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Abstract:

Introduction:

The detection of y-H2AX foci in peripheral blood mononucleated cells (PBMCs) has been
incorporated as an early assay for biological dosimetry. However, overdispersion in the
v-H2AX foci distribution is generally reported. In a previous study from our group, it was
suggested that overdispersion could be caused by the fact that when evaluating PBMC:s,
different cell subtypes are analyzed, and that these could differ in their radiosensitivity.
This would cause a mixture of different frequencies that would result in the
overdispersion observed.

Objectives:

The objective of this study was to evaluate both the possible differences in the
radiosensitivities of the different cell subtypes present in the PBMCs and to evaluate the
distribution of y-H2AX foci in each cell subtype.

Materials and methods:

Peripheral blood samples from three healthy donors were obtained and total PBMCs, and
CD3*, CD4", CD8", CD19", and CD56" cells were separated. Cells were irradiated with
1 and 2 Gy and incubated at 37 °C for 1, 2, 4, and 24 h. Sham-irradiated cells were also
analyzed. y-H2AX foci were detected after immunofluorescence staining and analyzed
automatically using a Metafer Scanning System. For each condition, 250 nuclei were
considered.

Results:

When the results from each donor were compared, no observable significant differences
between donors were observed. When the different cell subtypes were compared, CD8"
cells showed the highest mean of y-H2AX foci in all post-irradiation time points. The cell

type that showed the lowest y-H2AX foci frequency was CD56'. The frequencies
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observed in CD4" and CDI19" cells fluctuated between CD8" and CD56" without any
clear pattern. For all cell types evaluated, and at all post-irradiation times, overdispersion
in y-H2AX foci distribution was significant. Independent of the cell type evaluated the
value of the variance was four times greater than that of the mean.

Conclusion

Although different PBMC subsets studied showed different radiation sensitivity, these
differences did not explain the overdispersion observed in the y-H2AX foci distribution

after exposure to IR.



Introduction

The phosphorylation of the histone variant H2AX (y-H2AX) is one of the earliest events
observed in cells following exposure to DNA-damaging agents, such as ionizing radiation
(IR) (Rogakou et al. 1998). It appears within minutes and reaches maximum levels after
30 min (Rogakou et al. 1999). By using specific antibodies against y-H2AX, it is possible
to detect its phosphorylation as microscopic foci, and its detection by
immunofluorescence techniques has been incorporated as an assay to be used in
biological dosimetry (Barnard et al. 2015; Roch-Lefévre et al. 2010; Rothkamm et al.
2013). Similar to other biomarkers of dose, pre-established calibration curves are needed
for dose assessment. However, due to the fast repair of radiation-induced DNA damage,
calibration curves have been established at specific post-irradiation times, usually
between 0.5 and 48 h (Andrievski and Wilkins, 2009; Beels et al. 2010; Chaurasia et al.
2021; Hornetal. 2011; Lisowska et al. 2013; Moquet et al. 2014, 2017; Redon et al. 2010;
Roch-Lefévre et al. 2010). Recently, our group has proposed a tri-dimensional model,
where both time and foci counts are considered for dose assessment (Lopez et al. 2022).
The model allows evaluating blood samples at any post-irradiation time between 0.5 and

24 h without the need for multiple dose-effect curves.

Over the past decades, the dicentric chromosome assay has been considered the “gold
standard” method in biological dosimetry. The dicentric assay allows to distinguish
between whole-body homogeneous exposures and heterogeneous exposures (Edwards et
al. 1979; Barquinero et al. 1997; Gruel et al. 2013; Pujol et al. 2016). The ability to
distinguish between these two scenarios is due to the fact that dicentric cell distribution
fits a Poisson distribution after a homogeneous exposure while overdispersion is observed

in cases where non-homogeneous exposures toke place. Contrary to dicentrics, the y-



H2AX foci distribution after homogeneous exposures is generally overdispersed (Ding et
al. 2016; Einbeck et al. 2018; Kato et al. 2006; Lisowska et al. 2013; Lloyd-Smith, 2007;
Lopez et al. 2022; Martin et al. 2013; Rothkamm et al. 2007; Rothkamm and Lobrich,
2003; Riibe et al. 2008). This prevents the use of the properties of the Poisson distribution

to estimate heterogeneous irradiations.

A difference between dicentric and y-H2AX is that dicentrics are analyzed only in CD3"
cells (T-lymphocytes) including CD4" (T helpers) and CD8" (cytotoxic T cells), whereas
v-H2AX foci are usually detected in peripheral blood mononucleated cells (PBMCs),
which include different subsets of peripheral blood cells, such as CD4*, CD8", CD19" (B
cells), and CD56" (NK cells). In our previous study proposing the surface model (Lopez
et al. 2022), overdispersion of the y-H2AX foci distribution was observed in all analyzed
samples. In that paper, we suggested that this overdispersion may be caused by the fact
that several blood cell types were analyzed, and they may differ in their radiation
response. If we assumed that for each cell type, the distribution of foci per cell follows a
Poisson distribution, the mixture of different subpopulations with different frequencies

would result in overdispersion.

The present study aims to evaluate the radiation sensitivity of different PBMCs subtypes

and to study the distribution of radiation-induced y-H2AX foci in each cell type.

2. Material and methods
2.1 Cell isolation
Peripheral blood samples from a 56-year-old healthy male, a 44- and 34-year-old healthy

females were collected in tubes with heparin. All three donors have no history of exposure



to clastogenic agents and previous informed consent was obtained for each donor. The
study has followed institutional, national, and international Ethical guidelines. It has been
approved by the Animal and Human Experimentation Ethics Committee from the

Universitat Autonoma de Barcelona (Reference: 2624).

Cell isolation was performed as previously described by our group (Lopez et al. 2022).
After isolation, PBMCs were incubated in 15 mL tubes with 10 mL of RPMI-1640,
supplemented with L-glutamine 2 mM (Biowest, Barcelona, Spain), 15% fetal bovine
serum (Life Technologies, Madrid, Spain), and 100 U-mL! penicillin and 100 zg-mL"!

streptomycin (Biowest) until the irradiation took place.

To separate the different lymphocyte subpopulations, PBMCs were incubated with the
following monoclonal antibodies: for CD3" cells PBMCs were incubated with UCHT1
clone (Biolegend, San Diego, CA); for CD4" cells, tA161A1 clone (Biolegend) was used;
for CD8" cells, SK1 clone, (Biolegend); for CD19" cells, HIB19 clone (Biolegend); and
for CD56" cells, tHCD56 clone (Biolegend). For the different cell types, 3,000,000 cells
were sorted with BDFACSJazz flow cytometer (BD Biosciences, San Jose, CA) equipped

with 488 nm and 635 nm lasers.

2.2 Irradiation

PBMCs as well as the sorted cells (CD3*, CD4", CD8", CD19" and CD56") were sham
irradiated or irradiated at 1 or 2 Gy with a 137Cs source (IBL437C, CIS Biointernational,
GIF Yvette, France) located at the Unitat Tecnica de Proteccid Radiologica of the
Universitat Autonoma de Barcelona, Spain. Before irradiation, cells were kept at 37 °C

for 1 h. Immediately after irradiation, cells were placed on ice for transportation during



30 min. This was done to halt DNA repair. Once in the laboratory, cells were incubated
at 37 °C for 1, 2, 4 and 24 h. The starting point of DNA repair was considered at the time

of introducing the cells into the incubator.

2.3 Immunofluorescence staining and microscopic analysis

Immunofluorescence staining and microscopic analysis were performed following
protocols described previously (Lopez et al. 2022). Foci analysis was performed in a
motorized z-stage Zeiss Axio Imager.Z2 microscope, coupled with a camera. Signals
were captured with an automated scanning fluorescence microscope software (Metafer 4,
Meta Systems, Altlussheim, Germany) and analysed with MetaCyte, version 3.10.2,
(Meta Systems, Medford, MA, USA). The integration time of the classifier was set
between 0.04 and 0.36 s. Foci intensity threshold was set to 30% with a maximum gain
of 500%, and the area to capture nuclei was between 30 and 400 um?. Once images were
captured, clustered or damaged nuclei were excluded. For each condition, 250 nuclei were

considered.

2.4 Statistical analysis

To check if the foci distribution among cells agreed with the Poison distribution, the u-
test was used; u values >1.96 were considered as significantly overdispersed. For each
cell type and irradiation condition the Kruskal-Wallis test was used to check if there were
differences between donors, whereas pairwise comparisons were done using Mann—
Whitney U test. To compare the mean values of the three donors, one-way ANOV A with
the Tukey multiple pairwise test was used. Finally, to compare the mean background foci
values to those observed after 24 h post-irradiation, the student t-test was used. In all tests

significant differences were considered when p<0.05.



3. Results

The proportion of each cell type in each donor was evaluated (Table 1).There were no
significant differences between donors, and the proportion of the different leukocyte
subsets agreed with those expected for healthy individuals (Oras et al. 2020). The
background yields of y-H2AX foci for each donor and each cell type were evaluated
(Figure 1). Only the yields corresponding to CD4" cells exhibited significant differences
between donors (Kruskal-Wallis test, p<0.01): donor 3 showed significantly high values
(1.60+0.14, mean =+ standard error of the mean, SEM) in comparison to donors 1 and 2,
who had 1.19+0.12 and 1.11£0.10 foci per cell respectively (Mann-Whitney test, p<0.04
in both cases). When the background values of the three donors were considered together,
the mean frequency +SEM of y-H2AX foci for each cell type ranged from 1.17+0.10 for
CD56" cells to 1.46+0.11 for CD8" cells. Finally, yields of y-H2AX foci obtained after
1 and 2 Gy irradiation were analyzed (Figures 2 and 3) for each donor and for the four
post-irradiation times evaluated. Although some statistically significant differences
between donors were observed for some cell types and time points, these differences were
not consistent. For example, in CD56" cells irradiated at 1 Gy significant differences
between donors were found after 2 and 4 h post-irradiation. However, after 2 h it was
donor 2 which showed the highest frequency of y-H2AX foci, after 4 h this donor showed
the lowest frequency. Similarly, in CD19" cells irradiated at 1 Gy, donor 2 showed
elevated foci frequencies after 2 and 4 h. After 2 Gy irradiation, and for the same cell
subtype, donor 3 showed elevated frequencies at the same time points. Due to the lack of
significant differences among donors for the studied cell subsets, results from the three

donors were grouped.



To check if y-H2AX foci distribution conforms to the Poisson distribution in PBMCs and
in each cell type, the normalized unit of the dispersion index, the u-test, was used. In the
sham irradiated samples as well as after 1 and 2 Gy irradiation, variances were always
higher than the mean with dispersion indexes higher than 1. U values indicated that in all
cases overdispersion was significant, with u values higher than 1.96. Figure 4 shows the
correlation between the mean and the variance for each cell type. As can be seen in the
figure, the variance has a tendency to increase as the frequency increases. When this data

was adjusted to a linear function, slopes were close to 4.

The decay in the mean frequencies of y-H2AX foci with post-irradiation time was
analyzed for both irradiation doses and for each cell type (Figure 5). In all cases there
were significant differences between the cell subtypes (One-way ANOVA, p<0.001),
except at 24 h after 1 and 2 Gy irradiation. In general, CD8" cells showed the highest
mean in all post-irradiation time points. For CD8" cells and after 1 Gy, the mean
frequencies =SEM ranged from 12.97+0.27 after 1 h to 2.46+0.20 after 24 h; and after 2
Gy, from 21.38+0.17 to 3.47+0.16. On the other hand, the cell type that in general showed
the lowest y-H2AX foci frequency was CD56". After 1 Gy the mean frequencies =SEM
ranged from 8.91+0.23 after 1 h to 1.7140.10 after 24 h, and in 2 Gy, from 15.74+0.30
after 1 h to 3.01+0.11 after 24 h. When the mean frequencies of y-H2AX foci in CD8"
cells were compared to those observed in CD56", the differences were always significant
(Tukey pairwise test p<0.05), except for 1 and 2 Gy after 24 h post-irradiation. The
frequencies observed in CD4" and CD19" cell subtypes fluctuated between CD8" and
CD56" values without any clear pattern. When CD3" cells were considered, for both doses

and all post-irradiation times, the observed frequencies lay between CD8" and CD4" cell
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values, except after 2 Gy and in the 4 h post-irradiation time. Similarly, the frequencies
of y-H2AX foci in PBMCs lay between CD8" and CD3" values. When background foci
values were compared with the remaining ones after 24 h, after both irradiation doses (1
and 2 Gy), the observed foci values after 24 h post-irradiation were statistically higher
than the sham irradiated values (Student’s t test p<0.02, in all cases), except for CD4"

cells irradiated at 1 Gy.

4. Discussion

In the present study, when all PBMCs subtypes were considered together, the background
frequency of y-HA2X foci was 1.2540.11 close to the value observed in a previous study
from our group, where the surface model was presented: 1.35+0.06 (Lopez et al. 2022).
In our previous study, it was indicated that, in addition to a certain yield of foci due to
endogenous production of oxidative stress, as observed by other authors (Tanaka et al.
2006; Vilenchik and Knudson, 2006), PBMCs isolation procedure stressed the cells.
However, in comparison with other reported background frequencies that range from 0.01
to 0.2 foci per cell (Chaurasia et al. 2021; Mandina et al. 2011; Roch-Lefévre et al. 2010),
the background level in our studies is higher. The diversity in the scoring methodologies,
manual versus semi-automatic or automatic scoring, as well as laboratory variations in
the classifier set-up in the latter case, could explain the observed differences. When
considering cell subtypes, only the differences between CD8" and CD56" were significant
(p<0.05). This could indicate that both endogenous damage and stress caused by the

isolation procedures affect the different cell subtypes in a slightly different way.

When the foci frequencies of each individual were observed separately in the different

cell types, either at control or post-irradiation times, some statistically significant
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differences were obtained. However, these differences were not consistent. In all cell
types, no donor was observed to show significant differences at both doses and at all post-
irradiation times. It should be noted that by analyzing three donors it is unlikely that inter-
individual differences would be observed. A larger cohort should be studied to be more
representative. In a French study, five of the 27 individuals evaluated showed background
frequencies significantly higher with respect to the mean (Roch-Lefévre et al. 2010), and
no correlation between the background frequency of y-H2AX foci and age or gender was
found. In addition, the same study reported that the interindividual variations of the y-
H2AX yield after irradiation were similar to the intraindividual variations, indicating a
lower interindividual variability. Other authors have also reported no interindividual
differences for both the background yield and the radiation-induced one (Andrievski and
Wilkins, 2009; Chaurasia et al. 2021; Ismail et al. 2007; Lisowska et al. 2013; Mandina
etal. 2011). However, in a large study including 94 individuals, it has been described that
age, alcohol use, and ethnicity have an influence on the endogenous levels of y-H2AX,
and that ethnicity and alcohol use may have influence on the repair kinetics (Sharma et

al. 2015).

Regarding radiation-induced foci, CD8" cells were the ones showing the highest values
of y-H2AX foci at almost all post-irradiation times, while CD56" cells were the ones
showing the lowest. The frequencies observed for the CD4" and CD19" cell subtypes lay
between CD8" and CD56" values. A previous report analyzed the induction and repair of
radiation-induced y-H2AX foci in different blood cell populations by microscopy
(Heylmann et al., 2021). They described that at an early time, 1-4 h, CD3" cells (CD4"
plus CD8") show higher values than CD56". At later times, the frequencies of these cell

types are intermixed. Another report using flow cytometry described that T cells (CD4"
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and CD8") show a higher fluorescence intensity of y-H2AX in comparison to B cells
(CD19") (Andrievski and Wilkins, 2009). Finally, another study showed that when T cell
subsets were studied in culture, no differences between CD4" and CD8" were observed
(Hamasaki et al. 2007). In general, our results agree with the consensus that T
lymphocytes are more radiosensitive than B lymphocytes and suggest that, among T cells,
CDS8" are more radiosensitive. Interestingly, the endogenous signals in CD8" was also
higher with respect to the other cell subtypes, indicating that CD8" cells seem to be more
sensitive to different oxidative stressors, not only radiation. Despite observing differences
in radiosensitivity between leukocyte subsets, at 24 h post-irradiation, almost all cell
subtypes still showed higher frequencies of y-H2AX foci compared to sham irradiated
control values. This agrees with what has been proposed by other authors, that it is not
necessary to isolate a specific cell subtype to better detect exposure to IR (Andrievski and

Wilkins, 2009; Heylmann et al. 2021; Horn et al. 2011).

The analysis of y-H2AX foci is an assay currently accepted as an early indicator of
exposure to IR (Kulka et al. 2017; Wojcik et al. 2017). In this sense, several
interlaboratory comparisons have been performed to harmonize and validate this
technique (Ainsbury et al. 2014; Barnard et al. 2015; Moquet et al. 2017; Rothkamm et
al. 2013a, 2013b). However, as with other exposure biomarkers, it is important to
determine which probability distribution best fits the y-H2AX foci data. This will allow
distinguishing between different exposure scenarios. For example, the zero-inflated
Poisson model allows distinguishing between partial and homogeneous exposures if
dicentric chromosomes are analyzed (IAEA, 2011). Although some authors have
described that the distribution of y-H2AX foci per nucleus follows a Poisson distribution,

and have applied the zero-inflated method to estimate partial irradiations (Horn et al.
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2011; Redon et al. 2010), most studies show that the distribution of foci per cell is
generally overdispersed, showing a variance greater than the mean (Ding et al. 2016;
Einbeck et al. 2018; Kato et al. 2006; Lloyd-Smith, 2007; Lopez et al. 2022; Martin et al.
2013; Riibe et al. 2008). In a previous study (Mtynarczyk et al., 2022), we suggested that
the coexistence of different cell subpopulations with possible differences in their
radiosensitivities would result in a mixture of different Poissons, and a bayesian model
based on a mixture of four poisons was proposed to estimate whole-body exposures to
IR. Data presented here indicates that overdispersion remains at similar values for each
leukocyte subset. Therefore, the overdispersion observed when evaluating PBMCs cannot
be explained by different radiosensitivities between cell subtypes, although there are
some significant differences. We show that there is a strong tendency for the variance to
grow as the mean increases, with a ratio close to 4, similar to the overall value found in
our previous study (Lopez et al. 2022), which was 4.9. This suggests a constant dispersion
index close to 4 for the different irradiation doses and post-irradiation times. Einbeck et
al. (2018) analyzed their data sets using a quasi-Poisson method that requires a constant
dispersion index. Although the model consisting of four Poissons showed a good fit,
another likelihood function to represent foci formation should be sought. The zero-
inflated index has been explored as a valuable tool for distinguishing between distinct
overdispersed count data distributions (Puig and Valero, 2006). In this regard, additional
analysis will be carried out to determine which statistical model best fits the observed y-

H2AX foci distribution.

Conclusion

14



Although the different PBMCs subsets studied showed different radiosensitivity, these
differences do not explain the overdispersion observed in y-H2AX foci distribution after

exposure to IR.
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Table 1. Proportion of different peripheral blood lymphocytes subtypes for each donor

CD4" | CD8" CD3" C56" CD19"

Donorl 52.11 21.63 73.92 13.93 12.33
Donor 2 | 55.90 26.32 81.37 11.40 6.37
Donor 3 | 47.62 26.19 74.15 13.07 13.12

Mean 51.52 | 25,17 76.52 12.50 10.20
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Figure 1. Background yields of y-H2AX per cell for each donor and each cell type
evaluated. D, donor. Barrs indicate the mean + SEM. For CD4" cells, differences

between donors were significant (p<0.01).
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Figure 2. Yields of y-H2AX foci per cell = SEM after 1 Gy irradiation for each donor
and for the four post-irradiation times evaluated. Significant differences between donors

are inidicated with one (p<0.05) or two (p<0.01) asterisks.
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Figure 3. Yields of y-H2AX foci per cell £+ SEM after 2 Gy irradiation for each donor and for
the four post-irradiation times evaluated. Significant differences between donors are inidicated

with one asterisk (p<0.05).
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Figure 4. Correlation between the mean and the variance of the number of y-H2AX foci per
cell for each cell type. The slopes are: for PBMCs, 4.75+0.19; for CD56", 4.17 +0.26; for
CD19", 4.29+0.28; for CD3", 4.11+0.14; for CD4" 4.09+0.19; and for CD8", 4.07+0.20.
Empty circles indicate the values obtained after 1Gy, and black circles the values obtained

after 2 Gy.
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Figure 5. Decay in the y-H2AX foci frequency with post-irradiation time for each cell

subtype analyzed. A, frequency decay after 1 Gy irradiation. B, frequency decay after 2

Gy irradiation.
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