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Background: One of the most severe variants of DNA lesions is the DNA double-strand break (DSB).
Generally, non-physiological DSBs occur as a result of ionizing radiation, oxidative or mechanical stress and
chemical effects. DSBs can be detected by phosphorylated histone 2AX (YH2AX) foci analysis using indirect
immunofluorescence assay (IFA). Peripheral blood mononuclear cells (PBMCs) obtained by venipuncture
and density gradient centrifugation have mainly been used for DSB assessment applying IFA but capillary
blood mononuclear cells (CBMC:s) could be an alternative facilitating DSB analysis.

Methods: CBMCs and PBMCs were isolated from capillary and venous blood of ten human volunteers.
Nuclear characteristics and DSBs induced by etoposide were determined by IFA using an automated
microscopy interpretation system for DNA damage assessment.

Results: The number of isolated PBMCs and CBMC:s, their nuclear characteristics as well as the number
and characteristics of etoposide-induced DSBs were not significantly different in capillary and venous cells
(P>0.05).

Conclusions: CBMCs isolated from capillary finger stick blood can be used for DSB analysis by YH2AX
foci assessment instead of PBMCs obtained by venipuncture. The use of CBMCs could enhance the

implementation of YH2AX as a biomarker for individual diagnostics in precision medicine.
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Introduction Peripheral blood mononuclear cells (PBMCs) isolated from
venous blood are an ideal substrate for efficient YH2AX foci
detection (5,6).

The most sensitive method to quantify YH2AX foci is

Histone 2AX (H2AX) phosphorylation at serine 139 is an
early event in the cellular repair of DNA double-strand

breaks (DSB) representing one of the most severe forms of
DNA damage (1). Phosphorylated H2AX protein (YH2AX)
was established as a useful biomarker for genotoxicity
testing, anti-cancer drug development, and assessment

of individual chemo- and radio-responsiveness (2-4).
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the indirect immunofluorescence assay (IFA) employing
staining with anti-yH2AX antibodies (7,8). However,
manual interpretation of YH2AX foci in IFA is a subjective
and time-consuming approach. Recently, automated
fluorescence microscopy in combination with novel pattern
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recognition software has enabled the standardized detection
of YH2AX foci in cell nuclei (8). Thus, YH2AX foci counting
and intensity analysis per cell as well as morphological
analysis of cell nuclei and foci can be achieved automatically
(3,5,8-10).

Other commonly used techniques like western blot
analysis or flow cytometry are useful methods for yYH2AX
assessment, but less sensitive and not able to analyze YH2AX
foci on a single cell and foci level, respectively (8).

Frequently, human PBMCs have been used as substrate
for the YH2AX foci analysis in the context of DNA damage
assessment. In general, approx. 3-5 mL blood was drawn
by venipuncture and a sufficient number of cells isolated by
density gradient centrifugation. However, to achieve a high
confidence level, at least 100 cells per sample should be
analyzed (11).

Although venipuncture is a minimal invasive method,
there is a risk for paravenous or complete vein penetration
with formation of hematoma and scars. Furthermore,
repeated venipuncture is a stressing procedure for children
and older people. Altogether, this creates the need for an
even less invasive method of blood sampling for YH2AX
foci analysis. Recently, Heylmann ez 4/ published a new
approach to detect YH2AX foci by using a drop of blood for
a full blood smear (12,13). However, the density of capillary
blood mononuclear cells (CBMC) by this method is not
sufficient for automated evaluation. Furthermore, Turner
et al. evaluated the RABIT system as high throughput
yYH2AX analyzing machine (14). Thereby, YH2AX total
fluorescence in CBMCs was investigated, resulting in a less
sensitive mean value over all CBMCs.

Thus, the aim of this study was to find a new method for
the isolation of a sufficient amount of CBMCs from one
drop of capillary blood and compare it with the current
technique employing a larger volume of venous blood.

Methods

Ten healthy volunteers were recruited which gave written
informed consent [female 6, male 4; median age: 32 years;
interquartile range (IQR): 8 years]. The study was approved
by the local ethics committee and was conducted in
accordance with the Helsinki Declaration of 1964 (revised
2008). Blood donors gave written informed consent.

PBMC isolation

Mononuclear cells were isolated from venous blood taken
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by venipuncture using a commercial lymphocyte separation
kit (Medipan GmbH, Dahlewitz/Berlin, Germany).

CBMC isolation

Capillary finger stick blood was obtained using a lancet and
capillary tube K2-EDTA with collector unit. Subsequently,
a density gradient was employed in 1.5 mL centrifuge tubes
to separate the CBMCs from other blood cells. Obtained
CBMCs were washed in PBS to remove remaining density
gradient medium.

Cell exposure to etoposide

Immediately after isolation, PBMC and CBMC were
suspended in commercial ready to use the Roswell Park
Memorial Institute (RPMI) 1,640 medium and exposed to
differing levels of etoposide (0-100 M) for one hour at 37
°C and 5% CO, (3). Etoposide is a well characterized and
widely used cytostatic drug. It is a topoisomerase II poison
which blocks DNA ligation resulting in DBS (12).

After incubation, etoposide was removed by
centrifugation and washing with PBS. Cells were seeded on
glass slide and fixed as described elsewhere (8).

Indirect IFA for the detection of yH2AX

According to the instruction manual (Medipan GmbH),
PBMCs and CBMCs were permeabilized and stained with
an anti-YH2AX mouse monoclonal primary antibody for
one hour at room temperature as described earlier (8). This
was followed by washing and incubation with a specific
anti-mouse secondary antibody labeled with fluorescein
isothiocyanate (FITC) for one hour at room temperature.
After incubation of the secondary antibody, unbound
components were removed by washing and the wells were
covered with a 4°, 6-diamidino-2-phenylindole (DAPI)
containing mounting medium.

Automated cell and foci analysis

Image acquisition and interpretation was performed with
the AKLIDES Cell Damage system (Medipan) as described
in detail previously (8). Briefly, DAPI stained cell nuclei
were used for autofocusing and analysis of morphological
characteristics (shape, size, intensity). Only DAPI stained
nuclei with an almost perfectly circular shape (convexity of
0.85-1.0) were automatically selected for further YH2AX
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Figure 1 Schematic overview of assay tools and software analysis
example of automated yYH2AX analysis. (A) Slide view with
characteristic well configuration. YH2AX coated microparticles are
immobilized in the upper part of the microscopic glass slide (labeled
CONTROL). Human lymphocytes are immobilized in the lower
wells (numbered 1 to 6); (B) example of the digital analysis of
CBMC:s and the induced YH2AX foci after exposure to etoposide
(100 pM, 1 hour, 37 °C, 5% CO,, RPMI 1,640 medium). CBMCs
with a convexity of >0.85 (circled blue) were analyzed to determine
their nuclear and foci characteristics (diameter, intensity, number).
Pan-stained cells were excluded automatically (circled green).
Microparticles (lower left section) were used as reaction control in
order to minimize preanalytical variability of YH2AX foci analysis.
yYH2AX, phosphorylated histone 2AX; RPMI, Roswell Park
Memorial Institute; CBMC, capillary blood mononuclear cell.

analysis. The AKLIDES Cell Damage software uses
mathematical algorithms for digital cell separation and
z-stack foci acquisition as well as foci analysis regarding
their number, intensity and morphological characteristics.
For validation of IFA results and minimizing preanalytical
variability, polymethylmethacrylate (PMMA) microparticles
(PolyAn, Berlin, Germany) functionalized with a carboxylated
surface were used as staining control. These particles were
covalently linked with YH2AX peptide. Subsequently, they
were immobilized on a separate well of the microscopic
glass slide and used for IFA analysis (Figure 1A). In order
to guarantee a high level of reproducibility regarding IFA
analysis, the homogenous YH2AX PMMA microbead
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density of different lots was controlled by anti-yH2AX and
labeled secondary antibodies. The analysis of the median
fluorescence intensity (MFI) for comparison was based on
the detection of the fluorescent signal of 100 beads each
of four sites per well on the microscopic glass slides. Thus,
the MFI measurements of different slides after running the
IFA allowed comparing the efficiency of assay performance
regarding assay conditions and binding of specific
antibodies.

The AKLIDES Cell Damage software analyzes the MFI
being a result of the bound anti-yH2AX and secondary
antibodies as described above. Ligand values ranging from
37,280 AU to 71,375 AU were considered valid for further
YH2AX analysis of specimens as mentioned before and
shown in Figure 1B. Values out of range were scored not
valid and respective slides were not investigated further.

Statistics

Statistical analysis was done as described in detail previously
(3,5,8).

Results

All obtained data showed controlled, valid results using
YH2AX coated microparticles, ranging in the appropriate
value as mentioned before (data not shown).

Comparison of PBMCs and CBMCs obtained by
venipuncture and capillary puncture

The isolated PBMCs and CBMCs were compared in
terms of their number and nuclear characteristics. Taking
50 pL of peripheral and capillary blood each, there was
no significantly different cell number of obtained PBMCs
and CBMCs. Thus, the amount of 50 pL capillary blood
was sufficient for the isolation of a number of at least
500 CBMCs that could be used for the automated IFA
interpretation of duplicates. The scanning and evaluation
time of minimum 100 PBMCs or CBMCs in one well was
similar and lasted 4-5 minutes.

Both isolation strategies resulted in the isolation of
PBMCs and CBMCs with a median nucleus diameter of 7.2
to 7.4 pm with no significant difference (Figure 2A4).

Comparison of etoposide-induced foci characteristics

DSBs were induced by treatment with 100 pM etoposide
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Figure 2 Automated analysis of nuclear characteristics of PBMC and CBMC obtained from ten volunteers followed by density gradient

centrifugation and of YH2AX foci induced by etoposide. Using the AKLIDES Cell Damage system, no significant differences of median
nucleus diameter (A), median foci diameter (B) and median foci intensity (C) were detected in PBMC and CBMC (D). The numbers of
yYH2AX foci at baseline and induced by exposure to 100 pM etoposide did not show significant differences between PBMC and CBMC.
yYH2AX, phosphorylated histone 2AX; PBMC, peripheral blood mononuclear cells; CBMC, capillary blood mononuclear cells.

in PBMCs and CBMC:s obtained via venous and capillary
puncture. The median foci diameter and median foci
intensity showed no significant differences in both
techniques (PBMCs: 0.45 pm, CBMCs: 0.46 pm; foci
intensity as MFIL: 150.4-169.2, respectively) (Figure 2B,C).
Further, we compared DSB formation after exposure at
baseline and to 100 pM etoposide in PBMCs and CBMCs.
There were no significant differences in DSB formation
(P>0.05, respectively (Figure 2D). Additionally, samples
were treated with different etoposide concentrations
(1, 10, 100 pM) and the mean YH2AX foci numbers were
determined by counting foci in at least 100 nuclei per
specimen (Figure 3). Foci numbers ranged from 0.074
at baseline (0 pM etoposide) to 4.720 foci per cell after
exposure to 100 pM etoposide. There was an exponential
relationship of the concentration of etoposide with the
number of induced YH2AX foci in PBMCs and CBMCs
(coefficient of determination = R’=0.96) (Figure 3).
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Discussion

Recent studies have underlined the usefulness of capillary
puncture to obtain blood specimens in different diagnostic
fields and experimental settings. Especially for pediatric
and multimorbid patients capillary puncture is less
cumbersome and stressful in contrast to venipuncture.
However, Schalk et a/. showed in a multi-cohort study a
significant elevation of white blood cell numbers in finger
stick (capillary) versus venous blood (15). In contrast, a less
extensive cohort study of Podgorski et #/. demonstrated
no significant differences of blood cell counts in capillary
and venous blood (16). This finding is consistent with our
results. Further, we determined no significant differences
of nuclei and YH2AX foci characteristics. By applying
automated IFA interpretation with the AKLIDES system, a
controlled analysis with synthetic microparticles minimizes
the variability of yYH2AX foci numbers.
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Figure 3 Automated determination of YH2AX foci in PBMC
and CBMC after exposure to etoposide. More than 100 nuclei of
PBMC and CBMC per well were evaluated after exposure to rising
levels of etoposide by AKLIDES Cell Damage interpretation
system. The number of induced YH2AX foci was exponentially
associated with the level of etoposide. YH2AX, phosphorylated
histone 2AX; PBMC, peripheral blood mononuclear cells; CBMC,

capillary blood mononuclear cells.

As a fact, biochemical parameters may demonstrate
different levels in capillary and venous blood samples
(17-19). In contrast, we found no significant differences
in the formation and characteristics of etoposide-induced
DSBs determined by automated YH2AX foci analysis in this
in vitro study.

Conclusions

In sum, our results demonstrate that CBMCs can be used
instead of PBMC:s for the assessment of DNA damage by
YH2AX foci analysis. This may facilitate the introduction
of YH2AX as a biomarker into routine diagnostics. The
use of capillary puncture as the most minimal invasive and
less complicated blood taking method can enable easier
sample procurement for more comprehensive DNA damage
assessment studies.

Of note, therapy-induced or preexisting bone marrow
failure may result in low CBMC counts which could
limit the applicability of the method in daily routine.
Additionally, it needs to be investigated in further studies
whether the induction of DSBs iz vivo can be detected
equally in PBMCs and CBMCs and whether the number of
affected CBMCs with DSBs is sufficient for an appropriate
analysis.
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