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Abstract While the biological effects of high-dose-ioniz-
ing radiation on human health are well characterized, the
consequences of low-dose radiation exposure remain
poorly defined, even though they are of major importance
for radiological protection. Lymphocytes are very
radiosensitive, and radiation-induced health effects may
result from immune cell loss and/or immune system
impairment. To decipher the mechanisms of effects of low
doses, we analyzed the modulation of the T-cell receptor
gene repertoire in mice exposed to a single low (0.1 Gy) or
high (1 Gy) dose of radiation. High-throughput T-cell
receptor gene profiling was used to visualize T-lymphocyte
dynamics over time in control and irradiated mice. Radi-
ation exposure induces “aging-like” effects on the T-cell
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receptor gene repertoire, detectable as early as 1 month
post-exposure and for at least 6 months. Surprisingly, these
effects are more pronounced in animals exposed to 0.1 Gy
than to 1 Gy, where partial correction occurs over time.
Importantly, we found that low-dose radiation effects are
partially due to the hematopoietic stem cell impairment.
Collectively, our findings show that acute low-dose radia-
tion exposure specifically results in long-term alterations of
the T-lymphocyte repertoire.
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Introduction

Lymphocytes are extremely sensitive to the toxic effects of
radiation exposure [1]. T lymphocytes play a central role in
the immune defenses by their ability to recognize antigens
(Ags) derived from micro-organisms or transformed cells
via their clonogenic antigenic o3 T-cell receptor (TR) [2, 3].
A decrease in TR repertoire diversity and/or T-lymphocyte
activation may contribute to the increase in recurrent
infections and in non-infectious chronic diseases such as
cardiovascular diseases and neoplasia observed in the
elderly [3-6]. Cardiovascular diseases and cancer are also
well-recognized detrimental consequences of high-dose-
ionizing radiation (IR) exposure [7, 8]. Acute myeloid leu-
kaemia (AML) is the predominant radiation-associated
leukaemia form, accounting for ~80% of excess leukaemia
cases in Japanese A-bombs survivors [9]. In mice, around
20% of CBA/Ca mice exposed to a single 3 Gy IR dose
develop AML [10] with characteristics similar to human
AML [11, 12]. In contrast, uncertainties remain on the health
risks of low-dose and low dose rate radiation [13] which are
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particularly relevant for nuclear workers. Furthermore, in
light of the increase in medical radiation exposure [14], low-
dose radiation health risk is also becoming increasingly
important for the general population. The biological effects
of low-dose exposures are, therefore, of major importance in
the field of radiological protection.

The influence of high-dose IR on the different peripheral
blood of* T-lymphocyte sub-populations has been
observed in A bomb survivors [15-18], workers chroni-
cally exposed to y-radiation [19, 20], and after accidental
protracted irradiation [21], but the effects of low radiation
(<100 mGy) are not so well established in human and mice
[19, 22-24]. A transient increase in splenic effector and
regulatory T cells was observed 24 h after exposure to
10 mGy, but not to other low doses such as 50 and
100 mGy, and all populations were decreased 6 days later
[25]. Continuous exposure of lymphoma-prone SJL mice at
very low dose rate only resulted in minor sporadic changes,
indicating either marginal effects or a recovery/adaptation
of the immune system in this setting [26]. Thus, radiation
exposure across a wide range of acute or protracted doses
durably affects the T-lymphocyte compartment in human
and mice. Whether these changes at the cellular level result
in changes in the diversity of the expressed affTR reper-
toire has not yet been addressed.

TR chain genes are assembled in T-lymphocyte pro-
genitors from discrete V, D, and J genes located in distinct
genetic loci. The modification of V, D, and J gene ends by
random nucleotide deletion and/or addition during V(D)J
recombination [27] results in the creation of a unique
rearranged TR gene in each locus. Because of this ran-
domness, only one out of three rearrangements is
productive, i.e., maintains an open reading frame between
conserved amino-acids in the V and J genes. In addition,
the processing of V, D, and J gene ends sometimes results
in the creation of a stop codon in V(D)J joints where the
open reading frame is maintained, precluding expression of
a protein from these rearrangements. Thus, V(D)J recom-
bination generates both functional (i.e., that can code for a
functional protein that can be expressed onto the cell sur-
face) and non-functional (or non-productive, i.e., that
cannot code for a functional protein) TR genes in devel-
oping lymphocytes. Only cells able to express a functional
TR gene receive the survival signals required to complete
their maturation in the thymus [28].

TRB genes, coding for the TRP chain, are sequentially
rearranged on the two homolog chromosomes in pro-T cells.
If the rearrangement on the first chromosome is productive,
expression of the TRP chain represses TRB gene recombi-
nation on the second chromosome and induces pro-T-cell
survival, proliferation, and differentiation to the pre-T-cell
stage [29]. Pro-T cells with non-productive TRB genes can
be rescued from cell death by rearranging their second TRB
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allele. If it is productive, differentiation resumes. Pre-T cells
then rearrange their TRA genes, eventually express an af TR
and differentiate into mature aft CD4" or aft CD8"
thymocytes, which are exported into the periphery to
become naive CD4" helper/regulatory and CD8™" cytotoxic
T lymphocytes, respectively [2, 29]. Part of these T lym-
phocytes have one of their TRB loci rearranged productively
and the other in germ-line configuration (TRB*/GL cells),
while the others have rearranged their TRB genes on both
chromosomes: the first one non-productively and the second
one productively (TRB™ cells).

In the periphery, naive T lymphocytes survive for a few
weeks [30] before eventually being activated by TR-me-
diated Ag stimulation, through recognition by the
complementary determining region 3 (CDR3) of the TRa
and TR chains, or after non-standard interactions with
super-antigens able to bind to certain TR V[ domains
independently of the CDR3. T-lymphocyte activation
results in the intensive clonal proliferation of the antigen-
specific lymphocyte(s), followed by a contraction of this
population due to apoptosis, which spares only of a few
antigen-experienced memory cells. The net outcome is that
a few memory T cells are generated for each antigen-
specific T lymphocyte that did encounter its cognate anti-
gen. The peripheral T-cell repertoire, therefore, results
from (1) de novo generation of T lymphocytes in the thy-
mus from hematopoietic stem cells (HSC) derived
progenitors, (2) homeostatic proliferation and/or death of
naive T cells in the periphery, and (3) T-lymphocyte clonal
amplification resulting from TR-mediated activation
[3, 31]. Changes in the representation of the different T-cell
sub-populations after IR exposure may result from IR
effects on T-cell differentiation, homeostasis, or TR-in-
duced activation in response to new Ags, or super-Ags
following irradiation, or from a combination of these fac-
tors. To better understand the long-term effects of low- and
high-dose IR exposure on T lymphocytes, we analyzed the
peripheral TR repertoire in mice exposed to a single low
(0.1 Gy) or high (1 Gy) total body irradiation (TBI).

Materials and methods
Mice

Sixteen-week-old CBA/Ca male mice were either sham
irradiated or exposed to 0.1 or 1 Gy at a dose rate of
0.5 Gy/min at room temperature with an A.G.O. HS X-ray
system (Aldermaston, Reading, UK). The X-ray generator
was set to an output of 13 mA, running at 250 V, constant
potential, with a Cu/Al filter producing a beam of 1.2 mm
HVL Cu to provide a dose rate of 0.5 Gy/min. All animal
procedures conformed to the United Kingdom Animals
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(Scientific Procedures) Act 1986, Amendment Regulations
2012. Experimental protocols were approved by the Home
Office and institutional animal welfare and ethical review
body.

Long-term transplantation assay

Ten-week-old CBA/H™"™ male mice were sham irradi-
ated or exposed to 0.01 Gy at a dose rate of 5 mGy/min or
to 0.1, 1, 3, or 7 Gy as above. Seven days later, their
femurs, tibias, iliac crests, and spine were removed and
crushed, and the hematopoietic stem and progenitor cells
(HSPC) were purified by immunomagnetic isolation with
the Lineage™ cells EasySep kit (Stem Cell Technologies,
France) using manufacturer’s protocol. One million Lin™
HSPC cells resuspended in 150 pLL IMDM (Sigma, United
Kingdom) were transplanted via tail-vein injection into un-
irradiated 10-week-old immunodeficient NOD scid gamma
(NSG) mice housed in containment isolators and habitu-
ated for 2 weeks prior to experimental use as described
[32]. Mice were provided with sterile water and food
ad libitum, and subjected to a 12-h light/12-h dark cycle.

Long-term transplantation success was assessed by
analyzing donor chimerism 6-m post-transplantation to
study the long-term fate of exogenous hematopoietic stem
cells (HSC) and their progeny. Most transplanted NSG
mice showed myeloid and lymphoid cell chimerism (data
not shown). The blood from those showing the highest
percentage of T lymphocytes (11-15% for mice trans-
planted with control HSC, 4-13% and 3.5-10% for mice
transplanted with HSC exposed to 0.01 Gy and 0.1 mGy,
respectively), only derived from donor HSCs, was used for
TRB sequencing. Only a very low number of unique
rearranged TRB gene sequences could be obtained from
one of the NSG mice reconstituted with 100-mGy-exposed
HSC, in which T lymphocytes represented only 3.5% of the
leukocytes. These mice were identified as an outlier
according to Hubert and Vandervieren test [33] and were
rejected from further analysis.

DNA preparation and TRB gene sequencing

Blood DNA was prepared using the DNeasy® blood and
tissue kit (Qiagen, Hilden, Germany) from samples col-
lected post-mortem 1, 3, or 6 months (m) post-exposure,
and sent to Adaptive Biotechnologies (Seattle, USA),
where rearranged TRB genes were amplified and
sequenced using the ImmunoSeq Assay (Adaptive
Biotechnologies). TRB sequences were automatically
annotated according to (1) their status (in-frame, out-of-
frame, and having stop codon), (2) identification of their V,
D, and J gene segments, and (3) their CDR3 sequence at
the VDJ junction. IMGT® [34] nomenclature was used to

refer to V, D, and J genes and their functionality. TRB
sequence status and CDR3 location were checked.
Sequences with unresolved assignments to V or J genes
were identified and filtered out. To strengthen statistical
inference, only sequences with functional V and J genes
were considered.

Data preprocessing

The skewness of sequence distributions was evaluated
using medcouple statistics for each endpoint. Hubert and
Vandervieren criterion was applied to detect outlying in
shape sequence distributions [33]. Statistical analysis was
performed following pooled analysis design with regard to
the dose of irradiation and mouse age. Results were verified
by single mouse analysis.

Statistical analysis

Some of the gene segments occur with very low frequency
and might even not be observed in every experimental
condition. In this latter situation, k-NN algorithm was used
to identify genes with the most similar dose- and age-re-
sponse profile in the process of class merging.

Pielou’s J index was chosen as a measure of sequence
diversity [35] to compare several parameters of the TRB
repertoire in the different groups of mice:

H

T =4 (1a)

where S denotes number of classes and H—Basharin’s
unbiased estimator of entropy calculated as

H ZS: Inp;— S (1b)
= - pimp; ———,
i=1 2N

where p; denotes the frequency of the ith class and N—total
number of sequences in a group.

This approach allows the comparison of large groups of
data differing in size. J index value varies between 0
(completely heterogeneous distribution, one class of events
dominates all the other classes) and 1 (completely homo-
geneous distribution, all classes of events are evenly
represented). The hypothesis on equality of Pielou’s J
indices in two experimental conditions (Hy: J; = J, against
H,:J, # J,) was verified by modified Hutcheson test [36],
where originally analyzed entropy H was substituted by
Pielou’s J index:

Ik
V/Var(J)) + Var(f)’

(2)

where J; and J, are the sample based estimates of Pielou’s
indices calculated for two groups under comparison,
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Var(Jy), and k = 1, 2 denotes the variance of the estimator
of Ji calculated as

1 Z,-Sil S peiln® pri — (X priInp,)’ " Sp—1
(InSy)* Ni 2N? )

Var(Jy) =

(3)

where test statistics ¢ follows Student ¢ distribution with
noninteger degrees of freedom df:

(Var(J,) + Var(J,))* .

Var(J,)* + Var(J,)*
Ny N,

df =

(4)

Bonferroni’s algorithm was used to correct p values for
multiple testing [37]. Results with corrected p value
smaller than 0.05 were considered statistically significant.

An effect size statistics was calculated to support
quantitatively the comparative analysis of J indices. Gen-
eralized Cohen’s d statistics [38] in the domain of Pielou’s
indices was calculated as

i~

d
SD ’

(5)
with the pooled standard deviation SD estimated by

b \/(Nl — 1)SD} + (V> — 1)SD}

Ny M- 2) (©)

The estimates of the variance of Pielou’s index for each

group (k = 1, 2) can be found as follows:

1 S Sp—1
SD? = — An’ pe; — H? + , 7
£ s, (Zpk, Pri — Hi =5 (7)

i=1

where Sy denotes the number of classes in group k, py; is
the frequencies of the ith class in the kth group, H; is the
entropy value in the kth group, and N, is the total number
of sequences in the kth group.

The above signal analyzing pipeline was applied to
comparisons of sequence distribution, functionality status,
and V gene distributions. All graphs were generated with
the R software.

Results

The distribution of rearranged TRB sequences obtained
from the different mice was found to be right skewed in
each animal. One mouse exposed to 1 Gy was detected as
an outlier [33] and, therefore, removed from further anal-
ysis. Erroneous definition of the CDR3 in sequences using
the TRBV26 gene was manually corrected. We were left
with a database of 16,173,605 sequences in total with
494,401 unique sequences (Table 1). The number of TRB
gene sequences obtained for the different experimental
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groups ranged from 9.5 x 10* to 1.9 x 10° (Table 1).
More sequences were obtained from each mouse at 3 and
6 m than in the 1 m group, indicating that more peripheral
T-lymphocyte genomes were amplified and sequenced
from these blood samples. We analyzed three parameters in
these data sets: the number of times each rearranged TRB
sequence is found (referred to as Sequence Diversity),
reflecting the clonality of the TRB repertoire, the repertoire
of TRBV genes used in rearranged TRB genes (V Gene
Diversity), and the evolution of the proportion of produc-
tive and non-productive TRB rearrangements (Status
Diversity). In each mice and group of mice, these param-
eters  were described by  calculating  their
Pielou’s J diversity index, which can then be compared
between experimental conditions. Importantly, the value of
this index is robust and does not vary against the number of
events considered, and, therefore, allows the comparison of
TRB repertoires obtained from different numbers of T
lymphocytes.

The comparison of Pielou’s index for Sequence Diver-
sity obtained for the different experimental conditions
shows the evolution of the repertoire homogeneity over
time and after exposure (Fig. la; supplemental Fig. 1).
Productive and non-productive TRB gene rearrangements
were analyzed separately to discriminate aging and radia-
tion effects at the cellular level, which affects similarly the
expressed and non-expressed repertoires, from the effects
resulting specifically from TR expression/reactivity.
Sequence Diversity for productively rearranged TRB genes
in control mice was high (0.963, Fig. 1b). The TR reper-
toire is very homogenously distributed, and stays quite
stable over time: J value slightly decreases at 3 m, to raise
back at 6 m. The differences between J indices are in the
range of small effect size (0.001-0.263), but are, however,
statistically significant. They most probably reflect the
normal T-cell repertoire dynamics in mice. These small
oscillations are amplified following radiation exposure.
One month post-exposure, Sequence Diversity value for
mice exposed to 0.1 Gy and to 1 Gy is lower than in
controls, with the J index value lower for low-dose-ex-
posed animals than for mice exposed to 1 Gy. Thus, the
TRB sequence distribution is more heterogeneous in
exposed mice than in controls, and this heterogeneity is
more important in low-dose-irradiated mice. This decrease
is transient. Sequence Diversity raises back later to values
in the range of those found in un-irradiated controls, sug-
gesting that the TRB repertoire is as homogeneous in
control and in irradiated mice. Thus, the small homeostatic
oscillations in Sequence Diversity observed in un-irradi-
ated animals are more pronounced in irradiated animals,
but radiation-induced heterogeneity in TRB sequence dis-
tribution is attenuated over time. For the non-productive
TRB gene repertoire, Sequence Diversity for each of the



Low-dose radiation accelerates aging of the T-cell receptor repertoire in CBA/Ca mice

4343

Table 1 Number of TRB sequences obtained from control and irradiated CBA/Ca mice at the different radiation doses and timepoints

All mice Total counts Unique counts

16,173,605 494,401
Time (months) Dose (Gy) Productive Non-productive Productive Non-productive

11,573,626 4,599,979 344,932 149,466
1 0 514,882 227,754 9075 4230
1 0.1 328,254 138,377 9579 2922
1 220,499 95,621 5019 2136
3 0 1,497,500 595,408 44,112 19,285
3 0.1 1,931,907 750,039 58,306 25,188
3 1 1,809,168 733,392 54,402 23,928
6 0 1,845,466 724,802 63,292 27,060
6 0.1 1,764,866 672,879 51,834 22,041
6 1,661,084 661,707 52,316 22,556

The numbers of sequences shown in the table were obtained from four (at 1 m) or three (at 3 and 6 m) mice per experimental condition
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Fig. 1 Distribution of rearranged TRB sequences in control and
irradiated mice. a Distribution of productively rearranged TRB genes
in un-irradiated control mice at 1 m. The x axis indicates the index of
each sequence, and the y axis indicates the number of times that it was
found (clonality). The profiles for all experimental groups are shown
in Supplemental Fig. 1. b Representation of Pielou’s J index for

experimental conditions was slightly lower in all groups.
Overall, the modulation of J index value with time and
exposure was largely similar to that observed for produc-
tive rearrangements, suggesting that the effects of age and
radiation on TR gene distribution are independent of TR
gene expression. Interestingly, the initial effects of radia-
tion exposure were stronger in mice exposed to low-dose
radiation.

We next analyzed the evolution of V Gene Diversity in
TRB gene rearrangements. The murine TRB locus
encompasses 22 functional TRBV genes [34]. Hence, the
hundreds of thousands of TRB sequences in each group are

0O 0Gy @ 01Gy B 1Gy
b 098 0.98 —
2 097 4L L B 097
2 096 | | 0.96 - o5
D m
8 0.95 0.95 —
c
8 094 0.94 |
g
0 0.93 0.93 —
0.92 — 092 -~
[m 1 3 6 m 1 3 6
Productive Non productive

Sequence Diversity of the productive (leff) and non-productive (right)
rearranged TRB genes in the different experimental groups at the
different times of analysis. Differences between the different
experimental groups at a given timepoint or between the different
timepoints of a given experimental group significant (p < 0.002),
albeit in the small effect size range (0.001-0.263)

now distributed over the same number of classes (Fig. 2a;
supplemental Fig. 2). Pielou’s index was calculated for
these classes, and we can now, therefore, formally exclude
the possibility that differences observed between groups
result from eventual biases generated by differences in the
number of events in each group or rare classes of non-
functional V genes. Pielou’s index for V Gene Diversity in
productive rearrangements is lower than that found for
Sequence Diversity, as expected given the much lower
number of classes. In control mice, the V gene repertoire
evolution is biphasic: the J index value decreases sharply
from 1 to 3 m, and then more slowly until 6 m (Fig. 2b).
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Fig. 2 TRBV gene use in the TR repertoire of control and irradiated
mice. The V12-02 gene was not found in TRB sequences obtained
from mice analyzed at 1 m. In productive TRB sequences, the nearest
category was found to be sequences using the V12-01 gene. Thus,
these two classes were merged and represented as V12 for both
productive and non-productive groups resulting in 21 classes of V
genes to analyze to compare the same number of classes of events as
explained in the “Materials and methods” section. a Profile of V gene
use in productive TRB genes in control mice at 1 m. The profiles for

The V gene repertoire becomes more heterogeneous with
age, and most of this heterogeneity is already established in
the first 3 months of our experiments. The same biphasic
pattern is observed in irradiated mice. However, J index
value is already lower at 1-m post-exposure than in control
animals, indicating that radiation exposure already
increased the V gene repertoire heterogeneity in this short
period of time, and these early changes are dose-dependent.
However, for the 3- and 6-m timepoints, the V Gene
Diversity value is clearly lower (p < 1077) in low-dose-
irradiated animals than in control and 1-Gy irradiated mice.
V genes are much more homogeneously distributed in non-
productive TRB rearrangements, and in sharp contrast to
what is observed in productive TRB genes, this distribution
barely changes over time and after irradiation. Together,
these results indicate that similar to natural aging, lym-
phocytes using different V genes in their TR are
differentially affected by radiation exposure. Whereas the
initial effects of radiation are dose-dependent, the long
lasting effects are stronger following low-dose irradiation.

To further investigate the importance of TR expression
in the effects of radiation exposure, we compared the status
of TRB gene (productive vs non-productive) in the dif-
ferent groups. The proportion of productive rearrangements
increases in un-irradiated mice from 1 to 6 m (Fig. 3b).
Consequently, the J index value for Status Diversity
decreases, in a biphasic pattern as observed for the V gene
repertoire. All peripheral T lymphocytes have a produc-
tively rearranged TRB gene (TR™/GL and TR™" cells),
and about 43% (Table 1) also carry a non-productive TRB
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all experimental groups are shown in Supplemental Fig. 2. b Repre-
sentation of Pielou’s J index for V Gene Diversity of the productive
(left) and non-productive (right) rearranged TRB genes in the
different experimental groups at the different times of analysis. All
differences are significant (p < 1077) in productive subset, albeit in
the small effect size range (0.011-0.128). In non-productive subset,
only half of the indices differ significantly between groups, whereas
the other comparisons do not show significant differences. The
analysis of individual mice shows the same trend

gene (TR™'T cells). The increase in productive TRB genes
indicates that TR*/GL cells are preferentially expanded
over time or that TR/ cells are disappearing faster. Low-
dose radiation exposure amplifies this phenomenon. The
productive TRB rearrangement frequency is higher and
Status Diversity value is lower for each timepoint in 0.1 Gy
irradiated mice compared to controls (Fig. 3). The effects
of 1 Gy exposure are, however, clearly different: the fre-
quency of productive TR genes first increases over the
value found in control mice at 1 m, but at 3 and 6 m it is
slightly below that of non-irradiated animals (Fig. 3).
Consequently, after an initial decrease below the value of
control mice at 1 m, but less important than in 0.1-Gy-
exposed animals, Status Diversity value raises back to
value higher than those for control mice at 3 and 6 m.
Thus, high-dose exposure first results in mild aging-like
effects which are compensated over time whereas, in line
with our previous findings, low-dose exposure accentuates
aging effects at all timepoints.

To find out whether radiation exposure affects the con-
tribution of HSC to the peripheral blood TR repertoire, we
transferred HSPC isolated from the bone-marrow of un-
irradiated and irradiated CBA/H™™™ mice into non-ir-
radiated NSG recipient mice. These immunodeficient mice
do not have mature peripheral B and T lymphocytes. This
lymphopenia results from a defect in NHEJ which blocks
lymphocyte development. Thus, in this system, the T cells
found in the blood of reconstituted NSG mice are generated
only from the implanted HSPC and we can compare the TR
repertoire generated by control and irradiated HSPC in a
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Fig. 3 Evolution of rearranged TRB gene status in control and
irradiated mice. a Representation of the frequency of productive TRB
gene rearrangements in the blood of mice from the different
experimental groups. b Representation of the corresponding
Pielou’s J Status Diversity index for the different groups of mice.

non-irradiated environment without any interference from
the pre-existing mature peripheral T cells.

The TR repertoire was analyzed in reconstituted NSG
mice 6 months after transplantation with HSPC isolated
from un-irradiated control animals or CBA/H™™™ mice
7 day post-exposure to 0.01 or 0.1 Gy. The total number of
TRB sequences obtained from the peripheral blood DNA
extracted from the three groups of mice is quite similar
(less than twofold variation, Table 2), whereas the differ-
ence in unique sequence numbers is much more important
(almost six times). The number of unique sequences is
lower in mice reconstituted with irradiated HSPCs, and this
number decreases when the dose received by these cells
increases. Consequently, the average T-cell clone size
(number of times each TRB sequence is found) is higher in
mice which received HSPCs isolated from irradiated CBA/
Ca mice (Fig. 4a), indicating that T lymphocytes prolifer-
ated more vigorously in these recipient mice.

0.86 —
0.85 —

—kkE
***

[m] 1 3 6

0.84 —

Differences between the different experimental groups at a given
timepoint or between the different timepoints of a given experimental
group significant (p < 1.9 x 107%), albeit in the small effect size
range (0.005-0.053). The analysis of individual mice shows the same
trend

Sequence Diversity, lower in mice reconstituted with
un-irradiated HSPC than in un-manipulated CBA/Ca mice
(compare Figs. 4b and 1b), was found to decrease sharply
when HSPCs were isolated from irradiated mice, in a dose-
dependent manner (Fig. 4b). This pattern shows that TRB
gene representation is more uneven in HSPC-reconstituted
NSG mice than in wild-type animals and that, in recon-
stituted NSG mice, the TRB repertoire generated from
HSPC in more heterogeneous when the HSPC have been
isolated from irradiated CBA/Ca animals. Some T-cell
clones are much more represented than other. Together, the
results presented in Fig. 4a, b suggest that the T lympho-
cytes proliferate with different rates or to different extent in
NSG mice reconstituted with irradiated HSPC, and these
differences are more marked when the radiation dose is
higher. This conclusion is further supported by the obser-
vation that the V gene repertoire evolves differently in
reconstituted NSG mice: V Gene Diversity of productive
TRB rearrangements decreases slightly in mice

Table 2 Number of TRB sequences obtained from NSG mice reconstituted with HSPC purified from control and low-dose-irradiated mice

All mice Total counts Unique counts
4,941,611 80,510

Time (months) Dose (Gy) Productive Non-productive Productive Non-productive
3,521,362 1,420,249 55,083 25,427

6 0 1,139,709 502,783 30,083 14,724

6 0.1 1,499,614 594,338 18,652 8368

6 1 882,039 323,128 5470 2335

The numbers of sequences shown in the table were obtained from three (for mice reconstituted with control and 0.01-Gy-exposed HSC) or three
(for mice reconstituted with 0.1-Gy-exposed HSC) mice per experimental condition. “Dose (Gy)” refers to the dose of radiation received by the
mice from which the HSPC used for NSG mice reconstitution were purified
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Fig. 4 Analysis of TRB clone size and TRB gene Status Diversity in
reconstituted NSG mice. a This graph represents the average (£SEM)
TRB clone size in the different groups of mice. The total number of
sequences obtained in each mouse was divided by the number of
unique sequences in that mouse. These results were obtained from
three (control and 0.01-Gy-exposed HSPC) or two (0.1-Gy-exposed

reconstituted with 0.01-Gy-exposed HSPC, and raises
sharply in mice reconstituted with 0.1-Gy-exposed HSPC
(Fig. 5a). The difference in rate and/or extent of prolifer-
ation of the different T-lymphocyte clones in mice
reconstituted with irradiated HSPCs induces in oligoclonal
T-cell expansion which disrupts the V gene distribution in
the TR repertoire. Hence, the relative frequency of T cells
using V3, V12, V13.3, V16, V26, and V29 is strongly
increased in mice reconstituted with HSPCs isolated from
100-mGy-exposed mice (Fig. 5b).

The consequences of the sustained T-cell proliferation in
mice reconstituted with irradiated HSPCs are also visible
on TRB gene Status Diversity. The J index value is similar
in NSG mice reconstituted with un-irradiated HSPC and in
CBA/Ca mice (compare Figs. 3a and 6). However, Status
Diversity was found to decrease in a dose-dependent
manner when the HSPC used for reconstitution have been
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HSPC) mice. b Pielou’s J Sequence Diversity index for productive
(left) and non-productive (right) TRB genes in the same experimental
groups. The differences between groups are significant (p < 1077).
b Frequency of productive and non-productive TRB genes in the
peripheral blood of NSG mice reconstituted with control and
irradiated HSCP
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10 and 100 mGy. b Frequency of productive and non-productive TRB
genes in the peripheral blood of NSG mice reconstituted with control
and irradiated HSCPs
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isolated from irradiated mice (Fig. 6a); this higher
heterogeneity results from an increased frequency of pro-
ductively rearranged TRB genes (Fig. 6b), indicating that
TRY/GL T lymphocytes are preferentially expanded over
TR cells. Altogether, these results show that the gen-
eration of the T lymphocytes repertoires from low-dose-
exposed HSPC in a lymphopenic non-irradiated environ-
ment is durably affected by radiation exposure. Therefore,
the effects of radiation on HSPC most probably contribute
to the long-term effects of radiation on the TR repertoire of
peripheral blood lymphocyte observed in irradiated mice.

Discussion

In this study, we compared IR effects with those of aging in
settings precluding variations due to age at exposure,
gender, genetic variability, or environmental factors. In un-
irradiated control mice, the TR gene distribution remains
homogeneous over time. The mechanisms controlling
T-lymphocyte homeostasis maintain a near constant
T-lymphocyte clone size in each age group. In sharp con-
trast, we observed age-dependent variations in the
repertoire of V genes used in productive TR and in pro-
ductive TR genes frequency. The composition of the
expressed TR repertoire changes with age. The V gene
repertoire becomes gradually more heterogeneous, indi-
cating preferential over representation of lymphocytes
using certain V genes. These changes probably result, at
least in part, from the reactivity of their antigenic T-cell
receptors towards certain Ags/super-Ags, which induces a
gradual increase in memory T cells over time [39]. Beside
this shift in the proportion of naive and memory T cells, the
evolution of the relative proportion of CD4% and CD8™
lymphocytes with age is another contributing factor [40], as
helper and cytotoxic lymphocytes use different V gene
repertoires [41]. In any case, the absence of modulation of
the V gene repertoire in non-productive TR rearrangements
in aging control mice shows that this selection requires cell
surface TR expression.

Our finding of a relative increase in productive TRB
genes in older mice is more surprising. To the best of our
knowledge, this phenomenon has never been described so
far. Because of the allelic exclusion of TRB gene rear-
rangement and the requirement of expression of a TRB
gene onto pro-T cells during thymocyte development [42],
peripheral T lymphocytes fall into two categories: TR ™/GL
and TR cells. These two cell types differ only by the
time they took to differentiate in the thymus. TRB'/GL
thymocytes were able to express a TRB gene from their
first allele and progressed to the pre-T-cell stage without
delay, whereas in TRB™' thymocytes, TRB gene

rearrangement on the first allele was not productive and
these cells had to go through a second round of V(D)J
recombination. Thus, they probably spent more time in
thymus, “waiting” for their second rearranged TRB gene
to be eventually expressed, at a time when it is essential for
them to receive survival signals. Indeed, expression of a
TRB gene within the pre-TCR rescues pro-T cell from cell
death and induces their maturation to the pre-T-cell stage.
This transition is characterized by an intense proliferation
and the high energetic demand required for this process is
met by an increase in glucose uptake and metabolism
resulting from the activation of the PI(3)K/Akt pathway
[43, 44]. In addition, T-lymphocyte differentiation in the
thymus is spatially regulated; developing thymocytes
migrate through different thymic micro-environments to
receive different signals [45]. The time required to rear-
range and express the second TRB allele may delay the
delivery of these important developmental cues, either
because the pre-TCR is not expressed or because the thy-
mocytes are not in the right location, and result in a sub-
optimal thymocyte development program which would
generate T lymphocytes less fit or more prone to a pre-
mature exhaustion and disappearance. A prolonged stay in
the pro-T-cell compartment in the absence of pre-TCR
signaling can, for example, impair the initiation of the
complex chromatin remodeling program governing T-cell
development [46], and T lymphocytes generated from these
progenitors may not be able to respond optimally to
homeostatic/proliferative/survival signals in the thymus or
the periphery. As a consequence, the proportion of TR/
GL cells increases gradually in the aged T-cell repertoire,
as observed here.

While the consequences of low-dose radiation exposure
can be assimilated to accelerated aging for all the param-
eters analyzed at all timepoints, several aspects of the
response to 1 Gy suggest that compensatory mechanisms
are able to halt or partially reverse these aging-like effects
at this dose. The modulation of V gene repertoire homo-
geneity in 1-Gy irradiated animals is, for example, less
important at 3 and 6 m than in animals exposed to 0.1 Gy,
suggesting that high-dose radiation imposes a slower
“rate” of aging than low dose to the T-lymphocyte reper-
toire. However, the initial effects of both low- and high-
dose exposure are similar: Sequence Diversity, V Gene
Diversity, and Status Diversity are more heterogeneous in
0.1- and 1-Gy irradiated animals than in control mice at
1 m, but only changes in the V Gene Diversity are radia-
tion-dose dependent at that time, suggesting that these
three aspects of the TR repertoire are not linked. This
conclusion is also supported by the observation that later in
time, these parameters evolve differently: the effects of
low- and high-dose exposure clearly diverge and proceed
with different kinetics. Compensatory mechanisms are not
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observed in 0.1-Gy-exposed animals, where radiation
always seems to amplify the effects of age.

Low- and high-dose exposures induce quantitatively
and/or qualitatively different effects in irradiated mice.
1 Gy certainly induces more cell death than 0.1 Gy, pos-
sibly triggering a stronger compensatory proliferation to
restore homeostasis. Alternatively, 1 Gy can result in more
severe effects, leading to a more efficient active clearance
of damaged/affected cells. Hence, only relatively less
affected cells would remain, resulting in a milder apparent
effect. Alternatively, the immune system may be able to
recover better, to the point of attenuating or limiting the
effects of aging, because the initial effects were potent
enough to activate a checkpoint inducing a strong recovery
program after exposure. This situation would be reminis-
cent of—and could be linked with—the development of an
inflammatory response, where “the beginning programs the
end” [47]: some of the pro-inflammatory cytokines pro-
duced at the onset of the inflammatory response are needed
to actively program the resolution of inflammation and the
restoration of tissue homeostasis and function. Similarly,
the outcome of the response to radiation could depend on
the level of initial radiation-induced damage and to the
cellular response triggered. A stronger activation of the
DNA damage response (DDR) checkpoint and the ATM/
p53 axis after high rather than low-dose exposure could be
more efficient in coordinating damage management and
restoration of tissue homeostasis.

It is likely that the differences in the long-term effects of
low- and high-dose radiation have both cell autonomous
and extrinsic causes. Indeed, mice were exposed to whole
body irradiation, and we should not exclude the influence
of T-lymphocyte environment. For example, the responses
elicited after ex vivo exposure of whole blood to low and
high X-ray doses were somewhat different: low doses
induced inflammatory signaling, whereas high-doses
showed a more typical p53-dependent DDR [48]. Mono-
cytes probably play a role in the induction of this
inflammatory response [49]. However, the dichotomy
between low- and high-dose exposures may not be so clear.
Indeed, opposing activities have been reported about the
involvement of p53 and ATM in the expression of
inflammatory cytokines [50-52], and it is, therefore, diffi-
cult at that time to predict the consequences of the
activation of the DDR checkpoint by radiation in vivo,
which undoubtedly influences T-lymphocyte fate, inde-
pendent of the outcome. Some inflammatory cytokines
have been shown to control the survival/proliferation of
irradiated T lymphocytes [53] or the premature aging of the
thymus [54]. The kinetics of DNA damage repair in
response to low and high IR dose can be quite different in
quiescent cells [55]. As the thymic stroma is largely
composed of non-dividing cells, radiation-induced damage

@ Springer

repair may be delayed or impaired in stromal cells exposed
to 0.1 Gy, resulting in premature senescence/aging or loss
of function. Moreover, thymocytes are exquisitely sensitive
to radiation-induced apoptosis at the time when they rear-
range their TRB genes. The extent of apoptosis and the
delay before recovery begins have both been shown to
increase with the dose received [56]. Therefore, the effects
of radiation exposure probably also result from impaired de
novo T-lymphocyte generation in the thymus, at least at the
early times. In addition, the reconstitution of lymphopenic
un-irradiated NSG mice with HSPC isolated from irradi-
ated mice clearly demonstrated that the TR repertoire
generated in these conditions is affected when compared to
the repertoire generated from non-irradiated HSPCs. The
peripheral T lymphocyte resulting from the differentiation
of exposed HSPCs proliferated more. A high-level home-
ostatic proliferation of mature T lymphocytes in a
lymphopenic environment is well known (reviewed in
[57]). This proliferation is suppressed by the presence of
sufficient numbers of mature T lymphocytes [58]. In NSG
mice, the lymphoid compartment, originally totally empty,
is progressively replenished over time by the differentia-
tion of the transplanted HSPCs. The difference in
proliferation observed between mice reconstituted with
control and irradiated HSPCs may reflect the fact that the
latter stayed lymphopenic for longer after transplantation,
either because of a lower number of transplanted functional
HSPcs or because of a lower efficiency of implantation or
differentiation of these cells. As a result, the few T cells
generated proliferate more, and this expansion leads to the
generation of an oligoclonal TR repertoire. Thus, low-dose
radiation alters HSPCs survival and/or functionality and
impairs their ability to generate functional T lymphocytes.
It is of course difficult to reconcile the effects observed in
this system with those observed in TBI mice, as in the
latest irradiated HSPC develop in an irradiated environ-
ment, but these results, nevertheless, demonstrate that acute
low-dose radiation exposure of HSPC induces long lasting,
measurable changes in the TR repertoire expressed in
peripheral blood lymphocytes generated from these pro-
genitors. Finally, the modulation of the TR repertoire
observed in irradiated mice could also be a consequence of
the role of T lymphocytes in the immune system. The
immune system helps to preserve the integrity of the
organisms against infectious and non-infectious trauma
[59, 60]. Radiation-induced cell and tissue damage may
uncover neo-antigens in irradiated mice. Natural aging of
the immune system is attributed at least in part to a loss of
function in response to persistent exposure to oxidative
conditions generated by chronic inflammation [40]. The
activation of T lymphocytes directed against viral or neo-
antigens in the context of a rich inflammatory milieu can
participate in the acceleration of age-related changes in the
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TR repertoire. Our observation that age-related changes are
more pronounced in mice exposed to low dose may be due
to the fact that comparatively more T lymphocytes in these
mice are living with the consequences of radiation-induced
oxidative stress than in high-dose-exposed animals, where
T lymphocytes are more prone to dying after exposure.

In summary, the differences observed in the long-term
effects of acute low- and high-dose radiation exposure on
the TR repertoire can have multiple non-exclusive origins.
As it is likely that all these events do not proceed with the
same kinetics and dynamics, changes in the TR repertoire
may result from different combinations of these complex
events over time. However, even if the exact nature of the
radiation-induced events responsible for the modulation of
the TR repertoire cannot be precisely defined at that time, it
is clear these events mimic aging, with a discontinuous
dose-response dynamics: low-dose exposure accelerates
aging, whereas the effects of high dose are partially com-
pensated over time. Aging of the immune system probably
contributes to the increase in infectious and non-infectious
diseases observed in the elderly [4]. Thus, it seems rea-
sonable to speculate that exposure to radiation could
increase the susceptibility to the same spectrum of diseases,
especially after exposure to low dose, where effects persist
longer. However, peripheral T-lymphocyte homeostasis
and functions were recently found to be un-affected 1 year
after acute exposure of 5-m-old mice to a single high
(1-4 Gy) IR dose [61]. Naive T-cell counts were depressed
until 30 day post-irradiation, but raised back to control
levels in the next months, showing again the resilience of
the immune system. This pattern is reminiscent to the TR
repertoire dynamics that we observed after 1 Gy exposure.
Our results then suggest that the transient alterations of the
TR repertoire observed after 1 Gy exposure are not suffi-
cient to impair T-lymphocyte functions on the long term. It
remains to be determined whether low-dose radiation
exposure affects the functionality of the immune system in
the same time frame.
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