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Summary
Although it is well known that in vivo radiation depletes immune cells via the Bcl-2 apoptotic
pathway, a more nuanced analysis of the changes in the balance of immune cell subsets is needed
to understand the impact of radiation on immune function. We show the balance of T cell subsets
changes after increasing single doses of total body irradiation(TBI) or after fractionated irradiation
of the lymphoid tissues(TLI) of mice due to differences in radioresistance and Bcl-2 expression of
the NKT cell and non-NKT subsets to favor CD4+Bcl-2hi NKT cells. Reduction of the Bcl-2lo

mature T cell subsets was at least 100 fold greater than that of the Bcl-2hi subsets. CD4+ NKT
cells upregulated Bcl-2 after TBI and TLI and developed a Th2 bias after TLI, while non-NKT
cells failed to do so. Our previous studies showed TLI protects against graft versus host
disease(GVHD) in wild type, but not in NKT cell deficient mice. The present study shows that
NKT cells have a protective function even after TBI, and these cells are 10 fold more abundant
after an equal dose of TLI. In conclusion differential expression of Bcl-2 contributes to the
changes in T cell subsets and immune function after irradiation.
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Introduction
T lymphocytes remaining in the host after radiation conditioning for hematopoietic cell
transplantation can reject allogeneic bone marrow grafts[1,2], and regulate graft versus host
disease (GVHD)[3–9]. Whereas residual conventional T lymphocytes mediate graft
rejection, residual host regulatory T cells such as natural killer T (NKT) cells and
CD4+CD25+ Treg cells suppress graft rejection and GVHD[3–9]. T cells are highly sensitive
to radiation induced cell death that is mediated by the p53/Bcl-2 apoptotic pathway[10,11].
Early in the pathway pro-apoptotic genes such as Bax and Bad are activated, and the
pathway can be blocked by anti-apoptotic genes such as Bcl-2 and Bcl-xL[10–14].
Thymocytes from mice with inactivated Bcl-2 genes are markedly more sensitive to
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radiation than those from wild type mice[15], and expression of Bcl-2 transgenes induces
marked resistance of thymocytes and their early progenitors to TBI or in vitro
radiation[16,17]. However, no previous studies have determined whether differences in
Bcl-2 expression among mature T cell subsets in wild type mice results in a changed balance
in the subsets after in vivo irradiation.

We have reported that splenic NKT cells become the predominant subset among all T cells
in hosts given a conditioning regimen of multiple small doses of irradiation targeted to the
spleen, lymph nodes, and thymus (TLI) that facilitates tolerance to organ and bone marrow
transplants and reduces GVHD of mice and humans[6,7,18–20]. Changes in the balance of
NKT and non-NKT cell subsets after conditioning were critical in achieving tolerance and
GVHD prevention. TLI administered over 3 weeks (total dose of 4,080 cGy) caused a
reduction of about 300 fold in the absolute number of splenic non-NKT cells but splenic
NKT cells were reduced only about 10 fold[7]. The results are consistent with other reports
that NKT cells constitute a T cell subset that is uniquely resistant to apoptosis due to both
high levels of constitutive anti-apoptotic gene expression as well as to the rapid upregulation
of anti-apoptotic genes after in vitro exposure to glucocorticoids or after in vitro
irradiation[21,22]. However, these short-term in vitro studies of cell death cannot predict the
multiple complex changes in the balance of T cell subsets after in vivo irradiation, including
differences in NKT and non-NKT cell renewal in vivo from progenitors that survive
radiation. NKT cells have unique features that are not shared with conventional T cells
including the TCR recognition of the antigen presenting molecule CD1d instead of class I
and Class II MHC antigen presenting molecules[23–28]. NKT cells are considered to be part
of the innate immune system, since they have invariant Vα14Jα18 TCRα chain receptors
that recognize endogenous glycolipid ligands[25,27].

In the current study, we examined the mechanisms of the change in the balance of NKT cells
and non-NKT cells to graded single doses of TBI and to TLI. The results show that
untreated T cells can be divided into Bcl-2hi and Bcl-2lo subsets, and that the minor subset
of CD4+ NKT cells upregulated Bcl-2 expression and was resistant to cell death induced by
TBI and TLI. The latter subset became the major T cell subset in the spleen as radiation
doses increase. The loss of Bcl-2lo NKT and non-NKT cells was at least 100 fold greater
than Bcl-2hi cells after high doses of TBI, and there was minimal cell renewal during the
changes in the balance of subsets. The Bcl-2hi NKT cells that survived after TBI or TLI
attenuated GVHD, and the absolute number in the spleen after TLI was 10 fold higher than
after TBI. This is the first report to show that differences in Bcl-2 expression among mature
T cell subsets are linked to changes in the balance of subsets after in vivo irradiation.

Results
TBI induces a marked increase in the percentage of NKT cells among all splenic T cells

Since our previous reports showed that TLI targeted to the spleen, lymph nodes and thymus
of mice altered the balance of T cell subsets in the spleen to favor NKT cells, we determined
whether the altered balance is observed also after single doses of TBI. Figure 1A compares
the immunofluorescent staining patterns of spleen cells from untreated C57BL/6 mice to
those of mice given single doses of 240, 1,000, 2,000 and 3,000 cGy TBI. Cells were stained
for TCRαβ and NK1.1 markers 24 hours after irradiation, and the left column of flow
cytometry profiles shows the progressive reduction in the percentage of TCRαβ+ cells
among cells that were gated by light scatter to contain lymphocytes. Whereas TCRαβ+ T
cells represented about 35% (mean ± SD, 34% ± 1%; n=8) of splenic lymphocytes in
untreated mice, only 4.5% (mean 6% ±2%) of lymphocytes were T cells after 3,000 cGy
TBI (p<0.001) (Figure 1A). Propidium iodide gating was used to analyze only residual live
cells.
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Associated with the progressive reduction in the percentage of T cells was a progressive
increase in the percentage of NK1.1+ TCRαβ+ NKT cells among the gated TCRαβ+ T cells
as shown in the right column of cytometry profiles in Figure 1A. The NK1.1+ TCRαβ+

phenotype was used to identify both type I and type II NKT cells whereas CD1d tetramer
staining identifies only type I NKT cells with the invariant TCRα chain[27]. In untreated
mice, the percentage of NKT cells among all T cells was about 3% (mean 2.9% ± 0.4%)
whereas the percentage was 58% (mean 58% ± 9%) in mice given 3,000 cGy (p<0.001). The
marked increase in the percentage of NKT cells can be explained by analyzing the mean
absolute numbers of NKT cells and NK1.1− T cells (non-NKT cells) in the spleen as shown
in the column of graphs in Figure 1B. In untreated mice, the mean number of total T cells
was about 30×106 and the mean number of NKT cells was about 1×106. After 1,000 cGy
TBI, the mean absolute number of non-NKT cells was reduced about 100 fold (p<0.001)
whereas the absolute number of NKT cells was reduced about 10 fold (p<0.01). This
accounts for the 10-fold rise in the percentage of NKT cells among all T cells from about
3% to 32%. When the dose of TBI was increased to 3,000 cGy, the number of non-NKT
cells fell almost 1,000 fold, and the number of NKT cells fell about 20 fold such that for the
first time, the mean number of NKT cells exceeded the number of non-NKT cells in the
spleen.

In further experiments, spleen cell suspensions were irradiated with 1,000 cGy in vitro, and
the percentages and absolute numbers of NKT cells and non-NKT cells were determined. As
shown in Figure 1A, the percentage of NKT cells among all T cells rose to about 60% after
irradiation, and the change in the absolute number of non-NKT cells was about 20 fold more
than that of NKT cells. After irradiation, the mean absolute number of NKT cells was
significantly greater than non-NKT cells (p< 0.01).

The effects of irradiation on T cell subsets were also determined at 48, 72 and 120 hours
after 1000 cGy of TBI in addition to 24 hours. The percentage of NKT cells showed similar
increases at the three time points (data not shown). Figure 1C shows the comparison of the
absolute numbers of total T cells and NKT cells at the different time points. After the
marked reduction at 24 hours, there were no significant differences (p>0.05) in the absolute
number of total T cells or in the absolute number of NKT or non-NKT cells between 24, 48,
72 and 120 hours. (Figure 1C and 1D).

In order to determine the subsets of NK1.1+TCRαβ+ T cells in the spleen before and after
1,000 cGy TBI, gated TCRαβ+ cells were further gated for NK1.1+ cells (Figure 2A), and
the percentage of CD4+ and CD1d-tetramer+ cells among the gated cells was determined by
multicolor staining and analysis. About 62% of untreated and 83% of irradiated NK1.1+

TCRαβ+ T cells were CD4+ (Figure 2A), and the remaining NKT cells were CD4−CD8−
(data not shown).

When NK1.1+ TCRαβ+ gated residual cells were stained with a CD1d tetramer that
identified only invariant NKT cells[27], about 60% of untreated NKT cells were tetramer+,
and 86% of irradiated NKT cells were tetramer+. As shown in Figure 2C, the percentage of
splenic NK1.1+TCRαβ+ T cells amongst all T cells in invariant NKT deficient Jα18−/− mice
given 1,000 cGy TBI was reduced to about 3% from 29% observed in wild type mice
(Figure 2B). The residual cells in Jα18−/− mice are type II non-invariant NKT cells[29,30].
The percentage of CD1d tetramer+ T cells among all T cells in irradiated Jα18−/− mice was
0.1% (Figure 2D). In summary, the large majority of NKT cells after irradiation are
invariant CD4+ NKT cells.
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NKT cell deficient mice are more sensitive to GVHD than wild type mice
We have reported that the NKT cells protect against acute GVHD in hosts that have been
conditioned with TLI and anti-thymocyte serum (ATS) [6,9]. Since the percentage of NKT
cells is markedly increased among all T cells after a single dose of 1,000 cGy of TBI, we
compared the severity of GVHD in wild type and invariant NKT cell deficient Jα18−/− mice
after allogeneic bone marrow transplantation using a similar dose of myeloablative
conditioning with 900 cGy of TBI. In these experiments, wild type C57BL/6 host mice were
injected i.v. with 50×106 bone marrow cells and 60×106 spleen cells from wild type BALB/c
donor mice within 24 hours after irradiation. Control wild type or Jα18−/− host mice
received wild type bone marrow cells alone or no donor cells.

Figures 2E and 2F show the changes in survival and body weight in the wild type and
Jα18−/− host mice given transplants. Control wild type and Jα18−/− mice given only bone
marrow cells showed 100% survival over a 100 days observation period. The latter mice
gained weight after the transplantation procedure, and weight remained relatively constant
thereafter (Figure 2F). There were no significant differences (p>0.05) between wild type and
Jα18−/− mice given marrow alone. Host mice given no donor cells all died by 14 days (data
not shown). Host wild type mice given both bone marrow and spleen cells showed
progressive weight loss after about 15 days associated with features of GVHD such as hair
loss, hunched back and swollen face. There was a statistically significant (p<0.01) reduction
in mean body weight of wild type hosts given bone marrow and spleen cells as compared to
bone marrow cells alone as judged by the student t test by day 50.

All of the wild type hosts given bone marrow and spleen cells died by day 65 and the
difference in survival between the latter group and the control group given marrow alone
was statistically significant (p<0.001) as judged by the log rank test (Figure 2E).
Interestingly, the Jα18−/− hosts given marrow and spleen cells died more rapidly than the
wild type hosts given marrow and spleen cells (p<0.05), and their weight loss after day 20
was significantly greater than that of the wild type group (p<0.05). Jα18−/− hosts given
marrow and spleen cells had significantly reduced survival (p<0.001) and more severe
weight loss (p<0.01) than the Jα18−/− hosts given marrow cells alone. Thus GVHD was
more severe in the NKT cell deficient as compared to wild type mice given a single dose of
TBI.

In contrast to the uniform death of C57BL/6 hosts after marrow and spleen transplantation
with TBI conditioning, wild type hosts conditioned with TLI and ATS all survived for at
least 100 days without GVHD[6,9]. Protection against GVHD was lost in Jα18−/− hosts[9].
We compared the NKT cell composition in the spleen of wild type C57BL/6 mice given TLI
(Figure 3A) to the hosts given TBI (Figure 1A). The percentage of NKT cells among all T
cells in the hosts given 10 doses of TLI of 240 cGy each was about 30%, and about 46% in
mice given 17 doses of TLI of 240 cGy each (Figure 3A). There was less than a 5-fold
reduction (p<0.05) in the absolute number of splenic NKT cells after 10 or 17 doses of TLI
(Figure 3A). In contrast the absolute number of non-NKT cells fell more than 50 fold
(p<0.001) (Figure 3A). Thus, the increase in the percentage of NKT cells among all T cells
was similar after TLI and TBI.

Figure 3A shows that after 2,000 cGy TBI, the mean absolute number of splenic NKT cells
(0.05×106 cells) was about 10 fold lower than that (0.5×106 cells) after 2,400 cGy TLI
(p<0.01). Similarly, the absolute number of splenic NKT cells after 3,000 cGy TBI was
about 10 fold lower than after 4,000 cGy TLI (p<0.001). It is possible that rapid renewal of
NKT cells from progenitors in the thymus contributed to the residual splenic NKT cells after
TLI. However, the mean absolute number of NKT cells in the spleen of TLI treated
euthymic (mean 0.5×106 ± 0.1×106) or thymectomized mice (mean 0.3×106 ± 0.1×106)
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were not significantly different (p>0.05) when measured 24 hours after completion of
irradiation (Figure 3A).

We assessed the turnover of NKT cells and non-NKT cells in untreated and irradiated mice
by labeling the cells with BrdU. The label was given by three intraperitoneal injections
every 8 hours for 24 hours after irradiation, and cells were stained immediately after the 24
hour period for intracellular BrdU incorporation. As shown in Fig. 3B, about 26% (mean
25% ± 4%) of gated NKT cells in the spleen of unirradiated mice were BrdU labeled, and
less than 2% (mean 1.6% ± 0.3%) of non-NKT cells were labeled (p<0.001). When labeling
was done during the 24-hour period after 1,000 cGy TBI, then staining of both NKT cells
and non-NKT cells was about 0.1% (p>0.05). After 17 doses of TLI, the percentage of BrdU
labeled splenic NKT cells was reduced to less than 2%, even though considerable shielding
of the bone marrow occurs during the procedure.

Marked Increases in the percentage of Bcl-2hi NKT cells and Bcl-2hi non-NKT cells After
TBI

Figure 4A shows that there was a progressive increase in the percentage of gated NKT cells
and gated non-NKT cells in the spleen that stained for high levels of intracellular Bcl-2 after
progressive increases in the dose of TBI administered to wild type C57BL/6 mice. The left
column of cytometry profiles show that about 12.5% (mean 11% ± 3%) of NKT cells in the
untreated spleen expressed the Bcl-2hi phenotype, and about 92% (mean 85% ± 8%)
expressed the Bcl-2hi phenotype after 3,000 cGy TBI. The thresholds for distinguishing
Bcl-2hi and Bcl-2lo cells were determined by single color analysis of Bcl-2 staining of gated
NKT cells in untreated mice shown in the shaded profile of the lower left panel. Two clear
peaks were observed, and the threshold was set between the two for further analyses of two
color staining. The intensity of staining of almost all Bcl-2lo cells was above background as
judged by the profile obtained after staining with an irrelevant isotype matched control mAb
(Figure 4A). About 1.7% of non-NKT cells were Bcl-2hi in untreated mice and about 68%
were Bcl-2hi after 3,000 cGy TBI. Thus the percentage of NKT cells that constitutively
expressed the Bcl-2hi phenotype was about 8 to 10 fold higher than that of the non-NKT
cells (12.5% versus 1.7%), and the percentage of Bcl-2hi cells rose markedly in both subsets
after irradiation (Figure 4A).

Figure 4B shows the changes in the absolute number of total NKT cells and Bcl-2hi NKT
cells in the spleen before and after increasing doses of TBI. Whereas the mean absolute
number of total NKT cells was about 8 fold higher than that of Bcl-2hi NKT cells before
irradiation (0.9×106 versus 0.1×106), almost all NKT cells were Bcl-2hi NKT cells 24 hours
after 2,000 or 3,000 cGy TBI. Similarly, the mean absolute number of all non-NKT cells
was about 30 fold higher than that of Bcl-2hi non-NKT cells before irradiation, and the
majority after 3,000 cGy TBI were Bcl-2hi non-NKT cells (0.036 × 106 total non-NKT cells
versus 0.031× 06 Bcl-2hi non-NKT cells) (Figure 4C). The changes after irradiation were the
result of a greater reduction in the absolute number of NKT cells and non-NKT cells with
the Bcl-2lo phenotype as compared to those with the Bcl-2hi phenotype that were already
apparent at 24 hours (Figure 1C and 1D). These changes became more pronounced after 48,
72 and 120 hours because the Bcl-2lo subset had a significant further decline after 24 hours
(p<0.05 or 0.01) whereas Bcl-2hi cells increased slightly (Figure 1C and 1D). Conversion
from Bcl-2lo to Bcl-2hi cells may contribute to these changes. The 72 hours time point was
the nadir of Bcl-2lo NKT and non-NKT cells during the 120 hours period after irradiation.

Whereas, the mean absolute number of Bcl-2hi NKT cells was reduced by less than 2 fold 72
hours after 1,000 cGy TBI as compared to untreated values (0.10×106 to 0.07×106; p> 0.05),
the mean absolute number of Bcl-2lo NKT cells was reduced by about 200 fold (0.75×106 to
0.004×106; p<0.001). Similarly, the mean absolute number of Bcl-2hi non-NKT cells was
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reduced about 7 fold (0.95×106 to 0.13×106; p<0.01), and that of Bcl-2lo non-NKT cells was
reduced about 500 fold (27.8×106 to 0.04×106; p<0.001) (Figure 1D). Thus, the increased
percentage of NKT cells among all T cells after irradiation represents a changed balance
between Bcl-2hi NKT and Bcl-2hi non-NKT cells, since few Bcl-2lo T cells remain after
irradiation. The changed balance favors the NKT cells because of the higher percentage of
Bcl-2hi cells among NKT cells before irradiation (~13%) as compared to non-NKT cells
(~2%), and the less than 2 fold reduction of Bcl-2hi NKT cells at the 72 hours nadir after
irradiation as compared to the 7 fold reduction in Bcl-2hi non-NKT cells (Figure 1C). The
latter difference is related to the upregulation of Bcl-2 among CD4+ NKT cells after
irradiation (see below)

Bcl-2 over-expression prevents alterations of T cell subsets after TBI
In order to determine the effect of Bcl-2 over-expression on the resistance of splenic NKT
cells and non-NKT cells to radiation induced loss, we examined the changes in the
percentage and absolute numbers of the two T cell subsets before and after 1,000 cGy TBI in
C57BL/6 mice that expressed a human Bcl-2 transgene under the control of the mouse class
I-MHC gene promoter region[17]. As shown in Figure 4D, about 2% of the total T cells in
the untreated transgenic mice were NKT cells before irradiation, and the percentage of NKT
cells remained the same after irradiation as judged by staining of spleen cells for the NK1.1
versus TCRαβ markers. Only a minimal change in the absolute number of transgenic NKT
cells and transgenic non-NKT cells occurred after irradiation as compared to the 100 fold
reduction in non-NKT cells and 10 fold reduction in NKT cells in the wild type mice (Figure
4D).

Bcl-2 but not Bcl-xL, expression is upregulated in CD4+ NKT cells after irradiation
Since NKT cells contain two major subsets that are CD4+ and CD4− CD8−[30], the changes
in Bcl-2 expression after 1,000 cGy TBI among these splenic NKT cell subsets were
examined separately. Figure 5A shows that in untreated C57BL/6 mice, the gated NK1.1+

TCRαβ+ T cells can be separated into CD4+ cells that constitute about 59% (mean 63% ±
3%) of NKT cells, and CD4− cells that constitute 41% (mean 38% ± 3%). The CD4− subset
is double negative (CD4−CD8−) when staining for CD8 receptors was performed (data not
shown). Unexpectedly, the constitutive intracellular levels of Bcl-2 in untreated mice was
considerably higher in the CD4−CD8− subset than the CD4+ subset using the staining
threshold established in Figure 4. Bcl-2hi cells accounted for about 62% (mean 62% ± 6%)
of CD4− CD8− NKT cells, the Bcl-2hi cells accounted for only about 8% (mean 7% ± 1%)
of CD4+ NKT cells (Figure 5A).

After 1,000 cGy TBI, the CD4+ NKT cells constituted about 81% (mean 80% ± 2%) of all
NKT cells, and the percentage of Bcl-2hi cells within this subset rose markedly from about
7% (mean 7% ± 1%) in the untreated mice to about 57% (mean 61% ± 5%) in the irradiated
mice (Figure 5A). The increase in Bcl-2hi cells among CD4−CD8− NKT cells was
considerably smaller after irradiation (62.1% versus 68.9%). Thus, the rise in the percentage
of Bcl-2hi among all NKT cells after irradiation (Figure 4) was mainly due to increases
within the CD4+ NKT cell subset.

In order to determine whether irradiation induces an increase in the levels of other
intracellular anti-apoptotic proteins, the two subsets of NKT cells in untreated and irradiated
mice were examined for the expression of intracellular Bcl-xL. In contrast to the findings
with Bcl-2, the constitutive expression of Bcl-xL was similar between the CD4+ and
CD4−CD8− NKT cells (26.3% and 22.1% respectively) using isotype matched control mAb
to determine positive staining (Figure 5B). Moreover, the levels of Bcl-xL fell after
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irradiation such that CD4+ NKT cells contained about 9% of Bcl-xLhi cells, and the
CD4−CD8− NKT cells contained about 7%.

We also compared the percentage and absolute numbers of CD4+ NKT cells with high levels
of Bcl-2 in the spleen, liver, and bone marrow of untreated mice versus mice treated with
1,000 cGy TBI. As shown in Figure 5C, the mean absolute number of total CD4+ NKT cells
(0.46×106) was about five times higher in the untreated mouse spleen as compared to the
irradiated mouse spleen (0.09×106). Despite this reduction of total CD4+ NKT cells in the
spleen after irradiation, the mean absolute number of Bcl-2hi CD4+ NKT cells rose from
0.01 × 106 in the untreated spleen to 0.06×106 in the irradiated spleen (Figure 5C). There
was an increase in the percentage of total NKT cells among all T cells in the liver and bone
marrow after 1,000 cGy TBI (See S. Figure 1 in Supplementary Material), and an associated
increase in the percentage of Bcl-2hi CD4+ NKT cells among all CD4+ NKT cells (See S.
Figure 2 in Supplementary Material). This resulted in a significant rise in the mean absolute
number of Bcl-2hi CD4+ NKT cells after irradiation in the bone marrow (0.04×106 versus
0.16×106; p<0.05), and to a lesser extent in the liver (0.09×106 versus 0.18×106; p>0.05)
(Figure 5C). The rise in the mean absolute number of Bcl-2hi CD4+ NKT cells in all three
tissues coupled with the lack of NKT cell turnover (Figure 3) indicates that there was an
upregulation of Bcl-2 expression after irradiation, and Bcl-2lo cells converted to Bcl-2hi

cells.

Whereas there was a significant increase in Bcl-2hi CD4+ NKT cells after irradiation, there
was about a 10-fold decrease in Bcl-2hi CD4−CD8− NKT cells (p<0.001) and Bcl-2hi

NK1.1− TCRαβ+ T cells (p<0.001) after irradiation (Figure 5D). Figure 5E compares the
ratios of the number of the different T cell subsets in the spleen with or without irradiation.
The cells most potently affected by irradiation were those in the total non-NKT cell subset
that fell almost 150 fold after 1,000 cGy TBI. Among the latter cells the Bcl-2hi non-NKT
cells were more resistant to cell death and fell about 20 fold (p<0.001). The relative decrease
in the number of total CD4− CD8− NKT cells or Bcl-2hi CD4−CD8− NKT cells was not
significantly different from that of the Bcl-2hi non-NKT cells (p>0.05). The unique rise in
the Bcl-2hi CD4+ NKT cells was significantly different from the change in all the other
subsets (p<0.001) (Figure 5E).

Changes in the levels of the pro-apoptotic Bax and anti-apoptotic Bcl-2 gene expression in
NKT cells and non-NKT cells after TBI

In order to determine whether splenic NKT cells and non-NKT cells differ in the levels of
RNA encoding pro-apoptotic Bax and anti-apoptotic Bcl-2 before and after 1,000 cGy TBI,
splenic NK1.1+ TCRαβ+ T cells and NK1.1− TCRαβ+ T cells were sorted by flow cytometry
from untreated mice, and from mice 20 minutes or 4 hours after a single dose of 1,000 cGy
TBI. The yields of live splenic T cells from untreated mice and from irradiated mice at the 4
hour time point were not significantly different (data not shown). Equal numbers of sorted
cells were lysed, RNA was extracted, and real time PCR was performed using primers
specific for the Bax and Bcl-2 genes. Levels of amplified Bax and Bcl-2 gene products were
normalized to β-actin standards. Ratios of normalized amplified gene products were
determined by comparing levels after irradiation to those obtained from the untreated mice.
Figure 6A shows that the ratios were about 1:1 for both Bax and Bcl-2 obtained from both
NKT cells and non-NKT cells 10 minutes after in vivo irradiation. In contrast, ratios of RNA
encoding Bax increased to about 17:1 to 21:1 4 hours after TBI in both T cell subsets
(p=0.39). Ratios of RNA encoding Bcl-2 rose to about 4:1 at 4 hours time point after
irradiation for NKT cells, and to about 1.6:1 for non-NKT cells. (p=0.02). The induced level
of Bax as compared to Bcl-2 was significantly greater (p<0.01) at 4 hours in non-NKT cells
versus NKT cells. The analysis was repeated comparing sorted CD4+ NKT and CD4− NKT
cells 4 hours after irradiation. Figure 6B shows that the increase in Bax expression was
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significantly higher (p<0.001) in CD4− NKT cells versus CD4+ NKT cells, and the fourfold
increase in Bcl-2 was not significantly different (p=0.27). The induced level of Bax as
compared to Bcl-2 was significantly higher (p=0.01) in the CD4− versus CD4+ NKT cells.

Increased expression of both intracellular IL-4 and Bcl-2 in CD4+ NKT cells after irradiation
Since NKT cells have been reported to show a Th2 bias in mice conditioned with TBI or
TLI [4,5,7,9], intracellular staining of IL-4, IFN-γ and Bcl-2 was compared for gated CD4+

NKT cells and CD4− NKT cells before and 24 hours after 10 doses of TLI. Spleen cells
were stimulated with phorbol myristate acetate (PMA) and calcium ionophore (Ionomycin)
in order to induce cytokine production before intracellular staining. Figure 6C shows that the
majority of untreated CD4+ NKT cells was Bcl-2lo even amongst the cells that expressed
intracellular IL-4. After irradiation, there was a marked increase in the mean percentage of
CD4+ NKT cells that expressed intracellular IL-4, from 17% ± 3% to 37% ± 3 % (p<0.05),
and most CD4+ NKT cells became Bcl-2hi including those with intracellular IL-4. In
contrast, less than 2% of CD4− NKT cells expressed intracellular IL-4 before irradiation,
and about 6% after irradiation. Staining for intracellular IFN-γ showed that there was a Th1
bias in untreated CD4+ NKT cells with about a 2:1 ratio of IFN-γ+:IL-4+ cells (mean
2.3±0.5). After irradiation, there was a shift toward a Th2 bias with a ratio of about 1:1
(mean 0.9±0.2). The untreated CD4− NKT cells showed a strong Th1 bias with a ratio of
about 20:1 (mean 20±2) (Figure 6C). After irradiation, the Th1 bias persisted with a ratio of
about 8:1 (mean 10±3). There was no shift from a Th1 to Th2 bias in non-NKT cells at 24
hours after TLI (supplemental Figure 3)

Discussion
The results of the current studies indicate that NKT cells have a marked resistance to cell
death induced by TBI as compared to non-NKT cells, since after irradiation with at least
1,000 cGy, the loss of non-NKT cells was about 10 to 20 fold greater than that of NKT cells
in the spleen. Similar changes in these T cells subsets were observed in the bone marrow and
liver after in vivo irradiation and in spleen cells after in vitro irradiation. The change in the
balance of T cell subsets in the spleen that favored the NKT cells after TBI or TLI in the
current studies was not due to rapid regeneration of NKT cells, since incorporation of BrdU
during the 24 hours period after irradiation was minimal in both NKT cells and non-NKT
cells. The residual NKT cells were mainly CD4+ type I NKT cells, that expressed the
invariant Vα14Jα18 TCRα chain[29,30]. NKT cells have been shown to develop Th2
cytokine bias after TBI or TLI that can ameliorate GVHD by promoting a Th2 bias among
donor T cells contained in allogeneic bone marrow transplants[4–7,9]. The current study
shows that the dominant CD4+ NKT cells switched from a Th1 bias to a Th2 bias after TLI,
but that the minority CD4−CD8− NKT cells retained their Th1 bias after TLI. Jα18−/− host
mice that are deficient only in type I NKT cells had significantly more severe GVHD than
wild type host mice after allogeneic bone marrow and spleen cell transplantation after TBI
conditioning. The increased amelioration of GVHD by TLI as compared to TBI [6,7,9] can
be accounted for, at least in part, by the 10 fold greater number of residual NKT cells
present in the spleen after similar total doses of TBI and TLI. During TLI, depots of NKT
cells in the liver and bone marrow are shielded with lead[31,32], and can redistribute to the
spleen. The current study indicates the Th2 bias and immune regulatory functions of CD4+

NKT cells after in vivo irradiation occurs along with the increased expression of Bcl-2. This
association was reported previously after glucocorticoid exposure[21]. However, this
linkage was not present before irradiation, since the majority of CD4+ NKT cells that
secreted IL-4 were Bcl-2lo.

Staining of NKT cells and non-NKT cells before irradiation for intracellular Bcl-2 identified
two subsets of T cells, one with a Bcl-2lo phenotype and one with a Bcl-2hi phenotype. After
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graded doses of TBI, the fraction of Bcl-2hi cells rose progressively such that more than
90% of all NKT cells were Bcl-2hi 48 and 72 hours after 1,000 cGy TBI. Whereas Bcl-2hi

NKT cells decreased less than 2 fold, Bcl-2lo NKT cells decreased about 200 fold. Similarly,
Bcl-2hi non-NKT cells decreased less than 10 fold, and Bcl-2lo non-NKT cells decreased
about 500 fold. The changed balance of NKT cells and non-NKT cells after radiation
reflected a higher constitutive expression among CD4−CD8− NKT cells, and induced
upregulation of Bcl-2 among CD4+ NKT cells. Upregulation of Bcl-2 in total NKT cells has
been previously reported after in vitro exposure to dexamethasone[21], but not after in vivo
irradiation. The mechanism of Bcl-2 upregulation after in vivo irradiation is the subject of
our continuing investigation. Ren et al., also reported that the percentage of NKT cells
among all T cells in the lymphoid tissues increases after multiple low doses of TBI
especially in the blood and liver, but they did not determine whether the increased
percentage of NKT cells was among the CD4+ NKT cells or CD4−CD8− NKT cells or was
due to increased renewal or cell division, and/or to reduced cell death[33]. The current study
shows that the forced expression of Bcl-2 in all T cells using a Bcl-2 transgene protects both
NKT cells and non-NKT cells from cell death, and prevents the change in balance of T cell
subsets after TBI.

Since proteins other than Bcl-2 can regulate T cell apoptosis after irradiation, the levels of
the anti-apoptotic protein, Bcl-xL and the mRNA that encodes the pro-apoptotic protein,
Bax were determined before and 4 hours after TBI. Whereas intracellular levels of Bcl-2
markedly increased after TBI, the levels of Bcl-xL did not. In addition, the level of mRNA
encoding Bax as compared to Bcl-2 increased significantly 4 hours after irradiation in non-
NKT cells versus NKT cells due to greater increase in Bcl-2 in NKT cells. However,
increased level of Bax as compared to Bcl-2 gene expression in CD4− as compared CD4+

NKT cells was due to greater increase in Bax levels in CD4− NKT cells at that early time
point.

In conclusion, the study shows that differences in Bcl-2 expression among T cell subsets
alter their balance after in vivo irradiation. The predominance of the NKT cell subset among
all T cells after TBI, TLI and in vitro irradiation is due to the marked radioresistance of the
NKT cell subset, and is linked to the increased absolute number of CD4+ NKT cells with
high levels of intracellular Bcl-2 observed after radiation. This subset has the highest
induced levels of Bcl-2 versus Bax when compared to non-NKT cells and CD4−CD8− NKT
cells, and the strongest Th2 bias in response to in vivo irradiation.

Materials and Methods
Animals

Male C57BL/6 wild type mice, 8–10 wk old, were purchased from The Jackson Laboratory
(Bar Harbor, ME). Some of the latter mice were thymectomized at the Jackson Laboratory at
age 6 weeks. Male C57BL/6 Jα18−/− mice[34] were bred and maintained in the Department
of Comparative Medicine, Stanford University (Stanford, CA) according to National
Institutes of Health Veterinary guidelines. Male C57BL/6 human Bcl-2 transgenic mice
were obtained from the colony of Dr. I. L. Weissman (Stanford University) [17]. All animal
protocols were reviewed and approved by the Stanford Administrative Panels on Laboratory
Animal Care (APLAC).

Irradiation
TLI was delivered to the abdomen, lymph nodes, thymus, and spleen with shielding of the
skull, lungs, pelvis, limbs and tail as described previously[31,32]. TBI was administered to
wild type C57BL/6 or Jα18−/− mice 24 hours before the allogeneic bone marrow and spleen
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cell infusions. TLI was performed with a Philips x-ray unit (200 kV, 10mA; Philips
Electronic Instruments, Rahway, NJ) at a rate of 84 cGy/min with a 0.5 mm Cu filter. TBI
was delivered as a single dose from the same x-ray unit.

Bone Marrow Transplantation Technique and Monitoring for GVHD
Single cell suspensions of marrow or spleen cells were obtained after passage through nylon
wool meshes[9]. Monitoring for clinical signs of GVHD, loss of body weight, and survival
has been described in detail previously[6,7].

Monoclonal antibodies and chemical reagents
FITC-conjugated anti-Bcl-xL mAb was purchased from Southern Biotechnology Associates
(Birmingham, AL). Anti-NK1.1-PE, anti-TCRαβ-APC, and anti-CD4-Cy7APC mAbs, as
well as the FITC-conjugated anti-Bcl-2 antibody reagent kit, anti-IL4-Cy7PE, anti-IFN-γ-
Cy7PE, BD cytofix/cytoperm kit, BrdU Flow kit, and anti-CD16/32 mAb were purchased
from BD PharMingen (San Diego, CA). PE-conjugated PBS57-loaded mouse CD1d
tetramers or PE-conjugated unloaded mouse CD1d tetramers were provided by National
Institutes of Health Tetramer Facility, Rockville, MD.

Flow cytometry analysis
Single cell suspensions lysed with ammonium chloride buffer were prepared in phosphate-
buffered saline (PBS) with 1% calf serum, pre-incubated with anti-CD16/32 mAb to prevent
non-specific binding via FcRII/III interactions, and then incubated with the appropriate
mAb. Propidium iodide (Sigma, St Louis, MO) was added prior to analysis to exclude any
dead cells. To analyze Bcl-2, Bcl-xL, IL-4 and IFN-γ intracellular expression, all cells first
were incubated with the appropriate anti-surface receptor mAbs, then fixed and
permeabilized with BD cytofix/cytoperm kit for intracellular staining. Ethidium monoazide
bromide (EMA) (Invitrogen, Calsbad, CA) was added prior to fixation and permeabilization
to exclude any dead cells. Thresholds for Bcl-2 and Bcl-xL staining were determined by
using isotype-matched irrelevant mAb. All analyses were performed on a modified dual
laser LSRScan (BD Immunocytometry Systems, San Diego, CA) in the Shared FACS
Facility (Center for Molecular and Genetic Medicine at Stanford University), using FlowJo
software (TreeStar, Ashland, OR) for data analysis.

Cell isolation and sorting
For purposes of T cell staining or sorting, single cell-suspensions from spleens were first
enriched using anti-Thy1.2 microBeads on immunomagnetic bead columns (Miltenyi
Biotech). Enriched Thy1.2+ cells were stained with PE-conjugated anti-NK1.1 and APC-
conjugated anti-TCRαβ mAb before sorting on a FACS Vantage (BD Biosciences, Mountain
View, CA) as described previously[35]. Sorted NK1.1+TCRαβ+ and NK1.1−TCRαβ+ cell
populations were stored in −80°C freezer before RNA analysis. Liver mononuclear cell
preparation was described before[7].

Activation of cells with phorbol myristate acetate (PMA) and calcium ionophore
(Ionomycin)

Sorted T cell subsets from the spleen of untreated wild type C57BL/6 mice or from mice 24
hours after the last dose of 10 doses of TLI (240 cGy each) treatment were cultured in vitro
with further stimulation in 10% FBS and RPMI complete medium contained 10 ng/ml PMA,
1µM Ionomycin and 2 µM Monensin (Sigma Chemical Co.) in 6-well plates for 4 hours.
After that, cells were labeled with surface mAb, fixed, and permeabilized for intracellular
IL-4 and IFN-γ staining.
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RNA isolation and analysis
Total RNA was isolated from sorted frozen cell pellets using the RNeasy MiniKit
(QIAGEN, Valencia, CA). After digestion of genomic DNA (DNA-free; Ambion, Austin,
TX), the RNA was reverse-transcribed with TaqMan Reverse Transcription Reagents
(Applied Biosystems, Foster City, CA). Quantitative real-time polymerase chain reaction
(PCR) was then performed on an ABI PRISM 7900 Detection System (Applied Biosystems)
using TaqMan Universal PCR Master Mix (Roche, Branchburg, NJ). All cycle threshold
values were normalized to β-actin housekeeping gene expression. PCR primer sequences for
Bcl-2 and Bax genes and conditions are available on request (Applied Biosystems). Data
were expressed as the x-fold induction of gene expression in equal numbers of viable sorted
cells from irradiated mice compared with untreated control mice.

In Vitro assay of cell survival after irradiation
The spleen cells prepared from the wild type C57BL/6 mice were irradiated with 1000 cGy
by Cesium irradiator (J.L. Shepherd & Associates) and then incubated at 37° C in 6-well
tissue culture plates (Falcon) at 4×106 cells/well in a volume of 2 ml/well with complete
medium. After 24 hrs, these cells were harvested and stained with both PE-conjugated anti-
NK1.1 and APC-conjugated anti-TCRαβ mAb, and then with 2 µg/ml propidium iodide.

BrdU incorporation analysis
Mice were injected i.p. with 100 µl of a 10 mg/ml solution of BrdU (Sigma) in PBS every 8
hours during the 24 hours after irradiation. BrdU-labeled cells were stained with anti-
TCRαβ-APC, anti-NK1.1-PE, followed by fixation and permeabilization with BD cytofix/
cytoperm buffer. The cells were then stained with anti-BrdU mAb for 20 min at room
temperature and analyzed by flow cytometry with the gates of TCRαβ+ NK1.1− and
TCRαβ+ NK1.1+ cell subsets. As a negative control, the mice not injected with BrdU were
also analyzed.

Statistical analysis
Kaplan-Meier survival curves were made using Prism (GraphPad Software, San Diego, CA).
Statistical differences in animal survival were analyzed by log-rank test. Difference in
percent and absolute number of immunophenotypic populations of cells were analyzed using
the two-tailed Student’s t test. For all tests, p value of 0.05 or less was considered
significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Nonstandard abbreviations used

GVHD Graft Versus Host Disease

TLI Total Lymphoid Irradiation

TBI Total Body Irradiation
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Figure 1. The NKT cell subset becomes predominant among all T cells after TBI in C57BL/6
mice
(A) Left column; representative flow cytometric analyses of staining for TCRαβ versus
forward scatter in the spleen of untreated C57BL/6 mice or 24hrs after 240, 1000, 2000 or
3000 cGy of TBI. The bottom panel shows staining of C57BL/6 spleen cells cultured for 24
hours after 1000 cGy in vitro irradiation for comparison. Boxes enclose TCRαβ+ T cells, and
percentages within boxes are given. Right column; two color analyses of TCRαβ versus
NK1.1 markers on gated TCRαβ+ T cells from the left column. Boxes enclose NK1.1+

TCRαβ+ T cells (upper box) and NK1.1−TCRαβ+ (lower box). The mean percentage ± SD
of NKT cells among all T cells in the spleen of untreated mice was 2.93 ± 0.405, and
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increased to 8.29 ± 0.630; p<0.0001, 26.00 ± 5.237; p<0.0001, 45.60 ± 6.789; p<0.0001, and
58.35 ± 8.581; p<0.0001 in mice given 240, 1,000, 2,000, 3,000 cGy respectively. There are
8 to 10 mice per group. (B) The mean (±SD) absolute numbers of NK T cells and NK1.1− T
cells (non-NKT cells) in the spleen of untreated mice (UNT) and in the spleen 24 hours after
each dose of irradiation (IR) are shown on a logarithmic scale. (C) Comparison of mean
(±SD) absolute numbers of total T cells, total NKT cells, Bcl-2hi and Bcl-2lo NKT cells in
the spleen at different time points after irradiation. (D) Comparison of mean (±SD) absolute
numbers of total T cells, NK1.1− T, Bcl-2hi and Bcl-2lo NK1.1− T cells at different time
points in the spleen. There are 5 to 10 mice per group. The data are representative of three
independent experiments.
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Figure 2. Host invariant NKT cells that remain after TBI conditioning contribute to protection
against GVHD
(A) Gated TCRαβ+ spleen cells in untreated C57BL/6 mice were stained for NK1.1 versus
TCRαβ in the left panel, and gated NK1.1+TCRαβ+ cells were stained for CD4 versus
TCRαβ in the right upper panel and CD1d-tetramer versus TCRαβ in the right lower panel.
(B) The same analysis was performed using C57BL/6 mice 24 hours after 1,000 cGy TBI.
(C, D) Jα18−/− mice were given 1,000 cGy TBI and similar analyses of TCRαβ versus
NK1.1 or CD1d tetramer on gated TCRαβ+ cells (as in Fig A, B) are shown for comparison.
(E) Lethally irradiated (TBI 900 cGy) wild type C57BL/6 or NKT deficient Jα18−/− C57BL/
6 host mice were given 50×106 whole bone marrow (BM) and 60×106 splenocytes (SPL)
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intravenously from wild type BALB/c donors. Control wild type mice or NKT deficient
Jα18−/− C57BL/6 host mice were given 900 cGy TBI followed by 50×106 BM alone.
Survival of irradiated hosts after transplantation is shown. (F) Mean body weights (±SE) of
host mice given BM plus SPL or BM alone as in panel E. There were 10 hosts in each
group. Analysis was stopped for a given group when there were two hosts remaining (+).
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Figure 3. Lack of rapid NKT cell renewal from thymic or extrathymic sources after TLI or TBI
(A) Yields of NKT cells from the spleen of non-thymectomized or thymectomized (labeled
Thymectomy) C57BL/6 mice given 10 doses or 17 doses of TLI (240 cGy each) or single
dose of 2,000 cGy or 3,000 cGy TBI are compared. The cells were harvested 24 hours after
the last treatment. Spleen cells were stained and analyzed as in Figure 1, and the mean
absolute numbers are sown. Bars represent the means of 5 to 10 mice per group, and
brackets shows SD. (B) Three doses of BrdU were administered intraperitoneally every 8
hrs and splenocytes were harvested at 24 hrs (8 hrs after third injection) after completion of
irradiation of C57BL/6 mice. Mice were either untreated, given TBI (1,000 cGy) or 17 doses
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of TLI (4080 cGy). Panels show one color staining of intracellular BrdU on gated NK1.1+

TCRαβ+ or NK1.1− TCRαβ+ cells.
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Figure 4. Marked increase in intracellular Bcl-2 expression in NKT and NK1.1− T cells that
survive after irradiation
(A) Splenocytes were harvested from untreated C57BL/6 mice or from mice treated with
TBI 24 hrs after irradiation, stained for NK1.1 vs TCRαβ, fixed and permeabilized, and
stained for intracellular Bcl-2. Dead cells were excluded from the analysis by adding the dye
EMA to the staining mixture, and gating on EMA− cells. The left column of panels show the
representative analyses of light scatter versus Bcl-2 amongst gated NK1.1+ TCRαβ+ T cells
and the right column shows the analyses amongst gated NK1.1− TCRαβ+ T cells. Boxes
enclosed either Bcl-2lo (left) or Bcl-2hi (right) cells, and percentages in boxes are shown.
The mean percentage of Bcl-2hi NKT cells among all NKT cells in the spleen of untreated
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mice was 10.9 % ± 3.26%, and increased to 18.7% ± 0.75%; p<0.001, 39.3% ± 14.55%;
p<0.001, 77.8% ± 16.57%, p<0.0001, 84.9% ± 8.49%; p<0.0001 in mice given 240, 1,000,
2,000 and 3,000 cGy respectively. There are 8 to 10 mice per group. Thresholds for Bcl-2hi

cells were set between the two peaks of Bcl-2 staining after one color analysis of gated NKT
cells from untreated mice shown in lower left panel (shaded profile). One color profile of
staining with irrelevant isotype matched mAb is shown by dashed line. (B, C) The mean
absolute number of total or Bcl-2hi NKT cells and NK1.1− T cells in the spleen of untreated
mice (UNT) and in the spleen 24 hours after each dose of TBI (1,000, 2,000 and 3,000 cGy)
are shown on a logarithmic scale. There are 10 to 20 mice in each group. (D) The percentage
of NKT cells in the spleen of human Bcl-2 transgenic (Tg) C57BL/6 mice fails to increase
after irradiation. Bcl-2 transgenic mice were analyzed for the percentage of NKT cells
among all T cells in untreated mice or after 1,000 cGy of TBI. Left panels show forward
scatter versus TCRαβ; right panels show NK1.1 versus TCRαβ on gated TCRαβ+ cells;
graph shows changes in mean absolute numbers of NK1.1− T and NKT cells. Untreated and
irradiated wild type mice are shown for comparison. The data are representative of three
independent experiments.
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Figure 5. Marked increase in Bcl-2 but not Bcl-xL expression in CD4+ NKT cells that survive
after TBI
(A) Analysis of Bcl-2 expression in CD4+ and CD4−CD8− NKT cell subsets after
irradiation. Splenocytes were harvested from untreated C57BL/6 mice or from mice 24
hours after 1,000 cGy TBI. Left panels show NK1.1 versus TCRαβ on gated TCRαβ+ cells;
middle panels show CD4 versus TCRαβ on gated NKT cells; right panels show Bcl-2
expression amongst gated CD4+ NKT or CD4−CD8− NKT cells using threshold established
in Figure 4. (B) Analysis of Bcl-xL expression in NKT subsets is shown with boxes
enclosing cells with staining intensity above background with isotype matched control mAb.
(C) Analysis of mean absolute numbers of total or Bcl-2hi CD4+ NKT cell subsets in spleen,
liver and bone marrow of untreated mice or after 1,000 cGy TBI. (D) Analysis of mean
absolute numbers of total or Bcl-2hi CD4− NKT or NK1.1− T cell subsets. (E) Change in
ratio of absolute numbers of different T cell subsets before and 24 hours after 1,000 cGy
TBI. There are 10 mice in each group. The data are representative of three independent
experiments.
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Figure 6. Real-time PCR analysis of RNA encoding Bcl-2 and Bax in CD4+ NKT, CD4-CD8−
NKT and NK1.1− T cells and intracellular staining for IL-4 and Bcl-2 before and after
irradiation
(A) Fresh splenic NK1.1+TCRαβ+ T cells and NK1.1−TCRαβ+ T cells were sorted by flow
cytometry from untreated mice, and from mice 10 minutes or 4 hours after a single dose of
1,000 cGy TBI. Total RNA was extracted from the cells and analyzed for expression of Bax
and Bcl-2 by quantitative real-time PCR. Induction ratio of PCR products using primers
specific for Bax and Bcl-2 were calculated from sorted cells in untreated mice versus
irradiated mice at the two time points after irradiation. Mean ratio is shown for three
independent experiments. Error bars represent SD. Dotted line shows threshold of changes
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from untreated mice. (B) The same analysis was performed for expression of Bax and Bcl-2
at 4 hours after irradiation using sorted CD4+NKT1.1+ and CD4− NK1.1+ TCRαβ+ T cells
pooled from the spleens of 10 mice. (C) Two color analysis of intracellular staining for IL-4,
IFN-γ and Bcl-2 on gated CD4+ and CD4− NKT cells before and 24 hours after irradiation
with 10 doses of TLI. Representative flow cytometric patterns are shown.
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