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Abstract

In patients with non-resectable hepatic malignancies selective internal radiotherapy (SIRT) with yttrium-90 is an effective
therapy. However, previous data indicate that SIRT leads to impaired immune function. The aim of the current study was to
determine the extent of DNA lesions in peripheral blood mononuclear cells of SIRT patients and to correlate these lesions
with cellular immune responses. In ten patients YH2AX and 53BP1 foci were determined. These foci are markers of DNA
double-strand breaks (DSBs) and occur consecutively. In parallel, lymphocyte proliferation was assessed after stimulation
with the T cell mitogen phytohemagglutinin. Analyses of vital cells were performed prior to and 1 h and 1 week after SIRT.
1 h and 1 week after SIRT numbers of YH2AX and of 53BP1 foci were more than threefold larger than before (p <0.01).
Already at baseline, foci were more abundant than published in healthy controls. Lymphocyte proliferation at baseline
was below the normal range and further decreased after SIRT. Prior to therapy, there was an inverse correlation between
lymphocyte proliferation and the quotient 53BP1/yH2AX; which could be considered as a measure of the course of DNA
DSB repair (r=—0.94, p <0.0001). Proliferative responses were inversely correlated with 53BP1 foci prior to therapy and
yH2AX and 53BP1 foci 1 h after therapy (r<—0.65, p <0.05). In conclusion, DNA foci in SIRT patients were correlated
with impaired in vitro immune function. Unrepaired DNA DSBs or cell cycle arrest due to repair may cause this impairment.

Keywords Selective internal radiotherapy - DNA double strand break - DNA repair - Cellular immune response -
Lymphocyte proliferation - ELISpot
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higher arterial perfusion than the surrounding tumor-free
liver tissue [1]. The average range in tissue of the beta radia-
tion of *°Y is 2.5 mm, the maximum range 11 mm [2]. Since
usually no microspheres circulate systemically, outside of
the target volume only blood cells are irradiated during their
passage through the liver [3]. The prescribed activity of *°Y
glass microspheres is based on the average dose to the target
volume, i.e. the volume of tissue supplied by the hepatic
artery where the microspheres are injected [4]. Usually, the
dose to the target volume is 100-120 Gy [5].

It is now generally accepted that tumor-immune cell inter-
actions are highly relevant for patient survival and evidence
suggests that in the near future local therapies (e.g., SIRT)
may be successfully combined with cancer immunotherapies
targeting immune-checkpoint receptors [6—11]. In autumn
2017 a multicenter study on SIRT patients treated with the
anti-PD-1 agent nivolumab was started (ClinicalTrials.gov
Identifier: NCT03380130). It was hypothesized that the sys-
temic action of nivolumab combined with the local high
radiation dose to the liver by SIRT could pose a more effec-
tive treatment option. In a recent paper, we described that
SIRT leads to an impairment of cellular immune function
[12]. Thus, counter-acting the immunosuppressive effect
of SIRT by immunotherapy may lead to improved tumor
control.

In the current project, we further elucidated immune
function in patients with non-resectable hepatic malignan-
cies. We hypothesized that DNA lesions known to occur
after irradiation [13] may lead to the impaired cellular
immune responses after SIRT. Among different kinds of
DNA lesions, in mammalian cells double strand breaks
(DSBs) are considered as the most deleterious events after
irradiation [14]. Following DNA DSBs, the protein histone
2A family member X (H2AX) is rapidly phosphorylated by
protein kinases [15] producing a signaling cascade during
which the phosphorylated H2AX molecules (YH2AX) form
nuclear foci around the DSBs and lead—via several media-
tors—to an accumulation of the tumor suppressor p53 bind-
ing protein 1 (53BP1) [16]. YH2AX foci co-localize with
foci of 53BP1 [17] and can be visualized by immunofluores-
cence [13, 15, 18]. The different functions of 53BP1 in DNA
damage response and repair were recently summarized in a
review [16]. 53BP1 recruits additional DNA DSB signaling
and repair proteins to the site of DNA damage and promotes
ataxia-telangiectasia mutated (ATM)-dependent checkpoint
signaling, especially at low levels of DNA damage. Moreo-
ver, 53BP1 is a key player in DSB repair pathway choice.
It promotes the synapsis of distal DNA ends during non-
homologous end-joining. Thus, 53BP1 protects genomic
stability by regulating the DNA damage response [16, 19].

At present, no data on YH2AX and 53BP1 foci and cel-
lular immune function after SIRT are available. Therefore,
it was the aim of the current study to determine the extent of
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DNA lesions in vital PBMC of SIRT patients and to corre-
late these lesions with cellular immune responses. To assess
cellular immunity, we measured lymphocyte proliferation
and the production of the pro-inflammatory cytokine IFN-y
after stimulation of PBMC with a T cell mitogen. Sequential
analyses were performed in ten patients with non-resectable
hepatic malignancies prior to SIRT and 1 h and 1 week after
therapy.

Materials and methods
Patients

Ten patients with a mean age of 74 years (range 68-81)
were recruited who received SIRT because of hepatic tumors
(nine males with hepatocellular carcinoma and one female
with intrahepatic angiosarcoma). Two of the patients had
lymph node metastases, two lung metastasis, one a metasta-
sis in the adrenal gland and one in the pancreas, but none of
them had bone metastases. The patient with angiosarcoma
had Child-Pugh score 0 (=no liver cirrhosis), the remain-
ing patients score A. None of the patients had previously
been transplanted, had received immunosuppressive drugs or
treatment with sorafenib or radiotherapy within the last year
or suffered from autoimmune disease. The mean adminis-
tered activity of *°Y was 2.9 GBq (range 1.0-6.4), the mean
target volume dose was 114 Gy (104-119). Measurement
of DNA lesions and of cellular immunity was performed
immediately prior to therapy (day 0) and 1 h and 1 week
post therapy. For comparison, PHA-induced proliferation
was determined in 177 matched healthy controls.

Assessment of lymphocyte function

To measure lymphocyte proliferation, the highly sensitive
lymphocyte transformation test (LTT) was chosen, which
determines the uptake of *H thymidine by proliferating cells
and which has been the gold standard for decades [7, 8, 10,
11]. To assess cytokine production, the ELISpot method
was applied, which determines cytokine production on
a single cell level and which can reliably quantify effects
of irradiation on immune function [12, 20-22]. PHA was
used to stimulate lymphocyte proliferation and secretion of
IFN-y. Of note, PHA-induced lymphocyte proliferation is
commonly determined to assess the general T cell function,
e.g. when suspecting immunodeficiency [23]. The LTT and
ELISpot have recently been described in detail [12]. In brief,
50,000 of freshly isolated, vital PBMC were incubated with
and without PHA for 4 days. To assess proliferation, the
cultures were labeled with 37 kBq *H thymidine per cul-
ture and the incorporated radioactivity was quantified by
liquid scintillation counting. To determine IFN-vy secretion,
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200,000 vital PBMC were grown with and without PHA
stimulation. After 3 days of cell culture, spot formation was
analyzed by an ELISpot plate reader.

Cryopreservation and thawing of cells

After performing proliferation and ELISpot assays with the
freshly isolated PBMC, the residual cells were frozen to test
them in one run for DNA lesions. A pellet of 10 million
PBMC per vial was frozen with 1 mL freezing medium con-
taining 740 uL. RPMI 1640, 160 pL fetal calf serum (FCS,
Biochrom, Berlin, Germany), 100 uL dimethylsulfoxide
(DMSO, Serva, Heidelberg, Germany), 20 U/mL heparin
(Liquimin, La Roche, Grenzach Wyhlen, Germany) and
10 ug/mL DNAse (Boehringer, Mannheim, Germany). The
vials were cooled down in a freezing box (Mr Frosty™
Freezing Container, Nalgene, Neerijse, Belgium) and stored
thereafter in liquid nitrogen.

To thaw the cells, the vials were put into a water bath
with 37 °C until the cell suspension was partly thawed.
The cell suspension was then washed once with thawing
medium (freezing medium without DMSO) and twice with
cell culture medium [RPMI 1640, 1% penicillin/streptomy-
cin, 200 pg/mL r-glutamine and 10% pooled human serum
(Transfusion Medicine, University Hospital, Essen, Ger-
many)]. Thereafter, the cells were adjusted to 1 million of
vital PBMC per mL with PBS.

Assessment of DNA lesions

Determination of DNA lesions was carried out according to
the manufacturer’s instructions using the YH2AX immuno-
fluorescence staining kit (AKLIDES® Nuk Human Lympho-
cyte Complete, Medipan, Berlin, Germany) and anti-53BP1
as an additional antibody (Novus Biologicals Abingdon,
United Kingdom) [24]. Thawed PBMC (50,000 vital cells
diluted with 50 uL. PBS) were pipetted onto 6-well sialinized
glass slides, the cells were allowed to settle for 10 min and
then they were fixed with 50 uL 2% paraformaldehyde for
another 15 min. Slides were washed three times for 10 min
each in PBS. Thereafter, permeabilization with 0.2% Tri-
ton X-100 was performed for 5 min at 4 °C and the slides
were washed three times with PBS containing 1% bovine
serum albumin (PBS/BSA). For co-immunostaining anti-
YH2AX mouse monoclonal antibody and anti-53BP1 rabbit
polyclonal antibody were diluted 1:200 in 1% PBS/BSA and
the slides were incubated for 1 h at room temperature with
25 pL of each antibody. After a further washing step with
1% PBS/BSA, 25 uL of 1:500 diluted Alexa Fluor 488 goat
anti-mouse IgG (Invitrogen, Karlsruhe, Germany) and Alexa
Fluor 647 goat anti-rabbit IgG (Invitrogen) were added for
1 h at room temperature. After a final washing step with
PBS, cells were covered with 4,6'-diamidino-2-phenylindole

(DAPI) containing mounting medium. Finally, yYH2AX
and 53BP1 foci were analyzed using the fully automated
AKLIDES® system (Medipan) allowing an automated evalu-
ation of fluorescence microscope images, as described previ-
ously [24, 25]. For each well at least 100 cells were selected
randomly and the median value of YH2AX and 53BP1 foci
per well was used for further analysis.

Statistical analysis

Data on lymphocyte proliferation were given as counts per
minute (CPM), representing the uptake of *H thymidine,
and ELISpot data as spot numbers per cell culture. Incre-
ment values of both parameters were generated, which
means that the background reaction (without stimulation)
was subtracted from the reaction toward PHA. The quo-
tient of 53BP1 and YH2AX foci was calculated as a ratio
of median foci numbers for each sample. If not otherwise
stated, mean and standard error of the mean (SEM) were
indicated. Wilcoxon matched pairs test was used to compare
data prior to therapy (day 0) with data 1 h and 1 week after
therapy, respectively. Correlation analyses were performed
by Spearman test. Analyses were performed two-sided
and considered significant at p <0.05. Data were analyzed
using GraphPad Prism software version 5.03 (La Jolla, CA,
U.S.A.) or IBM SPSS Statistics version 22 (Armonk, NY,
U.S.A)), respectively.

Results

In patients with non-resectable hepatic malignancies the
number of YH2AX foci was 3.5- and 3.1-fold increased 1 h
and 1 week after SIRT, respectively, as compared to base-
line (1.58+0.28 and 1.37 +0.15 vs. 0.44 +0.13 foci per cell,
p <0.005 each) (Fig. 1a). Similarly, the number of 5S3BP1
foci was 3.2- and 3.8-fold increased 1 h and 1 week after
therapy (0.40+0.07 and 0.46 +0.07 vs. 0.12 +0.04 foci
per cell, p<0.01 each) (Fig. 1b). The quotient of 53BP1
and YH2AX foci (53BP1/yH2AX) slightly increased over
time (0.28 +£0.06, 0.31 +0.06 and 0.34 +0.03, Fig. 1c). We
observed that YH2AX foci at baseline tended to correlate
with those 1 week after SIRT (r=0.47, p=0.17) and that
53BP1 foci at baseline significantly correlated with those
1 week after SIRT (r=0.69, p=0.03, Fig. 1d). Thus, base-
line levels of double-strand breaks, especially of 53BP1
foci, could determine susceptibility to subsequent damage
after SIRT. Moreover, correlation between YH2AX and
53BP1 foci reached statistical significance 1 h (r=0.64 and
p=0.048) and 1 week after SIRT (r=0.87 and p=0.001)
(Fig. 2) but not prior to therapy (r=0.58 and p =0.09).
Already prior to SIRT proliferative responses to PHA
were reduced in six out of ten patients as compared to 177
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healthy controls (Fig. 3a). After SIRT we observed a further
decrease of PHA-induced lymphocyte proliferation. 1 h and
1 week after SIRT, PHA-induced proliferation was below the
normal range in eight and nine out of ten patients, respec-
tively. Moreover, PHA-induced IFN-y production signifi-
cantly decreased at week 1 after SIRT (p=0.03) (Fig. 3b).

Prior to therapy, there was a highly significant, inverse
correlation between lymphocyte proliferation after PHA
stimulation and the quotient 53BP1/yH2AX (r=-0.94,
p<0.0001) (Fig. 4a). Of note, this phenomenon occurred
irrespective of SIRT. In those four patients with normal
response to PHA, the quotient 53BP1/yH2AX was lowest
(<0.2). 1 h and 1 week after SIRT a correlation between
lymphocyte proliferation and the quotient S3BP1/yH2AX
could no longer be detected (r=—0.05 1 h after SIRT and
r=0.19 at week 1). 1 h after SIRT, proliferative responses
were inversely correlated with yYH2AX foci (r=—-0.65,
p=0.049) (Fig. 4b). Prior to therapy and 1 h after therapy
proliferative responses were inversely correlated with S3BP1
foci (r=-0.66, p=0.044 at both time points) (Fig. 4c, d).
1 week after SIRT, however, lymphocyte proliferation did
no longer correlate significantly with YH2AX foci or 53BP1
foci but showed a tendency for an inverse correlation. Thus,
1 h after therapy a decrease in lymphocyte proliferation cor-
related with an increase in YH2AX and 53BP1 foci.

It could be assumed that yH2AX and 53BP1 foci corre-
lated with the administered radioactivity and that impaired
proliferation results as a consequence. Therefore, correlation
analyses with the activity were performed (Table 1). How-
ever, none of these analyses yielded statistically significant
results. 1 h after SIRT the activity tended to correlate with
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53BP1 foci per cell at day 0

YH2AX foci (r=0.33, p=0.35) and with 53BP1 foci (r=0.47,
p=0.17) and 1 week after SIRT it tended to correlate with
53BP1 foci and with the quotient 53BP1/yH2AX (r=0.53,
p=0.12 and r=0.38, p=0.28, respectively). Similarly, the
correlation between proliferation and activity was analyzed.
There was a trend towards inverse correlation 1 week after
SIRT (r=-0.32, p=0.37). Thus, according to these statistical
analyses it appears unlikely that altered proliferation is solely
a consequence of the administered activity.

Consistent with the data on PHA-induced lymphocyte pro-
liferation, PHA-induced IFN-y production tended to correlate
inversely with the quotient 53BP1/yH2AX at day 0, yYH2AX
foci 1 h after SIRT and 53BP1 foci at day O and 1 h after
therapy, respectively. Thus, in addition to the decrease of lym-
phocyte proliferation IFN-y production also decreased when
yH2AX and 53BP1 foci increased.

yH2AX and 53BP1 foci also correlated with age. 1 h after
SIRT, there was a positive correlation between YH2AX foci
and age (r=0.78, p=0.008) and between 53BP1 foci and age
(r=0.73, p=0.02), i.e., older patients had increased numbers
of foci after SIRT (Table 1; Fig. 5a, b). 1 h after SIRT, PHA-
induced lymphocyte proliferation inversely correlated with age
(r=-0.76, p=0.01, Table 1; Fig. 5c). Thus, in older patients,
larger numbers of YH2AX and 53BP1 foci and decreased lym-
phocyte proliferation were observed.
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Fig.2 Spearman correlation analysis of YH2AX and 53BP1 foci in
ten patients with hepatic malignancies. Positive correlations were
observed a 1 h and b 1 week at after selective internal radiotherapy.
The continuous line represents the regression line, the broken lines
the 95% confidence interval

Discussion

The current study is the first analyzing in a clinical setting
how SIRT affects markers of DNA DSBs and how these
DSBs correlate with cellular immune responses. Because
the use of radiopharmaceuticals for cancer therapy increases,
it is important to elucidate its effects on the immune sys-
tem; which may be critical to manage toxicity. Further-
more, a possible combination of SIRT with other treatment
modalities, such as immune-checkpoint inhibitors, makes
it essential to understand the effect of radiotherapy on the
immune system. According to a publication by Napolitano
et al. [26] PD-1 positive regulatory T cells were predictive
of responses to neoadjuvant short-course preoperative radio-
therapy in rectal cancer patients. In detail, they described
that patients with a good response to radiotherapy showed
a decrease in the percentage of CD4+/CD25hi+/FOXP3+/
PD-1+ Tregs; whereas those with a poor response showed
an increase of these Tregs. Similarly, changes in numbers
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Fig.3 Lymphocyte responses in ten patients with hepatic malignan-
cies. Lymphocytes were stimulated by the mitogen PHA and a prolif-
eration was determined by lymphocyte transformation test (LTT) and
b IFN-y production by ELISpot. Data are given as counts per minute
(CPM) of *H thymidine uptake or as spot numbers per cell culture.
Increment means that the background reaction (without stimulation)
was subtracted from the reaction toward PHA. Wilcoxon matched
pairs test was used to compare data prior to selective internal radio-
therapy (day 0) with data 1 h and 1 week after therapy, respectively.
Mean and standard error of the mean (SEM) are indicated by hori-
zontal lines. The gray shaded area displays the normal range which
was defined in 177 healthy controls. The threshold is the 5% percen-
tile of cellular responses as determined in these controls

of cells expressing PD-1 after SIRT could impact on the
outcome.

Since the liver is a well-perfused organ with a mean total
hepatic blood flow of approximately 1 L/min [27-29], the
whole blood is irradiated during its passage through the liver
circulation. Considering the half-life time of 0y (64.1 h)
and of the circulating lymphocytes (> 150 days) [30], it is
very likely that lymphocytes are irradiated several times.
The dose to lymphocytes 1 h after SIRT should be in the
range of 130-150 mGy. This rough estimation is based on
the following considerations: The average radiation dose of
the total liver including the malignant tumors was 114 Gy
(cumulative dose). The range of the beta particles emitted
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Fig.4 Spearman correlation analysis of lymphocyte proliferation
and DNA foci in ten patients with hepatic malignancies. Lympho-
cyte proliferation after stimulation with phythohemagglutinin (PHA)
inversely correlates a with the quotient 53BP1/yH2AX prior to selec-
tive internal radiotherapy (SIRT) (day 0), b with YH2AX foci 1 h
after therapy, ¢ with 53BP1 foci at day 0 and d with 53BP1 foci 1 h
after therapy. Data are given as counts per minute (CPM) of *H thy-

by *°Y is large—up to 11 mm [2]—and, therefore, the dose
rate in solid liver tissue and intrahepatic blood is almost the
same. In healthy individuals the blood volume in the liver is
approximately 10% of the whole body blood volume under
normal conditions [31]. The total blood volume in the (cir-
rhotic) liver including the metastases is similar to that of a
healthy person. This assumption is reasonable since the total
blood volume in patients with liver cirrhosis is decreased
[32] and on the other hand additional blood volume in the
tumors must be considered [1]. The dose 1 h after SIRT
was calculated according to the law for radioactive decay,
considering the half-life of *°Y.

Following exposure to ionizing radiation, cellular mol-
ecules such as the DNA undergo oxidative damage through
direct interaction with radiation or indirectly via free radi-
cals generated after water radiolysis [33]. One form of DNA
damage is DNA DSB which can be monitored by counting
the accumulation of DNA DSB markers. We observed that in
the vital PBMC of patients with hepatic malignancies num-
bers of YH2AX and of 53BP1 foci were more than threefold
larger (p<0.01) 1 h and 1 week after SIRT than at base-
line. Already at baseline, however, DNA DSBs were more
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midine uptake. Increment means that the background reaction (with-
out stimulation) was subtracted from the reaction toward PHA. The
continuous line represents the regression line, the broken lines the
95% confidence interval. The gray shaded area displays the normal
range which was defined in 177 healthy controls. The threshold is the
5% percentile of cellular responses as determined in these controls

abundant than published in healthy controls (0.03 YH2AX
foci per cell) [34].

Effects of SIRT on cellular in vitro immune responses
were described thoroughly in a recent paper [12]. In this
previous study, we found that after administration of the beta
emitter °°Y into the liver lymphocyte proliferation and the
capability of PBMC to produce the inflammatory cytokine
IFN-y were reduced as early as 1 h after treatment and kept
on decreasing at day 2, showing the weakest cellular reac-
tion at day 7. 1 month after SIRT (day 28) we could already
observe a recovery. For this reason, we chose to analyze the
DNA damage response 1 h after therapy and at day 7. Of
note, impairment of lymphocyte function is not restricted to
SIRT but was also observed after treatment with the radi-
olabeled somatostatin analogue yttrium-90 DOTA-d-Phe(1)-
Tyr(3)-octreotide (DOTATOC) [21], after conventional radi-
otherapy [35] or after high dose chemotherapy [36].

The highly significant correlation between lymphocyte
proliferation and the quotient 53BP1/yH2AX (r=—-0.94,
p<0.0001) appears as an important finding. To the best
of our knowledge, the significance of this quotient has not
yet been defined. As 53BP1 foci occur later in the double
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Table1 Correlation of DNA foci and lymphocyte function with
administered activity and age

Parameter Date Activity Age
r p r p

yH2AX DO 0.12 0.75 0.30 0.41
yH2AX D1 0.33 0.35 0.78**  0.008
yH2AX D7 0.21 0.56 -0.12 0.73
53BP1 DO —-0.04 0.91 0.00 1.00
53BP1 D1 0.47 0.17 0.73* 0.02
53BP1 D7 0.53 0.12 -0.01 0.97
yH2AX D1-DO 0.54 0.11 0.71* 0.02
yH2AX D7-DO0 0.42 0.23 -0.22 0.55
53BP1 D1-DO0 0.02 0.96 -0.21 0.56
53BP1 D7-DO0 0.28 0.43 0.09 0.81
PHA DO 0.28 0.43 0.45 0.19
PHA D1 -0.19 0.60 -0.76* 0.01
PHA D7 -0.32 0.37 -0.58 0.08
PHA D1-D0 -0.10 0.78 —0.64* 0.046
PHA D7-DO0 -0.42 0.23 —0.68* 0.03

Spearman correlation analysis was performed in ten patients with
hepatic malignancies receiving SIRT. The analysis considered
yYH2AX and 53BP1 foci as markers of DNA double-strand breaks,
proliferative responses to PHA as a measure of lymphocyte func-
tion (counts per minute increment), administered activity (GBq) and
age (years). Prior to therapy (DO0), 1 h after therapy (D1) and 1 week
after therapy (D7) correlation coefficients r and the respective p val-
ues were determined. Furthermore, changes as compared to baseline
(D1-D0 and D7-D0) were considered. Significant results to a two-
tailed Spearman analysis are shown in bold (¥*p <0.05, **p <0.01)

strand repair pathway than YH2AX foci we suggest to use
this quotient as a measure of the course of DNA repair. The
inverse correlation between lymphocyte proliferation and the
quotient 53BP1/yH2AX at baseline may be interpreted as an
impairment of lymphocyte proliferation which occurs due to
ongoing DNA repair. The presence of unrepaired double-
strand breaks [37] or the triggering of cell cycle arrest [38,
39] could both be reasons why lymphocytes did not prolifer-
ate adequately. Most likely, the liver malignancy per se had
a dominant effect on lymphocyte function; which may be
mediated by higher DNA instability (and repair rate) in six
out of ten patients. In these patients proliferative responses
to PHA were also below the normal range, indicating a gen-
erally impaired T cell function.

In addition, age could be identified as a factor positively
correlated with YH2AX and 53BP1 foci 1 h after SIRT, i.e.,
older patients had increased numbers of foci. Most likely, the
decreased efficiency of DSB repair pathways in aged cells
as reported in several studies [40—42] lead to an accumula-
tion of DNA lesions in the first hour after SIRT. 1 h after
SIRT, PHA-induced lymphocyte proliferation correlated
inversely with age. Thus, in older patients a delayed repair
capacity of DNA lesions could be the cause of decreased
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Fig.5 Spearman correlation analysis of DNA foci or lymphocyte
function and age in ten patients with hepatic malignancies. 1 h after
selective internal radiotherapy, there was a significant, positive corre-
lation between a YH2AX foci and age and b 53BP1 foci and age. Fur-
thermore, 1 h after therapy there was an inverse correlation between
lymphocyte function and age (c). Lymphocyte function was deter-
mined as proliferative response to PHA, given as counts per minute
(CPM) of *H thymidine uptake. Increment means that the background
reaction (without stimulation) was subtracted from the reaction
toward PHA. The continuous line represents the regression line, the
broken lines the 95% confidence interval

lymphocyte proliferation. In line with this finding, we pre-
viously reported that mitogen-induced lymphocyte prolif-
eration after radioiodine therapy was negatively correlated
with age [20]. 1 week after therapy the correlation was no
longer significant, presumably due to long-term repair and/
or cell apoptosis.
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In conclusion, the current data indicate that in patients
with hepatic tumors DNA DSBs were more abundant than
published in healthy controls. Elevated baseline levels were
further increased after SIRT. Moreover, in the majority of
patients with hepatic tumors lymphocyte proliferation was
impaired. Lymphocyte proliferation was inversely cor-
related especially with the quotient of 53BPland YH2AX
foci; which can be regarded as a measure of the course of
DNA repair. Unrepaired DNA DSBs or cell cycle arrest due
to repair may cause this impairment. The causal connec-
tion between immune function and DNA lesions needs to
be further elucidated.
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