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The increasing use of nuclear energy sources inevitably raises the risk of accidental or
deliberate radiation exposure and associated immune dysfunction. However, the extent to
which radiation exposure impacts memory CD8 T cells, potent mediators of immunity
to recurring intracellular infections and malignancies, remains understudied. Using P14
CD8 T cell chimeric mice (P14 chimeras) with an lymphocytic choriomeningitis virus
(LCMYV) infection model, we observed that sublethal (5Gy) whole-body irradiation (WBI)
induced a rapid decline in the number of naive (Ty) and P14 circulating memory CD8
T cells (T o jrem)> with the former being more susceptible to radiation-induced numeric
loss. While Ty cell numbers rapidly recovered, as previously described, the number of P14
Tirem cells remained low at least 9 mo after radiation exposure. Additionally, the remain-
ing P14 T pey in irradiated hosts exhibited an inefficient transition to a central memory
(CDG2L") phenotype compared to nonirradiated P14 chimeras. WBI also resulted in
long-lasting T cell intrinsic deficits in memory CD8 T cells, including diminished cytokine
and chemokine production along with impaired secondary expansion upon cognate Ag
reencounter. Irradiated P14 chimeras displayed significantly higher bacterial burden after
challenge with Listeria monocytogenes expressing the LCMV GP;5; 4, epitope relative to
nonirradiated controls, likely due to radiation-induced numerical and functional impair-
ments. Taken together, our findings suggest that sublethal radiation exposure caused a
long-term numerical, impaired differentiation, and functional dysregulation in preexisting
Trems rendering previously protected hosts susceptible to reinfection.
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Memory CD8 T cells provide enhanced protection against intracellular pathogens and
malignancies (1-3). Upon antigen reencounter, memory CD8 T cells respond by robust
production of cytotoxic granules, effector cytokines, and chemokines as well as rapid
secondary expansion in numbers that all act in concert to mediate pathogen clearance
(4-7). The level of memory CD8 T cell-mediated protection depends on a multitude of
factors including the number and subset composition of memory CD8 T cells, their
localization within the host, and the nature of the insult (8—11). Based on their migration
patterns, memory CD8 T cells consist of circulating memory CD8 T (T ¢jrep) cells and
tissue-resident memory CD8 T (Ty,,) cells (12—14). T¢jrep cells are further subdivided
into CDG62L" effector memory (Tf,,) cells and CD62L" central memory (T ) cells, each
with preferential localization, phenotype, and function (9, 15-17). Nevertheless, presence
of a numerically stable memory CD8 T cell pool with diverse but balanced subset com-
position is required to confer the most efficient recall responses to a wide range of path-
ogens. Multiple lines of investigation have demonstrated that either numeric loss or a shift
in the subset makeup of the memory CD8 T cell pool negatively impacts the ability of
immunized hosts to effectuate robust control during reinfection (18-22).

Nuclear energy ranks as the second-largest global source for low-carbon electricity
(23). With the growing interest in replacing fossil fuels with clean and sustainable energy
sources, the use of nuclear energy is expected to rise globally, with projections estimating
a two-fold growth in the nuclear power capacity for electricity generation by 2050 (24).
The increased availability of nuclear energy raises the chances of malicious use of nuclear
energy or occurrence of large-scale incidents that expose the public to high doses of
ionizing radiation, known to induce massive tissue damage and cell death (25-27).
Although the immune ablative properties of whole-body irradiation (WBI) are used to
condition patients for stem cell transplant (28), next to nothing is known about the
impact of WBI on memory CD8 T cells. A previous study documented the increased
sensitivity of naive CD8 T (T\) cells compared to T jrep cells to radiation-induced cell
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Generation of memory CD8 T cells
is the goal of many vaccination
strategies to confer protection
against intracellular infections
and malignancies. While the
depleting effects of ionizing
radiation on immune cells are
established, the long-term impact
of sublethal ionizing radiation on
preexisting memory CD8 T cells
remains unclear. Here, we
demonstrate that in addition to
rapid loss of circulating memory
CD8T cells, ionizing radiation leads
to a lasting lesion which prevents
the surviving circulating memory
CD8T cells from numerically and
functionally recovering. These
findings are a critical step in the
development of treatments that
aim to curb radiation-induced
immunosuppression with

high efficacy.
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death (29), but the long-term impacts of WBI on memory CD8
T cells remain unknown. Understanding the magnitude and the
mechanisms by which ionizing radiation affects memory CD8 T
cell biology is critical for formulation of the most effective ther-
apeutic interventions to preserve the memory pool upon WBI
exposure.

In agreement with previous literature (29), our results indicated
that Trem cells were lost to a lesser extent than Ty cells shortly
after WBI. However, longitudinal analysis revealed that in contrast
to Ty cells, the number of T gy, cells never recovered. Over time,
Terem cells from irradiated hosts showed altered subset composi-
tion due to hampered transition to a central memory phenotype.
Additionally, WBI induced long-lasting impairment in the ability
of Teqrem cells to secrete cytokines and chemokines, and to prolif-
erate upon antigen reencounter. These all collectively suggest that
sublethal ionizing radiation inflicts irreversible numerical and func-
tional damages on Tpey cells that cripple secondary responses.

Results

Tcirem Cells, but Not Ty Cells, Are Permanently Lost after
Exposure to High Doses of lonizing Radiation. To determine the
extent to which sublethal ionizing radiation impacts the number
of Ereexisting memory CD8 T cells, we first adoptively transferred
10" congenically distinct (Thyl.1) naive P14 CD8 T cells into
Thyl.2 recipients followed by lymphocytic choriomeningitis
virus-Armstrong (LCMV-Arm) infection. At an early memory
timepoint (D45), the P14 chimeric mice were either exposed to
mock (0Gy) or sublethal WBI (5Gy) and 24 h later, the memory
P14 CD8T cells were enumerated in lymphoid and nonlymphoid
tissues (Fig. 14). Comparing the number of memory P14 cells
in 5Gy mice with the P14 number in mock-treated 0Gy mice
revealed significant tissue-wide decline in the number of memory
CD8 T cells shortly after WBI (Fig. 1B). To investigate whether
either Tpy, or Ty cells are differentially susceptible to WBI, the
frequency of CD62L+ memory P14 cells was measured prior to
and 1 d post-WBI in blood (PBL) and spleens. No differences
were identified in the frequency of CD62L+ memory P14 cells in
cither tissue at this timepoint. (Fig. 1C). These results indicated
that the number of preexisting T pcy cells systemically declined
as early as 1 d after WBI, with no preferential loss of either Ty,
or Ty cells in this period.

We next sought to investigate the long-term impact of ionizing
radiation on the number of preexisting T ey cells. To this end,
after generating P14 chimeric mice and exposing them to mock
or WBI 45 d postinfection, we monitored the number of memory
P14 cells as well as T cells in PBL for 270 d after WBI (Fig. 24).
At 1D post-WBI, both the number of memory P14 cells and Ty
cells declined, with the naive compartment exhibiting a much
greater fold-loss as compared with memory P14 cells, which is in
line with the previous literature (Fig. 2 B—D) (29). In contrast to
Ty cells, the number of memory P14 cells appeared to be further
reduced beyond D1 timepoint as the loss of memory P14 cells was
continued, implying that radiation-induced memory CD8 T cell
loss is gradual (Fig. 2 D and E). Next, we examined the kinetics
of recovery for the Ty and T o jpep cells. WBI creates a lymphopenic
environment, known to trigger an antigen-independent expansion
of Ty cells regarded as homeostatic proliferation (30, 31). This is
a compensatory mechanism which allows the body to replenish
the physiologic number of CD8 T cells and has been documented
in both naive and memory CD8 T cells following sepsis-induced
lymphopenia (21, 22, 32). As expected, the number of T cells
started repopulating the irradiated hosts as early as D21 after WBI,
and in time, the number of Ty cells returned to pre-WBI baseline
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Fig. 1. WBI substantially decreases the number of pathogen-specific
circulating memory CD8+ T cells. (A) Experimental design: 10* naive Thy1.1"
P14 CD8" T cells were adoptively transferred into Thy1.2" naive hosts, followed
by LCMV-Arm infection to generate memory P14 CD8 T cells. Forty-five days
later, the memory P14 chimeric mice were either exposed to mock (0Gy) or
5Gy WBI and 1 d later, the mice were killed for further analysis. (B) The number
of memory P14 CD8T cells was determined in blood a day prior and after WBI
and the number of memory P14 CD8 T cells was determined in the indicated
organs 1 d after WBI (C) Frequency of CD62L" P14 memory CD8 T cells was
assessed in blood a day prior and after WBI and frequency of CD62L" P14
memory CD8 T cells was assessed in the spleen 1 d after WBI. All data are
representative of at least two independent experiments with 4 to 10 mice
per group. *=P < 0.05, **=P < 0.01, ***=P < 0.001. Error bars represent SEM.

(Fig. 2C). In sharp contrast, the number of memory P14 cells never
recovered, suggesting a permanent numerical decline following
WBI (Fig. 2D). The lack of recovery of circulatory memory P14
cells was also observed in other lymphoid and nonlymphoid tissues
as well as in endogenous GPj; 4;-specific memory CD8 T cells
(SI Appendix, Fig. S1), ruling out the possibility of preferential
localization of memory P14 cells in inflamed tissues. Similarly, the
number of memory P14 and CD69+ CD103+ tissue—resident
memory (Tyy,) P14 cells in salivary glands (SG) of 5Gy hosts is
diminished and remained significantly lower following WBI com-
pared to nonirradiated control mice (S/ Appendix, Fig. S2). These
data collectively suggest that although T pey cells were less sus-
ceptible to WBI than Ty cells, Tpey cells displayed long-lasting
impairment in numerical recovery following WBI while Ty cells
were restored to pre-WBI numbers (Fig. 2E).
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Fig. 2. Long-lasting decline in the number of memory CD8+ T cells following
WBI in contrast to numerical recovery of naive CD8+ T cells. (A) Experimental
design: 10* naive Thy1.1* P14 CD8" T cells were adoptively transferred into
Thy1.2" naive hosts, followed by LCMV-Arm infection to generate memory
P14 CD8 T cells. Forty-five days later, the memory P14 chimeric mice were
either exposed to mock or 5Gy WBI. Analysis was performed on the indicated
timepoints after irradiation. The number of (B) total CD8" T cells, (C) naive
CD8" T cells, and (D) P14 memory CD8 T cells was assessed in the blood up to
D270. (E) Ratio of the number of indicated cells from 5Gy hosts to 0Gy hosts
in blood following WBI. All data are representative of at least two independent
experiments with 4 to 10 mice per group. *=P < 0.05, **=P <0.01, ***=P < 0.001.
Error bars represent SEM.

Radiation Induces Alterations in the Subset Composition of T¢jrcm
Cells. T, cells are the dominant subset of T gey cells at an early
memory timepoint after clearance of LCMV infection. However,
with time, T 5y cells slowly become the predominant subset due to the
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direct conversion of Ty, cells to T, and/or enhanced homeostatic
maintenance of T¢y cells (33-35). This gradual increase in the
frequency of T cells is associated with enhanced proliferation and
IL-2 production of the Tpey pool (36, 37). The lasting inability
of those Tepey cells that survive irradiation to repopulate the
lymphopenic space post-WBI suggested that WBI may impose long-
lasting functional defects in memory CD8 T cells. This prompted us
to examine whether WBI influences the ability of surviving Tjpen
cells to progress to a central memory phenotype over time given
that WBI exposure occurs at an early memory timepoint in our
model (Fig. 3 A and B). The inability of the memory P14 cells from
irradiated hosts to differentiate into central memory was observed
as early as 31D and 50D post-WBI (Fig. 3C). Although memory
P14 cells from 0Gy hosts showed increasing frequency of CD62L"
subset with time, the frequency of CD62L" memory P14 cells in
5Gy mice remained low, suggesting that CD62L™ memory CD8
T cells are enriched in WBI-exposed hosts (Fig. 3C). In fact, this
lack of transition to central memory continued to 270D post-WBI,
with CD62L" CD27" memory P14 cells being overrepresented in
5Gy mice compared with 0Gy mice (Fig. 3 B-D). In addition,
memory P14 cells from 5Gy hosts exhibited reduced expression of
CD122 and CD127, markers associated with long-term memory
and memory maintenance, up to 270 d post-WBI (Fig. 3E). These
data indicated that WBI impeded the differentiation of Ty
cells toward central memory phenotype, resulting in long-lasting
enrichment of CD62L" CD27™ memory CD8 T cells.

Antigen-Driven Cytokine Production of T¢rcy Cells Remains
Impaired after Radiation Exposure for Long Time. We next
studied the impact of WBI on antigen-dependent functions of
Terenm cells. In response to antigen stimulation, memory CD8 T
cells not only secrete proinflammatory cytokines such as IFN-y,
TNF-a, and IL-2, but they also release chemokines such as
CCL4, CCLS5, and XCL-1 (38-40). To evaluate how ionizing
radiation alters the functional avidity of T gy cells, as a measure
of T cell responsiveness to antigen (41), splenocytes from 0Gy
or 5Gy P14 chimeric mice were stimulated ex-vivo with graded
doses of GP5; 4, peptide on 12D and 58D post-WBI, followed
by intracellular staining (ICS) to measure IFN-y production
(Fig. 44). At 12D post-WBI, memory P14 cells from 5Gy hosts
had diminished ability to produce IFN-y at all GP; 4, peptide
concentrations. Reduced IFN-y production at 0.2 nM [GP5; 4],
a physiologically relevant concentration of the antigen (42), was
still detected at 58D post WBI (Fig. 4 B and C). Calculating the
ECs, of maximum IFN-y production indicated decreased antigen
sensitivity of memory P14 cells that does not fully recover up to
58D post-WBI (Fig. 4D). Further analyses showed long-lasting
impairment in the production of additional effector cytokines
including TNF-a and IL-2 (Fig. 4F) as well as chemokines such
as CCL5 and XCL-1 (8] Appendix, Fig. S3). Overall, these results
illustrated that WBI causes long-term reduction in antigen-
dependent cytokine and chemokine production of Tpey cells.
These lasting defects raised the question as to whether T cell-
intrinsic or —extrinsic factors lead to defective cytokine and
chemokine responses. To normalize cell-extrinsic factors, spleno-
cytes from 0Gy and 5Gy P14 chimeric mice were differentially
labeled with CFSE and coincubated in the presence of GPs; 4
peptide ex-vivo (8] Appendix, Fig. S4A). We still observed compro-
mised cytokine production by memory P14 cells from irradiated
hosts, suggesting that exposure to sublethal ionizing radiation
causes cell-intrinsic defects as normalizing the environment does
not alleviate the function of Tepey cells (ST Appendix, Fig. S4
Band C). To determine whether T cell-intrinsic defects could be
attributed to impairments in T cell receptor (TCR) signaling, we
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Fig. 3. WBI impedes the differentiation of memory CD8+ T cells to central
memory phenotype. (A) Experimental design: 10* naive Thy1.1" P14 CD8"
T cells were adoptively transferred into Thy1.2" naive hosts, followed by LCMV-
Arm infection to generate memory P14 CD8 T cells. Forty-five days later, the
memory P14 chimeric mice were either exposed to mock or 5Gy WBI. Analysis
was performed on the indicated timepoints after irradiation. (B) Representative
gating of CD62L and CD27 (Left) and geometric mean fluorescence intensity
(gMFI) of CD122 and CD127 (Right) of memory P14 cells in blood at D270.
(C) Frequency of CD62L" memory P14 CD8 T cells in blood up to D50. (D) Frequency
of Ty (CD62LT CD27%) memory P14 CD8 T cells (Left), CD62L™ CD27" (Middle), and
CD62L" CD27 (Right) memory P14 CD8 T cells at indicated timepoints after WBI
in blood. (£) Quantification of gMFI of CD127 and CD122 at D190 (Left) and D270
(Right) on memory P14 CD8 T cells from blood. All data are representative of at
least two independent experiments with 4 to 10 mice per group. *=P < 0.05,
**=P < (.01, ***=P < 0.001. Error bars represent SEM.

bypassed TCR signaling with PMA/ionomycin and tested whether
this restored the magnitude of cytokine response (SI Appendix,
Fig. S54). Interestingly, memory P14 cells from 5Gy hosts still
exhibited long-lasting decreased effector cytokine production
(81 Appendix, Fig. S5 B and C). This suggested that WBI impairs
signaling events distal to the TCR but does not formally rule out
the possibility of WBI-induced TCR signaling impairments. Thus,
these findings indicated that WBI instigates T cell-intrinsic defects
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that lead to diminished capacity of T oz cells to secrete cytokines
and chemokines upon antigen rechallenge.

Diminished Recall Responses Long after Radiation Exposure.
We next interrogated the impact of WBI on the ability of T jpeym
cells to undergo secondary expansion in numbers after antigen
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Fig. 4. WBI results in long-lasting decreased antigen sensitivity and the
ability of memory CD8 T cells to secrete cytokines upon cognate antigen
stimulation. (A) Experimental design: 10* naive Thy1.1" P14 CD8" T cells
were adoptively transferred into Thy1.2" naive hosts, followed by LCMV-
Arm infection to generate memory P14 CD8 T cells. Forty-five days later, the
memory P14 chimeric mice were either exposed to mock or 5Gy WBI. At D12
and D58, splenocytes from both groups were harvested and were either left
unstimulated or stimulated with different concentrations of GP54, peptide for
5 h. (B) Representative gating of IFN-y, TNF-, and IL-2-producing memory P14
T cells from 0Gy (Top) and 5Gy (Bottom) hosts after stimulating with 200 nM
of GP334; at D12. (C) Frequency of IFN-y" memory P14 CD8 T cells at D12 (Left)
and D58 (Right). (D) ECs, graph (Left) and summary of ECg, (Right) of memory
0Gy and 5Gy memory P14 cells at D12 and D58. () Frequency of IFN-y*", TNF-a”,
and IL-2" memory P14 CD8 T cells at D12 (Left) and D58 (Right). All data are
representative of at least two independent experiments with four to five mice
per group. *=P < 0.05, **=P < 0.01, ***=P < 0.001. Error bars represent SEM.
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reencounter. Splenocytes were isolated from 0Gy and 5Gy P14
chimeric mice 23D post-WBI and an equal number of memory
P14 cells were adoptively transferred into naive recipients. One
day later, the recipient mice were challenged with attenuated
Listeria monocytogenes expressing GP53 4 (att. LM-GP33) and
the number of P14 cells was analyzed in PBL 4 and 5 d later
(Fig. 5A). The hosts that received memory P14 cells from 5Gy
mice contained a substantially (-100x) smaller number of
memory Pl4—derived secondary effector cells than the hosts
that had received memory P14 cells from 0Gy mice. These data
revealed a severely diminished capacity of memory P14 cells to

A D-45 DO
b (D

undergo secondary expansion, suggesting that WBI markedly
reduced the antigen-induced expansion potential of memory
CDS8 T cells (Fig. 5 Band C).

Thus far, our results have demonstrated that WBI induces last-
ing damage to both the number and the function of T ¢ jpey, cells.
This led us to examine how the reduced number and function of
Terem cells in WBI-exposed hosts influenced pathogen control
in a secondary challenge. At D20 post-WBI, 0Gy, and 5Gy, P14
chimeric mice along with naive mice with no history of pathogen
exposure were challenged with a high dose of virulent LM-GP33.
Mortality and bacterial clearance from the spleen and liver were
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determined at 2 d after the challenge (Fig. 5D). Presence of
memory P14 cells was associated with protection from early
death as a fraction of naive mice (2/5) succumbed to LM-GP33
by 36 h postinfection (Fig. 5E). In addition, prechallenge PBL
analysis indicated that the 5Gy mice that died by 48 h after
LM-GP33 challenge had lower frequency of memory P14 cells
than the ones that survived (Fig. 5 E, Inser). Of the surviving
mice, P14 chimeric mice regardless of their status of WBI expo-
sure exhibited better pathogen clearance than that of naive mice
due to the presence of memory P14 cells (Fig. 5 £ and F).
Additionally, 5Gy P14 chimeric mice exhibited significantly
higher pathogen burden in the spleen and liver than that of 0Gy
P14 chimeric mice (Fig. 5F). These results cumulatively sug-
gested that WBI-induced permanent numerical decline and
per-cell dysfunction of T ey cells significantly impaire patho-
gen clearance upon re-infection.

Discussion

'The radiosensitivity of lymphocytes, endowed with high prolifer-
ative capacity, is well established in a dose-dependent manner and
often exploited in treatments that require near-perfect eradication
of lymphocytes (43-45). Despite the increased prevalence of
nuclear energy utilization and instances of nuclear accidents that
expose the public to large-scale ionizing radiation, the long-term
impact of ionizing radiation on subsets of lymphocytes remains
largely unknown. This knowledge gap is a barrier for the devel-
opment of effective medical counter measures against radiation-
induced immunosuppression. A prior study demonstrated the
increased susceptibility of Ty cells to radiation-induced cell death
compared to preexisting T jpep cells (29). While this study con-
firms the previous findings, it also provides unique and unexpected
evidence for the long-lasting detrimental effects of WBI on the
number, differentiation, and function that lead to subpar second-
ary responses by Ty cells.

The factors underlying differential susceptibility of Ty and
Terem to radiation-induced cell loss are subject to further inves-
tigation. While there is an extensive list of transcriptomic and
epigenetic differences between Ty and T gy cells, one interesting
area of exploration is to compare the DNA damage response
(DDR) elicited by each subset in response to WBI. Heylmann
et al. have previously documented that T cell stimulation leads to
downregulation of ATM, major kinase in response to DNA
double-strand breaks (DSB), which results in reduced sensitivity
of stimulated T cells to radiation-induced cell death compared to
unstimulated T cells (46). In addition, one of the phosphorylation
targets of ATM is Ser-139 residue of the histone variant H2AX
to form YH2AX, a key step in initiating DDR and DSB repair.
Pugh et al. have also shown that T and T gy cells demonstrate
different kinetic of YH2AX upregulation following ionizing radi-
ation (47). These notions imply that the effectiveness of DNA
damage response by each subset is different and, hence, may be
the basis for the differential initial susceptibility of Ty and Tyrenm
cell death mediated by ionizing radiation.

In addition to differences in the timing and magnitude of loss,
longitudinal tracking of the number of CD8 T cells after WBI
pointed to the distinct kinetic of recovery between Ty and Tjrem
cells. In sharp contrast to Ty cells, which recovered their numbers
completely, the number of Tz cells did not recover for at least
9 mo after WBI. Whether robust proliferation of the surviving
Ty cells in response to homeostatic cues and/or maturation of
new Ty cells from thymus results in gradual Ty recovery remains
to be determined. Additionally, T ojrc cells from WBI hosts also
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failed to efficiently differentiate into Ty phenotype, resulting in
the sustained enrichment of effector-like Ty cells. These
resultsare divergentfrom howsepsis, another lymphopenia-inducing
event, shapes CD8 T cells. In contrast to WBI, Ty and Tpem
cells both show the same degree of susceptibility to sepsis-induced
apoptosis (20, 48) and shortly after sepsis, both Ty and T
cells numerically recover. Additionally, the homeostatic cues from
the postseptic environment favor the rapid proliferation of Ty,
cells, leading to an overrepresentation of central memory pheno-
type (21, 49). Of note, WBI induces cell death through irrevers-
ible DNA damage, whereas cytokine-mediated apoptosis is
responsible for lymphopenia associated with sepsis. Thus, one
could postulate that the differences between the WBI and
sepsis-induced T gy cell loss and recovery are due to the varying
nature of each lymphopenic event and their specific influences on
CD8T cell biology.

An interesting area of future investigation is to characterize the
factors that lead to the enrichment and longevity of CD62L"
CD27 Terem cells in the irradiated hosts. This subset remains
enriched in irradiated hosts for a much longer time than that in
control hosts despite the lack of expression of markers associated
with the maintenance and survival of long-term memory such as
CD127 and CD122. Two of the many explanations for this obser-
vation include: 1) This subset may possess enhanced DNA repair
capacity compared with Ty cells and over time CD62L™ CD27"
Terem cells gradually become overrepresented in the irradiated
hosts. This explanation is in line with a previous report where Ty
(CD44™ CDG62L") cells were found to be more radioresistant than
Teum (CD44" CDG62L") cells in-vitro (47). 2) Post-WBI environ-
ment may provide survival cues and/or induce lasting transcrip-
tional and epigenetic changes that allow for enrichment of this
subset.

Our results demonstrate that the effect of WBI is not only
limited to the maintenance and differentiation of T pey cells
in the resting state. T ojpey cells from irradiated hosts also showed
impaired recall responses. T cell-intrinsic factors appeared to
play a critical role in driving the long-lasting dysfunction of
Terem cells after WBI; however, these factors remain elusive.
Interestingly, recent studies have suggested that unlike Ty cells
(50), memory CD8 T cells that have undergone CRISPR/Cas9
genetic modifications fail to expand in response to cytokines
(IL-7 and IL-15) and cognate antigen stimulation. This notion
was attributed to p53, a sensor of genetic stress that orchestrates
cellular response to DNA damage, as deletion of p53 restored
the ability of memory CD8 T cells with CRISPR/Cas9 genomic
alterations to numerically expand upon antigen encounter (51).
Similar to CRISPR/CAS9 genome editing, ionizing radiation
induces DNA DSB but most likely at a much larger scale.
Therefore, p53-mediated DNA damage response may contribute
to the debilitated capacity of irradiated T cjpcy cells to undergo
proliferation.

Future investigations should interrogate the long-term impacts
of ionizing radiation on other subsets of the memory CD8 T cell
pool. For example, the effect of ionizing radiation on Ty, cells,
patrollers of nonlymphoid tissue for invading pathogens and at
the forefront of secondary responses to many reinfections (12-14),
remains unknown. In addition, the human population is seeded
with memory CD8 T cells with a history of repeated cognate
antigen encounters through recurring infections or reimmuniza-
tions. It will be important to characterize the differences that may
exist between primary and higher-order memory CD8 T cells as
each round of antigen stimulation induces lasting changes to the
gene expression patterns of memory CD8 T cells (52, 53). It is
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also important to note that an X-ray tube is utilized to expose the
subjects to sublethal WBI, with an exposure time of under
10 min. Given higher penetrating power of y-rays and the wide-
spread industrial use of y-irradiators, it would also be of interest
to investigate whether y-rays and other forms of genotoxic stress
would induce similar deficits on T ey cells. Additionally, how
exposure to a lower dose of ionizing radiation over a longer period
impacts Torem cells needs to be studied further. In conclusion,
the findings of this study provide target cells for design of the
most effective therapeutic measures to alleviate the severe immu-
nosuppression associated with exposure to high doses of ionizing
radiation.

Materials and Methods

Mice, Infections, and Memory CD8 T Cell Generation. Experimental proce-
dures using mice were approved by the University of lowa Animal Care and Use
Committee under protocol number#9101915. Inbred C57BL/6 (Thy 1.2/1.2) mice
were purchased from Charles River and maintained in the animal facilities at the
University of lowa at the appropriate biosafety level. P14 TCR-transgenic mice
(Thy1.1/1.7) were bred and maintained at the University of lowa (lowa City, IA).

To generate memory CD8 T cells, 10* naive P14 TCRTg CD8 T cells were
adoptively transferred into C57BL/six mice, followed by infection with 2 x 10°
plaque-forming units (PFU) of LCMV-Arm by intraperitoneal (i.p.) injection a day
later. In rechallenge studies, the mice were infected with 5 x 10° colony forming
units (CFU) of either attenuated actA-deficient GP33-expressing L. monocytogenes
[Att. LM-GP33] or virulent 104035 GP33-expressing L. monocytogenes strain [LM-
GP33] by intravascular (1V.) injection.

Irradiation. WBI was performed by placing the mice in a 225-kv rotating X-ray
tube (Small Animal Radiation Research platform; Xstrahl, Atlanta, GA) available at
the Radiation Core at the University of lowa. 5Gy was the radiation dose used in
this study. For mock-treated mice, the mice were placed into the same mouse pie
cages as 5Gy-treated were and remained there for the length of a 5Gy exposure
(~8 min) without WBI exposure.

Cell Isolation. Peripheral blood was collected by retroorbital bleeding. Single-
cell suspensions from the spleen, liver, kidney, and lymph nodes were generated
after mashing tissue through a 70-um cell strainer without enzymatic digestion.
For bone marrow, both femurs were collected and crushed using a mortar and
pestle prior to mashing tissue through 70 pm cell strainer. Salivary glands were
minced and incubated in 37 °C in the presence of collagenase Il and DNAse |
prior to mashing tissue through 70 pm cell strainer. Liver and kidney cells were
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subsequently run on a 35% Percoll gradient. ACK lysis buffer was used for red
blood cell lysis of PBL, spleen, bone marrow, kidney, and liver samples.

Flow Cytometry, Peptides, and Cytokine Detection. Flow cytometry data were
acquired on a FACSCanto or LSRII (BD Biosciences) and analyzed with FlowJo soft-
ware (Tree Star). To determine the expression of cell surface proteins, monoclonal
antibodies (mAb) were incubated at 4 °Cfor 20 to 30 min and cells were fixed using
BD Cytofix (BD Biosciences).To stain intracellular proteins, after staining cell surface
proteins, the cells were fixed using Cytofix/Cytoperm (BD Biosciences), followed
by incubation with mAb for an additional 20 to 30 min.The following mAb clones
were used to stain the samples: CD8a (53 to 6.7; eBioscience), CD11a (M17/4;
BioLegend), Thy1.1(HIS51; eBioscience), CD127 (eBioSB/199; eBioscience), CD62L
(MEL-14; eBioscience), CD27 (LG.7F9; eBioscience), CD122 (TM-b1; eBioscience),
(D69 (H1.2F3; BioLegend).CD103 (2E7; BioLegend), IFN-y (XMG1.2; eBioscience),
IL-2 (JES6-5H4; eBioscience), TNF-o (MP6-XT22; BioLegend), CCL4 (polyclonal goat;
R&D Systems), and XCL-1 (polyclonal goat; R&D Systems)

Peptide Stimulation. For cytokine detection, splenocytes were incubated for
5 h with the indicated concentration of GP334, peptide or with 5 ng/mL PMA
and 500 ng/mLionomycin in the presence of brefeldin A. To differentially label
splenocytes in the coincubation experiment, splenocytes (107/mL) from 0Gy and
5Gy hosts were disparately labeled with carboxyfluorescein diacetate succinimidyl
ester (CFSE; eBioscience) by incubating the cells at room temperature for 15 min
with either T uM or 0.1 pM CFSE, respectively. Labeled cells were then incubated
for 5 min with 1 mLFCS on ice to remove any free CFSE and washed three times
with RPMI prior to stimulation. [ECs,] was calculated as previously described
(54) by measuring the GP534, concentration required for obtaining 50% of the
maximum IFN-y production.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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