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Summary

In SCID (severe combined immunodeficient) mice, proper assembly of immunoglobulin and T
cell receptor (TCR) genes is blocked by defective V(D)J recombination so that B and T lym-
phocyte differentiation is arrested at an early precursor stage. Treating the mice with gamma
irradiation rescues V(D)J rearrangement at multiple TCR loci, promotes limited thymocyte
differentiation, and induces thymic lymphomas. These effects are not observed in the B cell
lineage. Current models postulate that irradiation affects intrathymic T cell precursors. Surpris-
ingly, we found that transfer of irradiated SCID bone marrow cells to unirradiated host animals
rescues both TCR rearrangements and thymocyte differentiation. These data indicate that irra-
diation affects precursor cells at an earlier stage of differentiation than was previously thought
and suggest new models for the mechanism of irradiation rescue.
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he adaptive immune response provides vertebrate or-

ganisms with potent defenses against invading patho-
gens. Antigen receptor diversity is critical to the success of
this defense system. TCR and Ig molecules are required for
immune effector functions that are initiated by recognition
of foreign antigens. These receptors, expressed on the sur-
faces of developing T and B cells, are also required for lym-
phocyte differentiation.

Receptor diversity is achieved through a site-specific DNA
rearrangement mechanism, V(D)J recombination, which is
responsible for assembling the variable (V), diversity (D),
and joining (J) regions of Ig and TCRs during lymphocyte
differentiation. The reaction can be divided into two steps:
DNA cleavage and joining of the broken ends. Cleavage,
mediated by the recombination-activating gene products
RAG-1 and RAG-2, produces two kinds of DNA termini,
signal ends and coding ends. These intermediates join to
form signal and coding joints, respectively.

Rearrangement of the TCR genes is intimately con-
nected to thymocyte differentiation, which begins with the
commitment of bone marrow hematopoietic stem cells to
the T cell lineage (for review see reference 1). The earliest
T lineage precursors in the thymus have TCR genes in the
germline state (1-3). Differentiation of the o/ T cell lin-
eage can be conveniently followed by monitoring cell sur-
face expression of CD3 (a noncovalently associated complex
involved in TCR signaling) and the CD4 and CD8 core-
ceptor molecules. Early intrathymic precursors are CD4~
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CD8~ double negative (DN)! cells that typically express CD3
at very low levels. TCR- rearrangement begins at the DN
stage. Expression of a functional TCR-B chain allows thy-
mocytes to mature to the next stage, in which both CD4
and CD8, as well as low to intermediate levels of CD3, are
expressed. TCR-a rearrangements occur in these double
positive (DP) thymocytes. After productive TCR-« rear-
rangement and selection, thymocytes become mature sin-
gle positive (SP) cells, expressing high levels of CD3 and
either CD4 or CD8 at the cell surface.

Because expression of functional TCR chains is required
for thymocyte differentiation, thymocytes of mice bearing
genetic lesions that block V(D)J recombination, such as
RAG-deficient and SCID mice, are arrested at the DN
stage. RAG-deficient mice are unable to initiate V(D)J re-
combination because the RAG proteins are required for
site-specific DNA cleavage. In contrast, SCID mice, which
are defective for the catalytic subunit of the DNA-depen-
dent protein kinase, initiate recombination normally but
are defective in the joining of coding ends, which leads to
accumulation of these recombination intermediates (4).

Treatment of adult or newborn SCID mice with low
doses of DNA damaging agents such as gamma irradiation
rescues V(D)J recombination at multiple TCR loci, includ-
ing B, -y, and &, and promotes thymocyte proliferation and

tAbbreviations used in this paper: DN, double negative; DP, double positive;
SP, single positive.
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differentiation to the DP stage (5-9). Curiously, the effects
of irradiation appear to be restricted to the T cell lineage, as
neither rescue of Ig rearrangements nor B cell differentia-
tion is observed in irradiated SCID mice (5, 6). Radiation
also exerts a profound oncogenic effect on these animals, as
all treated SCID mice develop thymic lymphomas within a
few months of irradiation (5, 6), compared with a low inci-
dence of thymic lymphoma in untreated SCID mice.

Because the irradiation effects were observed in thymo-
cytes but not B cell precursors, it has been thought that the
cells responsible for the effect reside in the thymus at the time
of irradiation (5-9). The prevailing view is that irradiation fa-
cilitates a transient “bypass” of the SCID defect, promoting
the joining of preexisting hairpin coding ends (5-9). This is
consistent with the observation that rearrangements are res-
cued at loci that are actively undergoing recombination at
the time of irradiation (TCR-B, -8, and -v) but not at the
TCR-a locus (7-9), which is recombinationally silent in DN
thymocytes (7, 8). The timing of the appearance of DP thy-
mocytes and rearrangements after irradiation is consistent
with the kinetics of repopulation of irradiated wild-type
thymi from intrathymic, radioresistant thymocyte precursors
(10, 11). Therefore, we proposed that radioresistant DN thy-
mocytes may be the targets for the irradiation effects (8).

Although the data described above are consistent with
the hypothesis that rescue of thymocyte differentiation and
V(D)J recombination is mediated by effects on intrathymic
precursor cells, the cellular targets of irradiation have not
been identified. In addition to thymocytes, potential targets
include bone marrow cells (T lineage precursors or other
elements), as well as thymic stromal cells, which might play
crucial roles in the irradiation response by altering the ex-
pression of cell surface molecules or releasing cytokines ca-
pable of promoting thymocyte differentiation (12-14). In-
deed, transfer of mature T cells or wild-type bone marrow
to SCID mice can promote differentiation of SCID thymo-
cytes, presumably because of inductive effects on the thy-
mic microenvironment (15, 16).

To address these issues, we employed an adoptive trans-
fer approach. Our data show that transfer of irradiated adult
SCID bone marrow rescues both TCR rearrangements and
thymocyte differentiation. Thus, exposure of thymocytes
or thymic stromal cells to ionizing radiation is not required
for the irradiation rescue effect. These results indicate that,
surprisingly, the cellular targets of irradiation include early
lymphocyte progenitor cells residing in the bone marrow
and lead us to consider new models for the mechanism of
irradiation rescue.

Materials and Methods

Mice and Irradiation. CB.17 scid/stid and 129 X C57BL
pfp/rag-2 double-knockout (RAG/NK~/~) mice (Taconic) were
maintained in microisolator cages in our animal facility at Baylor
College of Medicine. Age-matched BALB/c mice were used as
controls. Mice were irradiated (2 Gy) by exposure to a 13Cs source.

Adoptive Transfer.  Intrathymic injections were performed as
described (17). In brief, mice were anesthetized by methoxyflu-
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rane (Metofane; Mallinckrodt Veterinary, Inc.), and a midline in-
cision was made in the skin overlying the lower cervical and up-
per thoracic region. The upper third of the sternum was bisected
longitudinally with fine scissors to expose the thymus. Suspen-
sions (5-10 X 108 cells) of bone marrow cells in PBS were in-
jected into the anterior superior portion of either thymus lobe
(10-40 pl/site) using a 1-ml syringe equipped with a 28-gauge
needle. The incision was then closed with sutures, and animals
were allowed to recover in a warm enclosure.

Thymocyte DNA Preparation and PCR Assays. DNA was pre-
pared as described previously (4). In brief, thymic cell suspensions
were subjected to lysis buffer containing SDS and proteinase K,
followed by phenol extraction and ethanol precipitation. PCR
assays were performed by using 100 ng genomic DNA in a total
volume of 50 pl with 1 U of Taq polymerase (Perkin-Elmer
Corp.) in a buffer containing 2 mM MgCl,. 30 cycles of amplifi-
cation were carried out in a PE 9600 thermal cycler (Perkin-Elmer
Corp.). Each cycle consisted of 95°C for 30 s, 55°C for 30 s, and
72°C for 30 s. PCR products were separated on a 6% polyacryla-
mide gel, blotted onto GeneScreen Plus nylon membrane (DuPont),
and hybridized to 2P end-labeled internal oligonucleotide probes.

Probes: VB8 (DR154), 5'-GGGCTGAGGCTGATCCATTA-3’
(7); Jad9 (DR183), 5'-GGACTCACTGTGAGCTTTGC-3’ (8);
and V2 (DR147), 5'-ACCATACACTGGTACCGGCA-3’ (18).

PCR primers: Vp8.1,2,3 (DR144), 5'-GAGGAAAGGTGA-
CATTGAGC-3' (7, 19); JB2.6 (DR155), 5'-GCCTGGTGCCG-
GGACCGAAGTA-3' (7, 20); Va8 (DR197), 5'-CGCCACTC-
TCCATAAGAGCAGCAGC-3'; Ja49 (DR184), 5'-CATGCCC-
ATCAGTTGGTGTGAAAG-3'(8); Vy2(DR148), 5'-AAGGAA-
TTCATCGAAAGCTTTAGGAG-3' (18); and Jyl (DR127),
5'-CCCTCGAGCTTTGTTCCTTCTGCAAATAC-3’ (21).

Cell Preparation and Flow Cytometry.  Thymi were homogenized,
and cells were washed and counted. Cells were stained with anti-
CD4 (RM4-4), anti-CD3 (145-2C11), and anti-CD8 (53-6.7)
mADbs that were conjugated with Cy-Chrome, PE, and FITC (Phar-
Mingen). Thymocytes were analyzed on an EPICS XL-MCL cy-
tometer (Coulter Immunology). Thymocytes were gated by forward
and side scatter properties; three-parameter histograms are shown.

Results

We employed an adoptive transfer approach using young
adult (4-6-wk-old) pfp~/-/RAG-2=/~ mice (hereafter
termed RAG/NK~/-) as recipients. These animals, gener-
ated by crossing RAG-2-deficient mice with perforin-defi-
cient mice, were used as hosts because they lack mature T
and B cells and are incapable of rescuing V(D)J recombina-
tion after irradiation (22). Therefore, any cells bearing
TCR rearrangements could be attributed to the SCID do-
nor. Because NK cells are the major mediators of graft re-
jection in this system, loss of the perforin cytolytic function
ensures the survival of the donor cells.

We first attempted to test the possibility that irradiation
rescue might be mediated by intrathymic precursor cells.
Although thymocytes from BALB/c mice were capable of
generating DP thymocytes when introduced into RAG/
NK~/~ recipients by intrathymic injection, in >40 intra-
thymic transfers of thymocytes from irradiated SCID mice,
we failed to observe consistent development of DP thy-
mocytes (data not shown). Furthermore, sensitive PCR
analyses revealed no rescue of TCR rearrangements (data
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not shown). These data could indicate that intrathymic
precursors are not the major mediators of the irradiation
rescue effect; however, we cannot rule out the possibility
that technical factors limited our ability to detect rescue.

We next asked whether cellular elements residing in the
bone marrow, such as primitive lymphocyte precursors,
might be capable of mediating the irradiation response. As a
control, we transferred unirradiated wild-type (BALB/c)
bone marrow cells (of the same MHC haplotype as SCID
mice) by intrathymic injection and analyzed recipient
thymi after 16-23 d. RAG/NK~=/~ host thymi were recon-
stituted by injections of wild-type bone marrow, giving
near normal to normal cellularity with appreciable propor-
tions of both DP and SP thymocytes (Fig. 1 A; Table I).
This effect was not observed after transfer of unirradiated
SCID bone marrow cells (Fig. 1 B). In four out of five ex-
periments, intrathymic injection of adult SCID bone mar-
row cells harvested immediately after whole body irradia-
tion resulted in increased thymic cellularity and appearance
of a distinct population of DP thymocytes in host animals
after 16-23 d (Fig. 1 C; Table I). Representative unirradi-
ated and irradiated SCID thymocyte profiles are shown for
comparison (Fig. 1, D and E). In three out of five animals,
distinct populations of CD4 SP cells (4-7% of total thy-
mocytes) were also apparent. Further analysis of this CD4"
population revealed high levels of surface CD3 (Fig. 1 C)
similar to those in the wild-type controls (Fig. 1 A). Con-
sistent with this finding, CD3 levels on the surfaces of the
DP cells arising in transfers from irradiated SCID bone mar-
row were higher than those seen in irradiated SCID thy-
mocytes (Fig. 1 C). These data suggest that the transfer of ir-
radiated bone marrow to RAG/NK~/~ hosts results in even
more effective rescue of thymocyte differentiation than sim-
ple irradiation of SCID mice. However, it should be noted
that populations of SP thymocytes and stimulation of inter-
mediate levels of CD3 expression have been observed previ-
ously in irradiated adult (6) and newborn (5) SCID mice.

To determine whether V(D)J recombination was res-
cued in RAG/NK~/~ hosts reconstituted with irradiated
SCID bone marrow cells, we employed semiquantitative
PCR assays for detection of TCR-f3, -y, and -« rearrange-
ments. As expected, TCR-B, -y, and -a coding joints
were detected in RAG/NK~/~ hosts reconstituted with
wild-type bone marrow cells (Fig. 2, A-C, lane 9). TCR-B
and -y coding joints were detected in thymocytes of
RAG/NK=/~ hosts injected with irradiated SCID bone
marrow (Fig. 2, A and B, lanes 10 and 11) at levels compa-
rable to those seen in irradiated SCID thymocytes (Fig. 2,
A and B, lanes 7 and 8). Sequence analysis of cloned TCR
VB8-JB2 rearrangements revealed that 7/15 junctions re-
covered from a single animal were unique, and all showed
features of VB8 rearrangements isolated from irradiated
SCID mice (5). Only trace amounts of TCR Va8-Ja49
coding joints were detected in recipients of irradiated
SCID bone marrow (Fig. 2 C, lanes 10 and 11) or in irradi-
ated SCID thymocytes (Fig. 2 C, lanes 7 and 8), consistent
with previous analyses of TCR-« rearrangements in irradi-
ated SCID mice (8, 9).
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Figure 1. Transfer of irradiated SCID bone marrow cells rescues

CD4+CD8* DP cells. CD4, CD8, and CD3 thymocyte profiles are
shown from a RAG/NK~/~ host reconstituted with wild-type bone mar-
row cells (A), a RAG/NK~/~ host injected with unirradiated SCID bone
marrow cells (B), a RAG/NK~/~ host reconstituted with irradiated SCID
bone marrow cells (C), age-matched SCID cells (D), and irradiated (2
Gy) adult SCID cells (E). The first three samples were all harvested 21 d
after injection. The numbers in the second quadrants are the percentage
of DP cells, the numbers below the histograms denote the cellularity of
the thymus, and the numbers in the right panels are the mean fluores-
cence intensities. In each panel, DP cells were gated for the analysis of the
CD3 expression, as shown in the right side one-dimensional histogram.
In A and C, CD4+ cells were gated for analysis of CD3 expression.



Table I.  Summary of Bone Marrow Transfer into
RAG/NK~/~ Hosts

Donor No. experiments DP% (cellularity)*

IR SCID 5 74 (19)*
59 (17)*
46 (7)
8(3)
0.4 (3)
84 (140)
85 (71)
84 (50)
74 (170)
67 (74)
49 (33)
32 (20)

Wild-type 7

* %106 cells.

*Thymocyte DNA was used for PCR analysis to amplify DNA rear-
rangements shown in Fig. 2. RAG/NK~/~ hosts reconstituted with
wild-type bone marrow cells were harvested after 16-21 and 21-23 d;
no differences were observed. RAG/NK~/~ hosts reconstituted with
irradiated (IR) scid bone marrow cells were all harvested after 21-23 d.

Taken together, these results show that irradiated SCID
bone marrow cells can promote rescue of both thymocyte
differentiation and TCR rearrangements when transferred
to unirradiated host animals. These data suggest the possibility
that effects on the bone marrow may play an important role
in the thymocyte responses observed in irradiated SCID mice.

Discussion

The three cardinal effects of irradiation treatment on dif-
ferentiation of SCID thymocytes are progression to the DP
stage, proliferation, and rescue of V(D)J rearrangements. As
these effects are limited to thymocytes, we and others have
suggested that these phenomena result from effects of
irradiation on intrathymic precursor cells, perhaps aided by
important contributions from irradiated thymic stromal cells
(5-9). Our data demonstrate that transfer of irradiated bone
marrow cells reconstituted all three features. These results
show that irradiation of thymic stromal elements is not re-
quired for irradiation rescue and indicate that the irradia-
tion effect can be mediated by lymphoid precursor cells at an
earlier stage of differentiation than was previously thought.

Can Intrathymic Precursor Cells Mediate Rescue?  The fail-
ure of irradiated SCID thymocytes to promote rescue of
rearrangements or differentiation when transferred to unir-
radiated host animals could mean that thymocytes are not
the targets of the irradiation effect. However, technical fac-
tors could have prevented us from detecting an irradiation
rescue response in this system. This interpretation is sup-
ported by studies of fetal thymic organ cultures. Although
rescue of TCR rearrangements was not assessed, differenti-
ation to the DP stage was observed in day 17 fetal thymi
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Figure 2. DNA rearrangements at TCR-B and -y loci are rescued in
RAG/NK~/~ hosts reconstituted with irradiated SCID bone marrow
cells. (A—C) PCR analysis of VB8-JB2.6, Vy2-Jy1, and Va8-Jad9 rear-
rangements of thymocyte DNA. 100 ng of DNA was used for PCR am-
plification unless otherwise noted. Lanes 1-4, 10-fold dilutions (100-0.1 ng)
of wild-type DNA; lane 5, untreated RAG/NK~/~; lane 6, untreated
SCID; lanes 7 and 8, two irradiated SCID mice (two individual animals);
lane 9, a RAG/NK~/~ host reconstituted with wild-type bone marrow;
lanes 10 and 11, two individual RAG/NK~/~ hosts reconstituted with ir-
radiated SCID bone marrow (BM); lane 12, negative control (no DNA).
Amplification for the p53 gene was performed to allow relative compari-
son of the amount of DNA in each sample (bottom panel). In each panel,
all lanes are from the same gel. Sizes of relevant markers are shown at left.

placed in organ culture immediately after irradiation of the
SCID fetuses (Williams, C., J. Danska, and C. Guidos, per-
sonal communication).

Irradiation Rescue Mediated by Bone Marrow Precursors:
Mechanistic Implications.  The current model for explaining
the irradiation rescue effect postulates that irradiation tran-
siently affects double strand break repair pathways in DN
thymocytes that are (a) committed to the T cell lineage and
(b) actively undergoing rearrangement at the TCR-y, -9,
and -B loci (5-9). Both of these postulates are undermined
by our results, which show that irradiation of SCID mice
affects lymphocyte progenitors before they leave the bone
marrow, a much earlier stage of T cell differentiation than
was previously thought. In fact, lymphocyte precursors ca-
pable of repopulating the thymus isolated either from bone
marrow or indeed from the thymus are not T lineage re-
stricted and can repopulate the B cell compartment if al-
lowed to enter the bone marrow of a lethally irradiated host
(23-25). Although the presence of TCR-B and -y germ-
line transcripts in bone marrow cells (26, 27) suggests that
these loci may be accessible to the recombinase machinery,
only incomplete (D-J) TCR-B rearrangements have been
detected in bone marrow cells by PCR (27). Furthermore,
we could not detect V(D)J rearrangements in SCID bone
marrow (with or without irradiation) using PCR assays
(Wang, C., M. Bogue, and D. Roth, unpublished data).
Analysis of DNA from highly purified T lineage precursors
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isolated from murine bone marrow also failed to reveal ev-
idence for TCR-vy or -B rearrangements (1-3). Finally, as
the bone marrow lymphoid precursors are not restricted to
the T lymphocyte lineage, these cells should not be com-
mitted to rearrangement of their TCR loci at this stage.

A New Model for Irradiation-mediated Rescue of TCR Rear-
rangements. The considerations described above indicate
that irradiation of cells before the onset of V(D)J recombi-
nation can rescue rearrangements. This possibility led us to
consider a new model for the irradiation rescue effect. We
suggest that irradiation induces a persistent response in bone
marrow lymphoid progenitor cells that facilitates the joining
of V(D)J recombination intermediates created at a later time
during lymphocyte differentiation. There are several exam-
ples of such an effect in the literature. Increased radioresis-
tance after exposure to low doses of X irradiation has been
observed in mammalian cell lines, mouse tissues, and human
lymphocytes (for review see reference 28). Based on these
and other observations, it has been suggested that low doses
(as little as 0.05-1 Gy) of irradiation induce persistent DNA
repair activities (for review see reference 28). Induction of
these activities in SCID cells might allow coding ends to by-
pass the SCID defect via an alternative joining mechanism.

These activities would have to persist until the bone mar-
row precursor cells commit to the T lineage and initiate TCR
rearrangements. The length of time required for these events
is not known, nor do we know how long radiation-induced
radioresistance might persist in this system. In cycling fibro-
blasts, induced radioresistance can persist for three generations
(29). Furthermore, other studies have shown that exposure of
cells (including lymphocytes) to a single, low dose of ionizing
radiation produces genomic instability that continues for
many generations (30, 31). This phenomenon is correlated
with an increased incidence of neoplastic transformation (31)
and could reflect induction of aberrant recombination or re-
pair activities (30). These observations raise the possibility that
radiation-induced alterations in DNA repair activities in bone
marrow precursor cells might persist for many cell divisions.
Irradiation-induced genomic instability could also be in-
volved in generating the lymphomas that inevitably develop
in irradiated SCID mice. It is, therefore, of great interest to
determine if irradiated bone marrow precursors are capable of
transferring lymphoma to unirradiated host animals.

Unanswered Questions. Why are TCR-« rearrangements
not efficiently rescued? We have considered two possible ex-
planations. First, as TCR-a recombines later in differentiation
than the other TCR loci, perhaps the irradiation effect does
not persist long enough. Many rounds of cell division are ini-
tiated at the DN-DP transition, and the irradiation-induced
change in DNA repair potential may not be maintained
through many cell cycles. This is consistent with the observa-
tion that induced radioresistance persists in fibroblasts for only
three cell cycles (29). A second, nonexclusive possibility is
based on the observation that successful rearrangements at the
other TCR loci, but not TCR-«, can undergo substantial
amplification during the proliferation that accompanies the
DN-DP transition. Thus, rescue of all loci may actually be
rather inefficient, yet proliferation of cells that contain rare
successful rearrangements amplifies the rescued rearrange-
ments at the other loci but not at TCR-«. This hypothesis is
supported by two observations: (a) >90% of rescued TCR-
rearrangements are in frame (5) and (b) rare TCR-« rear-
rangements have been detected in irradiated SCID thymocyte
RNA by reverse transcriptase-PCR (5), and we have repeat-
edly detected very low levels of TCR-a rearrangements in
irradiated SCID thymocytes (8). These could result from irra-
diation-mediated rescue of TCR-a recombination without
the benefit of selective amplification provided by the prolifer-
ation that accompanies the DN-DP transition.

A second question raised by our results is the failure of res-
cue to occur in the B cell lineage, an issue that is especially
perplexing if irradiation is indeed inducing DNA repair ac-
tivities in a lymphoid progenitor cell capable of giving rise to
either B or T lymphocytes. We have considered several pos-
sible explanations. First, the SCID or RAG/NK hosts may
lack appropriate niches in the bone marrow stroma, so that
precursor cells cannot proceed with their differentiative pro-
gram. Another possibility is that the cells in the B cell lineage
may fail to proliferate sufficiently after irradiation to allow
detection of rescued rearrangements. Studies in RAG/~
mice, which are incapable of V(D)J rearrangement, have
shown that irradiation provides a signal for proliferation and
differentiation that appears to be thymocyte specific (22).
This signal may be required for expansion of precursor lym-
phocytes containing rescued rearrangements. Further experi-
ments will be required to answer these interesting questions.
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