy number stable and
unstable specimens. This approach has potential clinical and diagnostic applications, as it does not
depend on availability of T-cell epitopes, has low requirements for sample quantity and quality, and
can be performed in a relatively easy experiment. (J Mol Diagn 2022, 24: 88e100; https://doi.org/
10.1016/j.jmoldx.2021.10.007)
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T cells form a crucial part of the adaptive immune system,
the most specified form of our body’s defense system. T
cells are able to recognize an almost infinite diversity of
pathogenic antigens by their T-cell receptor, a unique
molecule that is highly variable among different T cells.
This variability is the result of several genetic mechanisms
occurring during early maturation of these cells in the
thymus.1,2 One of these involves the rearrangement of the
germline T-cell receptor genes (TRD, TRG, TRB, and
TRA) into a unique T-cell receptor blueprint. Selection
procedures ensure that only T cells with functional re-
combinations are released into the periphery.3 Conse-
quently, all T cells found in any organ or tissue have
Pathology and American Society for Investiga
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genetically altered T-cell receptor genes, whereas all other
cell types carry these genes in the unaltered germline
configuration.
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T-Cell Quantification in Cancer DNA
On the basis of these genetic dissimilarities, we previ-
ously identified and validated two generic T-cell DNA
markers: DB (located within the TRB gene) and DD (located
within the TRD gene).4 In contrast to a copy number
invariant genomic reference, which is present on both alleles
in any cell, both T-cell markers are biallelically absent in
nearly all T cells. Therefore, the relative absence of a T-cell
marker compared with the reference equals the fraction of T
cells. By using duplex digital PCR, an absolute quantifica-
tion of both targets could be established, thereby offering a
DNA-based method to accurately quantify T cells.4,5

This experimental rationale, referred to as the classic
model, allows us to measure T-cell presence under the
assumption of genomic stability of the target and reference
loci. This requirement is typically met when a DNA sample
of nonmalignant origin is analyzed; benign samples, in
general, do not present with copy number alterations
(CNAs). However, in malignant samples, admixed copy
number unstable cancer cells may complicate DNA-based
T-cell quantifications, given that around 90% of the solid
tumors harbor somatic CNAs.6

Still, it may be particularly advantageous to perform a T-
cell quantification in malignant samples, as the presence of
tumor-infiltrating T cells is prognostically and therapeuti-
cally relevant in various types of cancer.7,8 Moreover, as
tumor material (eg, small biopsies) is frequently scarce or of
limited quality, golden standard methods like flow cytom-
etry and immunohistochemistry may be unfeasible, whereas
DNA-based analyses remain possible.

Practically, copy number instability may result in the loss
or gain of the target (ie, the T-cell marker DB or DD) and/or
reference locus. As a consequence, determined T-cell frac-
tions will be underestimated or overestimated. Reference
instability can be corrected by using another reference: in
principle, any disomic locus of the genome may suffice.5

The selection of a putative stable reference is often guided
by knowledge about copy number stability in the tumor type
of interest or a sample-specific analysis. In contrast, CNAs
affecting the T-cell markers, which have strict genomic lo-
cations within the TRB and TRD genes, cannot be resolved
in a similar way and will have detrimental consequences on
the calculation of the T-cell fraction. As the DB and DD
markers are located on different chromosomes (7q and 14q,
respectively), switching to the other marker may overcome
this problem, but then the copy number state of both loci
should be known. Moreover, when a sample presents with
CNAs on both chromosomes, it is no longer possible to
accurately determine the T-cell presence using the classic
model.

In this study, we introduce an extension (referred to as the
adjusted model) of our original experimental rationale,
allowing the recognition and automatic correction of CNAs
affecting the T-cell marker region. This adjusted model is
evaluated in silico and validated in vitro using multiplex
digital PCR. Moreover, the utility of the proposed
The Journal of Molecular Diagnostics - jmdjournal.org
experimental setup is demonstrated by measuring T-cell
presence in DNA samples from copy number altered cuta-
neous melanomas.

Materials and Methods

Pan-Cancer Analysis

To investigate the presence of CNAs affecting the DB and
DD T-cell marker regions in cancer (Figure 1), The
Cancer Genome Atlas pan-cancer data set was studied
using the copy number and merged sample quality an-
notations data obtained via The Pan-Cancer Atlas (Pan-
CanAtlas, https://gdc.cancer.gov/about-data/publications/
pancanatlas, last accessed May 31, 2021).6,9 The
lymphoid neoplasm diffuse large B-cell lymphoma and
acute myeloid leukemia data sets were excluded as in
these tumours lymophocytes form the malignant cell
population and/or illegitimate rearrangements of the T-
cell receptor genes have been reported.10,11 For each
tumor-derived sample, the segment mean copy number
values for the TRB and TRD gene loci were assessed by
using a noise cutoff threshold value of 0.3: values smaller
than �0.3 were categorized as loss, and values larger than
0.3 were categorized as gain. For each tumor type, the
frequency of cases with a loss, gain, or no CNA was
calculated, and pan-cancer statistics were determined by
taking the mean of the frequencies per tumor type.
Affected cases were further studied by determining the
copy number state of the entire chromosomes. The com-
plete analysis was performed using R version 4.0.3,
RStudio version 1.4.1103, and R package data.table
version 1.13.6. All custom scripts are available in GitHub
(https://github.com/rjnell/t-cell-quantification, last
accessed October 18, 2021).
Classic Model

In the classic model, two DNA markers are quantified to
determine the T-cell fraction: T-cell marker DB (or DD) and
a copy-number stable, independent genomic reference REF
(Figure 2A). The quantifications obtained by digital PCR
are indicated by [DB] and [REF], respectively, and are
usually measured in copies/mL.

DB (or DD) is present on 0 alleles derived from T cells,
and present on two alleles derived from all other cells:

½DB�Z0$TCFþ 2$ð1�TCFÞ ð1Þ

Z2$ð1�TCFÞ ð2Þ

REF is present on two alleles derived from T cells, and
present on two alleles derived from all other cells:

½REF�Z2$TCFþ 2$ð1�TCFÞ ð3Þ
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Figure 1 Pan-cancer analysis of copy number alterations (CNAs)
involving the T-cell marker loci. Chromosomal gains and losses are
studied in 10,550 tumor samples across 31 cancer types. A: On average,
approximately 24% of the cases presented with a CNA of the TRB gene,
in which the DB marker is located. B: CNAs of the TRD gene, in which the
DD marker is located, were found in on average approximately 17% of
the cases. C: The gains and losses of the TRB gene originate from
complete chromosome (Chr.) 7 CNAs in about half of the affected cases.
More focal alterations frequently involve both TRB and BRAF, an
established oncogene located in close proximity of the TRB gene.

Nell et al
Z2 ð4Þ

The ratio ½DB�
½REF� can then be rewritten as follows:

½DB�
½REF�Z

2$ð1�TCFÞ
2

ð5Þ

Z1�TCF ð6Þ

which results in the formula to calculate the T-cell fraction:

TCFZ1� ½DB�
½REF� ð7Þ

This ratio and its corresponding CI can be calculated as
described earlier.12

Adjusted Model

In the adjusted model, three DNA markers are quantified: T-
cell marker DB (or DD), regional corrector (RC) RCDB (or
90
RCDD), and a copy-number stable, independent genomic
reference REF (Figure 2B). The quantifications using digital
PCR are indicated by [DB], [RCDB], and [REF],
respectively.
DB is present on 0 alleles derived from T cells, and

present on 2 þ A alleles derived from other, possibly ma-
lignant cells:

½DB�Z0$TCFþ ð2þAÞ$ð1�TCFÞ ð8Þ

Zð2þAÞ$ð1�TCFÞ ð9Þ

RCDB is present on 2 alleles derived from T cells and
present on 2 þ A alleles derived from other, possibly ma-
lignant cells:

½RCDB�Z2$TCFþ ð2þAÞ$ð1�TCFÞ ð10Þ
jmdjournal.org - The Journal of Molecular Diagnostics
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Figure 2 Models and workflow to obtain T-cell quantification using digital PCR. A: T-cell quantification using T-cell marker DB and reference REF, according
to the classic model. T cells have lost DB biallelically, whereas other cells carry two copies of DB. Independent and stable genomic reference REF is present on
two alleles in all cells. B: T-cell quantification using T-cell marker DB, regional corrector RCDB, and reference REF, according to the adjusted model. The classic
model from A is extended with regional corrector RCDB. This is a target located at the same chromosomal arm and in close proximity to DB. However, RCDB is
not affected by T-cell receptor rearrangements during the development of T cells, so all copy number (CN) stable cells have two copies of RCDB. However, when
a CNA in a noneT cell involves the DB T-cell marker region, this equally affects DB and RCDB. C: Workflow example of obtaining the T-cell quantification in a
cellular admixture of one T cell and one copy number unstable noneT cell with a gain of the T-cell marker region at chromosome 7. Typically, 5 to 50 ng of
isolated DNA is analyzed for T-cell marker DB, regional corrector RCDB, and reference REF using digital PCR. Determined abundances of the targets are used to
calculate the T-cell fraction, according to the classic and adjusted model. Following the classic model, an incorrect T-cell fraction of 25% is calculated.
According to the adjusted model, the CNA involving the T-cell marker region is recognized and adjusted for; a correct T-cell fraction of 50% is calculated.

T-Cell Quantification in Cancer DNA
½RCDB� � ½DB�Z
2,TCFþ ð2þAÞ,ð1�TCFÞ � ð2þAÞ,ð1�TCFÞ ð11Þ

Z2$TCF ð12Þ

REF is present on two alleles derived from T cells, and
present on two alleles derived from all other cells:

½REF�Z2$TCFþ 2$ð1�TCFÞ ð13Þ

Z2 ð14Þ

The ratio ½RCDB��½DB�
½REF� can then be rewritten as follows:

½RCDB� � ½DB�
½REF� Z

2$TCF
2

ð15Þ

ZTCF ð16Þ

which results in the formula to calculate the T-cell fraction:
The Journal of Molecular Diagnostics - jmdjournal.org
TCFZ
½RCDB� � ½DB�

½REF� ð17Þ

As described by Dube et al,12 the concentration of a given
target (eg, [DB]) can be calculated from the observed frac-
tion of digital PCR partitions being positive for this target
(pDBþ) as follows:

½DB�Z�logð1� pDBþÞ
V

ð18Þ

Z
�logðpDB�Þ

V
ð19Þ

where pDBþ denotes the observed fraction of partitions
being positive for target DB and V the volume of one
partition (ie, a droplet).

The numerator of the ratio in equation 17 can be rewritten
as follows:
91
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½RCDB� � ½DB�Z�log
�
pRCDB�

�
V

��logðpDB�Þ
V

ð20Þ

Z
��

log
�
pRCDB�

�� logðpDB�Þ
�

V
ð21Þ

Z�
log

�
pRCDB�
pDB�

�

V

ð22Þ

where V is a constant value, and log

�
pRCDB�
pDB�

�
a log-ratio of

two binomial distributions, which is approximately nor-
mally distributed,13 with variance:

VarZ
p�1
RCDB� � 1

nRCDB

þ p�1
DB� � 1
nDB

ð23Þ

where nRCDB and nDB denote the total number of droplets
being analyzed in the experiments determining [RCDB] and
[DB], respectively. These numbers are equal to each other
(n) when both targets are measured simultaneously in one
experiment:

VarZ
p�1
RCDB� þ p�1

DB� � 2

n

Now, similar to the approach of Dube et al,12 the
numerator of equation 17 can be calculated with accompa-
nying CI, which is used in the construction of the final ratio
CI of equation 17, the T-cell fraction according to the
adjusted model, itself.

Note that when ½RCDB�Z½REF� (ie, when no CNA is
affecting the RCDB region), the adjusted model (equation
17) resolves into the classical model (equation 7):

½RCDB� � ½DB�
½REF� Z

½REF� � ½DB�
½REF� ð25Þ

Z1� ½DB�
½REF� ð26Þ

In Silico Simulations

The basis of the in silico simulations is described in
Supplemental Appendix S1. For the analysis, R version
4.0.3, RStudio version 1.4.1103, and R packages rmark-
down version 2.7 and digitalPCRsimulations version 1.1.0,
available via GitHub (https://github.com/rjnell/
digitalPCRsimulations, last accessed October 18, 2021),
were used.

Collection, DNA Isolation, and Flow Cytometry of
Reference Samples

Healthy peripheral blood mononuclear cell (PBMC) sam-
ples with determined CD3þ T-cell fractions were available
92
from our previous study.4 In short, peripheral heparinized
blood was drawn from healthy donors and PBMCs were
isolated by Ficoll density gradient centrifugation. Flow
cytometry was performed using CD3-allophycocyanin
conjugated monoclonal antibodies (BD Biosciences, San
Jose, CA; catalog number 345767), a FACSCalibur flow
cytometer (BD Biosciences), and FlowJo software version
7.2.5 (FlowJo, Ashland, OR). Uveal melanoma cell line
Mel-20214 was available in the Department of Ophthal-
mology, Leiden University Medical Center, Leiden, the
Netherlands. DNA was isolated using the QIAmp DNA
Mini Kit, according to the protocol supplied by the manu-
facturer (Qiagen, Hilden, Germany).

Collection, DNA Isolation, and Immunohistochemistry
of Cutaneous Melanomas

Biopsies from two primary tumors and one cutaneous
metastasis from three cutaneous melanoma patients were
collected from the Department of Dermatology, Hospital
Clínic of Barcelona, Barcelona, Spain. All patients gave
their written informed consent. DNA was isolated from
fresh-frozen tumor specimens using the TissueLyser LT
(Qiagen) and the QIAmp DNA Mini Kit (Qiagen),
following the manufacturer’s recommendations. Paraffin
blocks were available of the same samples, from which
tissue sections (3 mm thick) were cut and transferred to glass
slides for staining by immunohistochemistry. The staining
was performed using rabbit polyclonal CD3 antibody (Cell
Marque Corp., Rocklin, CA) on the Ventana Benchmark
platform (Ventana Medical Systems, Oro Valley, AZ), as
recommended by the manufacturer. Tumor infiltrating
lymphocytes were quantified by counting CD3þ immuno-
positive cells. For each sample, five representative tumor
areas were evaluated with a 400-fold magnification (high-
power fields). Images were captured with an Olympus SC50
digital camera (Olympus, Tokyo, Japan), and enumeration
of cells was performed using the cellSens Standard software
version 3.1 (Olympus).

Digital PCR

Digital PCR experiments were performed using the QX200
Droplet Digital PCR System (Bio-Rad Laboratories, Her-
cules, CA), following the general experimental guidelines,
as described earlier.5 In short, 20 ng of DNA was analyzed
in a 22 mL experiment, using 11 mL ddPCR Supermix for
Probes (no dUTP; Bio-Rad Laboratories) and primers and
probes in a final concentration (optimized for multiplexing)
of 1150 and 320 nmol/L, respectively, for the DB assay
(Sigma-Aldrich, Gillingham, UK), and in an amount of 1.0
mL for premixed assay RCDB targeting TRBC2 (Sigma-
Aldrich) and 1.4 mL for premixed reference assay targeting
TTC5 (Bio-Rad Laboratories). Two units of restriction
enzyme HaeIII (New England Biolabs, Ipswich, MA) were
added to each reaction mixture to enhance the accessibility
jmdjournal.org - The Journal of Molecular Diagnostics
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T-Cell Quantification in Cancer DNA
of all targets and prevent unwanted linkage between the T-
cell marker and the RC. Minimum Information for Publi-
cation of Quantitative PCR Experiments (MIQE) context
sequences and supplier information of all assays are pro-
vided in Table 1.

PCR mixtures were partitioned into 20,000 droplets using
the AutoDG System (Bio-Rad Laboratories). Subsequent
PCR was performed in a T100 Thermal Cycler (Bio-Rad
Laboratories) using the following protocol: 10 minutes at
95�C; 30 seconds at 94�C and 1 minute at 60�C for 40
cycles; 10 minutes at 98�C; and cooling at 12�C until
droplet reading. Ramp rate was set to 2�C/second in all
steps, and the lid temperature was set to 105�C. Reading of
the droplets was performed using a QX200 Droplet Reader
(Bio-Rad Laboratories).

Raw digital PCR results were acquired using QuantaSoft
version 1.7.4 (Bio-Rad Laboratories) and imported in online
digital PCR management and analysis application Roodcom
WebAnalysis version 1.9.4 (Roodcom, Voorschoten, the
Netherlands, license required for use).
Results

Pan-Cancer Analysis of Copy Number Alterations
Affecting the T-Cell Marker Loci

To investigate the frequency and origin of CNAs affecting
the DB and DD T-cell marker regions in cancer, the copy
number profiles of 10,550 cases spanning 31 tumor types
from The Cancer Genome Atlas pan-cancer data set were
analyzed.6,9 On average, approximately 24% of the tumors
carried a CNA affecting the TRB gene (DB locus) and
approximately 17% affecting the TRD gene (DD locus), but
large differences were observed between cancer types
(Figure 1, A and B). Further evaluation of the affected cases
showed that these CNAs typically encompassed much larger
genomic regions than the T-cell marker locus only. For
example, DB gains originated from complete chromosome 7
alterations in about half of the affected cases. The more
focal CNAs typically co-occurred with a gain of BRAF, an
Table 1 Sequence and Supplier Information of Digital PCR Assays

DB Forward
Reverse
Probe (F

TRBC2 Assay (S
Context
CCCCTG
TCCAGA
GGATTC

TTC5 Assay (d
Context
TGGTCG
TTCCCA
GGAATA

FAM, 6-carboxyfluorescein; HEX, hexachloro-fluorescein.

The Journal of Molecular Diagnostics - jmdjournal.org
established and frequently amplified oncogene located 1.35
million bp centromeric from the TRB gene (Figure 1C).15,16

T-Cell Quantification in Copy Number Stable and
Unstable Conditions

The original classic model to quantify T cells is summarized
in Figure 2A.4 The biallelic absence of the T-cell marker is
measured against a stable and independent genomic refer-
ence, all under copy number invariant conditions. However,
in genetically unstable samples, a CNA involving the T-cell
marker region can distort this classic model: a gain or loss of
T-cell marker DNA may be unjustly attributed to the
absence or presence of T cells. Such CNA can be detected
and normalized in the adjusted model by incorporation of an
extra target: an RC (Figure 2B). This target is located in
close proximity of the T-cell marker but is not affected by
T-cell receptor rearrangements during T-cell development.
When CNAs in noneT cells comprise the entire T-cell
marker region, the RC will be involved likewise, enabling a
mathematical correction of the disrupted T-cell quantifica-
tion. An illustration of the complete analysis workflow
following both models is presented in Figure 2C. The
mathematical rationale is described in Materials and
Methods.

In Silico Evaluation of Classic and Adjusted Model

To assess the performance and mathematical validity of both
the classic and adjusted model, an in silico simulation of the
experimental setups was designed (Supplemental Appendix
S1). Hereby, many virtual digital PCR experiments could be
performed under specified conditions, allowing for an
extensive evaluation of the theoretical accuracy and preci-
sion of the obtained results.

For the in silico experiments, first a 50% T-cell fraction in
20 ng copy number stable genomic input DNA was simu-
lated (Figure 3A). In both the classic and adjusted model,
the point estimate had a mean around the true T-cell fraction
of 50%, indicating that an accurate T-cell quantification was
obtained. The calculated 95% CIs contained this true T-cell
primer: 50eGCCATGCACTTTCCCTTTCGe30

primer: 50eACAGAGTCCATCCACAGGGe30

AM or HEX labeled): 50eTGGACCCTCACAGAGGGAGCAe30

igma-Aldrich, FAM labeled, premixed, 74 nucleotides)
sequence [chromosome 7:142802468e142802593 (GRCh38)]:
AAACCCTGAAAATGTTCTCTCTTCCACAGGTCAAGAGAAAGGAT
GGCTAGCTCCAAAACCATCCCAGGTCATTCTTCATCCTCACCCA
TCCTGTACCTGCTCCCAATC
HsaCP2506733, Bio-Rad, HEX labeled, premixed, 59 nucleotides)
sequence [chromosome 14:20289639e20289761 (GRCh38)]:
CGATGCCACTGTGGCAACAGCCTGGCTGCTGGATCCCTGAGGC
TTCACCACTAGCAGGAGGGGCGTCTCCACTCGAACACTGGAAAA
GTCCTAGAAAAGACAGAC

93
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fraction in 95.1% (classic model) and 95.0% (adjusted
model) of the experiments. As these values are close to the
intended 95%, they demonstrate the mathematical correct-
ness of both models under the given copy number neutral
conditions. Notably, the SD around the mean and absolute
width of the CIs were larger in the adjusted model.

Next, a 50% T-cell fraction in 20 ng copy number un-
stable genomic input DNA was simulated. In the 50%
noneT cells, a clonal trisomy of the T-cell marker region
was simulated, reducing the total loss of the T-cell marker to
25% in the complete sample (similar to the situation in
Figure 2C). This 25% was observed as the point estimate
mean of the classic model (Figure 3B). However, this value
does not reflect the correct T-cell fraction and shows the
error of the classic model under such copy number unstable
condition. Moreover, none of the calculated 95% CIs con-
tained the true T-cell fraction. In the adjusted model, the
point estimate had a mean around the true T-cell fraction of
50%, and the calculated 95% CIs contained this true T-cell
Figure 3 In silico evaluation of classic and adjusted model. The results of t
plotted; the statistics of all simulations are presented below the plots. A: A total
genomic input DNA. In both the classic and adjusted model, the point estimate
contain this true T-cell fraction in 95.1% (classic model) and 95.0% (adjusted m
width of the CIs is larger in the adjusted model. B: A total of 10,000 simulations o
The 50% noneT cells present with a clonal trisomy of the T-cell marker region, r
(similar to the situation in Figure 2C). This 25% is the point estimate mean of the c
of the calculated 95% CIs contains the true T-cell fraction. In the adjusted model
the calculated 95% CIs contain this true fraction in 95.2% of the experiments.

94
fraction in 95.2% of the experiments. Thus, the adjusted
model was able to correctly quantify the T-cell presence
under these copy number unstable conditions, whereas the
classic model failed to determine the correct T-cell fraction.
In Vitro Validation of the Adjusted Model Using
Multiplex Digital PCR

To validate the wet-laboratory performance of the adjusted
model, an RC digital PCR assay RCDB was designed,
allowing the recognition and normalization of CNAs
affecting the DB T-cell marker region within the TRB gene.
This assay targets TRBC2, which is the second constant
domain and last downstream gene segment of TRB
(Figure 4A). Because TRBC2 is not deleted during variable,
diversity and joining (VDJ) rearrangements, it becomes the
closest (and thus most generic) genomic locus that can be
exploited as RC for the DB.2
he first 20 simulated experiments per situation and model are sorted and
of 10,000 simulations of a 50% T-cell fraction in 20 ng copy number stable
has a mean around the true T-cell fraction of 50%. The calculated 95% CIs
odel) of the experiments. However, the SD around the mean and absolute
f a 50% T-cell fraction in 20 ng copy number unstable genomic input DNA.
educing the total loss of the T-cell marker to 25% in the complete sample
lassic model, but does not reflect the correct T-cell fraction. Moreover, none
, the point estimate has a mean around the true T-cell fraction of 50%, and
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Figure 4 Determination of T-cell quantifica-
tion, according to classic and adjusted model by
multiplex digital PCR. A: Genomic position of the
DB T-cell marker and its regional corrector RCDB
(targeting the TRBC2 gene segment) on chromo-
some 7q34. Note that the copy-number invariant
and independent genomic reference REF targets
TTC5, which is located on chromosome 14q11.2. B:
Two-dimensional plot of 1 � 2 multiplex digital
PCR analyzing RCDB on channel 1 (FAM: 6-carbox-
yfluorescein) and DB (assay with lowest fluores-
cence) and REF (assay with highest fluorescence)
on channel 2 (HEX: hexachloro-fluorescein), lead-
ing to 23 Z 8 distinct clusters. C: Comparison of
the concentration ratios, [DB]/[REF] and [RCDB]/
[REF], obtained by separate experiments with
conventional duplex configuration, and the com-
bined multiplex setup from B, showing similar re-
sults.

T-Cell Quantification in Cancer DNA
Previously, digital PCR experiments following the classic
model were performed in a duplex configuration: the T-cell
marker and reference were measured concurrently on two
different channels.4,5,17,18 The extension within the adjusted
model, however, requires the measurement of one extra
target (ie, the RC) in the sample of interest. Although this
measurement may be performed in another duplex experi-
ment (normalized to the same stable reference) and inte-
grated into the calculation with the T-cell marker afterward,
a multiplex analysis would be a more efficient solution.
This setup can be performed with the same amount of DNA
as in a traditional duplex experiment, but gives more in-
formation as the additional target is analyzed within the
same well.19,20

The two-dimensional plot of such a multiplex digital PCR
experiment is shown and annotated in Figure 4B. Herein,
The Journal of Molecular Diagnostics - jmdjournal.org
regional corrector RCDB on channel 1 is analyzed simulta-
neously with T-cell marker DB (lowest fluorescence) and
stable genomic reference REF (highest fluorescence) on
channel 2. As droplets may or may not contain each of the
three targets, 23Z8 different clusters can appear in a two-
dimensional perspective. In such experiment, all three tar-
gets can be measured simultaneously, and the T-cell fraction
can be calculated following the adjusted model. Notably, as
DB and REF are both being determined with this multiplex,
the T-cell fraction according to the classic model can also be
calculated.

To validate this multiplex setup, a healthy PBMC DNA
sample was analyzed, and the target concentration ratios
were compared with those obtained from two separate
duplex experiments (Figure 4C). Similar ratios were
observed with both setups, but the two duplex experiments
95
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required two times the amount of input DNA and experi-
mental reagents compared with the single multiplex exper-
iment. This demonstrates that a multiplex approach is
equally valid, but more efficient, than the traditional duplex
setups.

To confirm the in silico results regarding the adjusted
model with in vitro experiments, the multiplex setup was
applied in six healthy, copy numberestable PBMC samples
for which flow cytometryebased T-cell quantifications were
available (Figure 5A). Following both the classic and
adjusted model, accurate T-cell fractions were obtained
when compared with the fractions measured by flow
cytometry. However, the observed variability (visualized by
the 95% prediction interval) and 95% CIs of the measure-
ments were larger using the adjusted model.

Second, our approach was validated in samples in which
DNA from a healthy PBMC (containing approximately 60%
T cells) was mixed with DNA from the pure, copy number
unstable, uveal melanoma cell line Mel-202 (0% T cells).
This cell line harbors a gain of the entire chromosome 7,
encompassing the DB T-cell marker region.21 Therefore,
these mixtures are not correctly measurable following the
96
classic model, similar to the situation proposed in
Figure 2C. Using the multiplex digital PCR experimental
setup, five different mixtures were analyzed (Figure 5B). As
expected, the higher the contribution of Mel-202 DNA, the
larger the error in T-cell fraction according to the classic
model. However, the adjusted model allowed us to correctly
determine the fraction of T-cell DNA in all mixtures.

Application of the Adjusted Model in Copy Number
Unstable Cutaneous Melanoma Biopsies

To practically apply and validate the utility of the classic
and adjusted model, three cutaneous melanoma biopsies
from independent patients were analyzed using the multi-
plex digital PCR experimental setup (Figure 6). These
BRAF p.V600E mutant melanomas, two primary tumors
(CM-1 and CM-2) and one metastatic lesion (CM-3), were
selected on the basis of the presence of an additional copy
number gain of BRAF. An overview of the available
clinical-pathologic characteristics of the cases is presented
in Supplemental Table S1. In line with the frequent co-
occurrence of BRAF and TRB CNAs on chromosome 7q
Figure 5 T-cell quantifications, according to
classic and adjusted model, as determined by multi-
plex digital PCR in healthy peripheral blood mono-
nuclear cells (PBMCs) and copy number unstable
mixtures. The dotted lines represent perfect linear
correlations (y Z x), and the gray polygons denote
the 95% prediction intervals. A: T-cell fractions, ac-
cording to the classic and adjusted model (y axis),
compared with the fractions measured by flow
cytometry (x axis) in six healthy, copy number stable
PBMC samples. Although accurate quantifications are
obtained with both models, the variability of the
measurements and individual 95% CIs are larger when
following the adjusted model. B: T-cell fractions, ac-
cording to the classic and adjusted model (y axis),
compared with the expected fraction (x axis) in five
DNA mixtures of a healthy, copy number stable PBMC
sample with approximately 60% T cells and copy
number unstable Mel-202 cell line with 0% T cells. The
gain of chromosome 7 in Mel-202 causes an underes-
timation of the T-cell fraction following the classic
model.

jmdjournal.org - The Journal of Molecular Diagnostics
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Figure 6 T-cell quantifications, according to the classic and adjusted model, and immunohistochemistry (IHC) in three cutaneous melanoma samples with
a known copy number gain of BRAF. In all cases, this gain also involves the TRB locus and causes an underestimation of the T-cell fraction following the classic
model, with even negative T-cell fraction in CM-1 and CM-2. The copy numberederived error is corrected using the adjusted model. The low to moderate levels
of T cells are confirmed by taking the average (thick lines) of a CD3þ immunohistochemical staining of five representative tumor areas (gray dots).

T-Cell Quantification in Cancer DNA
(Figure 1C), the DB T-cell marker region was also gained in
these three specimens, resulting in an underestimation of the
T-cell fraction following the classic model (Figure 6). This
was most evident in CM-1 and CM-2, in which negative T-
cell fractions of �21% and �22% were observed. In all
cases, the T-cell fraction could be rescued by using the
adjusted model with TRBC2 as RC. The presence of the low
to moderate levels of T cells was confirmed by immuno-
histochemistry (Figure 6 andSupplemental Figure S1).
Discussion

Genetic dissimilarities between cells can be effectively uti-
lized to enumerate the presence of specific cell types in
admixed DNA samples. This is particularly relevant in
oncology, where newly acquired mutations distinguish
tumor clones from genetically healthy cell populations.
Detection of resistant or persistent tumor cells (ie, minimal
residual disease) has considerable clinical relevance in many
malignancies, both prognostically and therapeutically.22 The
same concept might be applied in the detection and quan-
tification of healthy cell populations, such as immune cells.
Similarly, the absolute presence of specific immune cell
types has significant prognostic and therapeutic value in
oncological care.7,8 However, universal genetic markers for
autologous, nonmalignant cell types are scarce, as most cells
in the human body share a fully identical genome.

Previously, we identified two T-cell DNA markers (ie,
DB and DD) that are biallelically deleted in nearly every T
cell.4 The origin of these markers lies in the genetic rear-
rangements of T-cell receptor genes during early T-cell
development. As these processes do not take place in other
cells, both markers are typically present on both alleles in
noneT cells, making them generic and specific (Figure 2A).
To accurately measure the presence of the T-cell DNA
markers, a duplex digital PCR experimental setup was
designed and technically validated.4,5 More important,
The Journal of Molecular Diagnostics - jmdjournal.org
however, somatic CNAs may also lead to the loss or gain of
these markers, resulting in an underestimation or over-
estimation of the true T-cell abundance. The original classic
model is therefore only valid in DNA samples that do not
harbor a CNA involving the T-cell marker region. As most
benign samples are copy number stable, the classic model
can be safely applied in these samples. This was evidently
illustrated in the validation experiments of our original
report.4

However, the mathematical basis of the classic model
may be distorted when a CNA affecting the T-cell marker
region is present in admixed noneT cells, such as malignant
cells (Figure 2B). When the T-cell marker region is lost in
the sample of interest (eg, as a result of a chromosomal
deletion in admixed cancer cells), the absence of the T-cell
marker is not derived from T cells only, and the T-cell
fraction will be too high. Vice versa, extra copies of the T-
cell marker region may conceal the T-cellederived loss of
the marker and underestimate the true T-cell fraction
(Figure 2C), or even result in a negative T-cell fraction.
According to our pan-cancer analysis, such CNAs involving
the DB and DD marker regions (ie, the TRB and TRD gene
loci) occur in approximately 24% and approximately 17%
of the tumors, respectively (Figure 1). Although these
values may be surprisingly high, it is unlikely that the al-
terations are targeting the T-cell receptor genes specifically.
These genes are not used in most malignancies and, as an
example, the CNAs involving the DB marker region typi-
cally encompassed a much larger part of the chromosome.
Still, these frequencies indicate that the original DNA-based
T-cell quantification will fail in on average one of four (DB)
or one of six (DD) of the cancer specimens, marking the
need for a robust solution.

In this study, we introduced an extension of our original
experimental setup, enabling the recognition and adjustment
of copy number instability involving the T-cell marker re-
gion. This extended approach was evaluated in silico and
validated in vitro using multiplex digital PCR.
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The key elements of digital PCR (subsampling, random
partitioning, end-point measurements, and consequent
mathematical interpretation) can be effectively modeled in
silico, providing important insights in the mathematical
validity and precision of a given experimental setup.12,23

This analysis demonstrated that under copy number stable
conditions, the T-cell fraction is correctly estimated by
using the adjusted model, but with slightly decreased pre-
cision than in the classic model (Figure 3A). These findings
were confirmed by the analysis of healthy PBMC DNA
samples using both the classic and adjusted model
(Figure 5A). The reduced precision is likely to be explained
by the insurmountable uncertainty of the extra measurement
(ie, the RC) being taken into account in the calculations,
whereas its value is not necessary for an accurate estimation
of the T-cell fraction.

The additional value of the adjusted model is demon-
strated when a CNA affects the T-cell marker region. Both
our in silico and in vitro validation experiments showed that
under such condition, the classic model fails to determine
the true T-cell fraction, whereas the adjusted model recog-
nizes and corrects the obtained error adequately (Figures 3B
and 5B). Herein, the adjusted model was practically applied
by a multiplex digital PCR experimental setup, which
allowed us to analyze the T-cell marker, the RC, and the
stable genomic reference concurrently within one experi-
ment (Figure 4B). This setup required only half of the DNA
and reagents compared with the duplex alternative, while
giving the same results (Figure 4C). Consequently, the
number of pipetting actions (and hence risk of errors) was
reduced as well. This makes the multiplex approach an
equally valid, but practically more efficient experimental
setup.

As a proof of concept, the utility of our approach was
evaluated in copy number unstable cutaneous melanoma
DNA samples (Figure 6). Given the close proximity of the
TRB gene to BRAF, an established oncogene in cutaneous
melanoma and other cancers,15,16 (focal) copy number in-
creases targeting BRAF (found in up to 50% of the mela-
nomas) typically also involve the DB T-cell marker region
(Figure 1C). Using the multiplex digital PCR, these CNAs
were detected, and the underestimated T-cell fractions were
properly corrected, demonstrating that the adjusted model
can be successfully applied to obtain T-cell fractions in copy
number unstable tumor DNA specimens.

Consequently, our advanced multiplex digital PCR setup
has several potential clinical and diagnostic applications in
cancer. From a prognostic point of view, the magnitude of
T-cell infiltration in tumors has been correlated to tumor
growth and clinical outcome in various types of cancer.7,8

For example, the quantified T-cell presence was found to
be an independent prognostic factor associated with meta-
static recurrence in resected primary cutaneous melanoma.24

The extent of T-cell infiltration can also be used to predict
response to neoadjuvant therapies.25,26 Furthermore,
(tumor-infiltrated) T cells are being increasingly used
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therapeutically by the administration of drugs (eg, check-
point inhibitors and bispecific antibodies).27e30 The con-
ventional methods for quantification of T-cell content in
body fluids or solid tissues are flow cytometry and immu-
nohistochemistry, which are based on using T-cellespecific
antibodies.31,32 However, these approaches require that
specified T-cell epitopes are present and accessible in the
sample of interest, which is highly dependent on the spec-
imen’s condition and method of preparation. Furthermore,
tissue sampling biases and artifacts derived from unequal
cell disaggregation or fixation may be present and influence
the reliability of these methods. Consequently, when sample
quantity and/or quality is low, the quantitative performance
may be hampered and an alternative approach is needed.
Our method shifts the focus from epitope expression to T-
cellespecific DNA biomarkers. Advantageously, such
DNA-based analysis can be performed more rapidly in
samples of much lower quantity and quality, but may also
reduce various forms of technical and biological measure-
ment variability.4,5,17,18 For example, when DNA is isolated
from a larger proportion of the tumor, spatial differences in
T-cell presence can be equaled out and the DNA-based
quantification will be a better representation of the whole
tumor. Moreover, but in contrast to conventional methods,
digital PCR is less dependent on visual inspection and
manual thresholding or interpretation.33

The validity our adjusted model is limited to samples
where copy number stable T cells are mixed with (possibly)
copy number unstable noneT cells. In (immature) T-cell
lymphomas and leukemias, the maturation stage at onset of
the malignancy, level of clonality, and genetic (in)stability
may have consequences on the presence of the DB and DD
T-cell markers.34,35 As a result, our approach may under-
estimate or overestimate the presence of (malignant) T cells
when analyzing T-cell proliferation. Additionally, in some
malignancies, such as precursor B-acute lymphoblastic
leukemias and acute myeloid leukemias, illegitimate rear-
rangements of the T-cell receptor genes have been re-
ported.10,11 The DB and DD T-cell markers may
consequently be deleted in admixed leukemic B cells, giv-
ing an overestimation of the T-cell fraction in such samples.
Taken together, particular care should be taken when
analyzing samples from a lymphoproliferative origin.
Recently, high-throughput sequencing of the TRB gene

was evaluated as a novel molecular method to quantify the
fraction of T cells in melanoma and carcinoma.24,36 This
approach, commercially available as the immunoSEQ Assay
(Adaptive Biotechnologies, Seattle, WA), is more complex
than our method, but comparable in the sense that the T-cell
abundance is estimated on the basis of comparing (un)
rearranged T-cell receptor DNA with reference DNA.
Recently and also similar to our work, a bioinformatical
method was described to estimate T-cell fractions from
whole-exome sequencing data based on the loss of TRA/
TRD DNA.37 Advantageously, such measurements can be
performed using existing sequencing data, whereas targeted
jmdjournal.org - The Journal of Molecular Diagnostics
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sequencing and our method require extra wet-laboratory
experiments. However, it would be informative to analyze
a large, diverse cohort of samples and compare our assay
with these alternative approaches on accuracy, precision,
applicability (including in DNA samples with high levels of
fragmentation, such as those of formalin-fixed, paraffin-
embedded origin), and performance under copy number
instability.

Finally, it would be useful to extend our panel of assays
with an RC for the DD T-cell marker, as CNAs affecting
this marker region are also frequently observed (Figure 1B).
A candidate RC may be found in the constant gene segment
of the TRA gene, as TRD itself is located within TRA and
consequently may be lost because of T-cell receptor
rearrangements.38

In conclusion, our novel multiplex digital PCR setup
offers a relatively simple, but accurate, T-cell quantification
in copy number stable and unstable DNA samples. This
approach has potential for clinical and diagnostic use as the
quantitative performance is similar compared with current
golden standards. Our DNA-based method, however, does
not require T-cellespecific epitopes to be present and
accessible, which means that the sample requirements are
much lower.
Supplemental Data

Supplemental material for this article can be found at
http://doi.org/10.1016/j.jmoldx.2021.10.007.
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