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Regenerating murine CD8+ lung tissue resident
memory T cells after targeted radiation exposure
Mariah Hassert1, Lecia L. Pewe1, Rui He2, Mohammad Heidarian1,3, Pornpoj Phruttiwanichakun2, Stephanie van de Wall1,
Madison R. Mix1,4,5, Aliasger K. Salem2,4, Vladimir P. Badovinac1,3,4*, and John T. Harty1,3,4*

Radiation exposure occurs during medical procedures, nuclear accidents, or spaceflight, making effective medical
countermeasures a public health priority. Näıve T cells are highly sensitive to radiation-induced depletion, although their
numbers recover with time. Circulating memory CD8+ T cells are also depleted by radiation; however, their numbers do not
recover. Critically, the impact of radiation exposure on tissue-resident memory T cells (TRM) remains unknown. Here, we
found that sublethal thorax-targeted radiation resulted in the rapid and prolonged numerical decline of influenza A virus
(IAV)–specific lung TRM in mice, but no decline in antigen-matched circulating memory T cells. Prolonged loss of lung TRM was
associated with decreased heterosubtypic immunity. Importantly, boosting with IAV-epitope expressing pathogens that
replicate in the lungs or peripheral tissues or with a peripherally administered mRNA vaccine regenerated lung TRM that was
derived largely from circulating memory CD8+ T cells. Designing effective vaccination strategies to regenerate TRM will be
important in combating the immunological effects of radiation exposure.

Introduction
Ionizing radiation exposure can occur through several
mechanisms—both intentional and unintentional. Ionizing ra-
diation plays a central role in medical diagnosis and treatment.
This can come in a range of exposures from low doses (e.g., x-ray
imaging) to relatively high doses (e.g., tissue-targeted radio-
therapy for cancer treatment or transplantation) (IEA-Reports,
2019; Slavin, 1987; Zhang et al., 2021). Ionizing radiation is high
energy in the form of waves or particles that can damage bio-
logical material at even subcellular levels by the induction of
direct or indirect DNA damage, as well as the initiation of in-
flammation (Cytlak et al., 2022). Radiation therapy is regarded
as an attractive antitumor treatment because of its ability to
induce death to the tumor cells and produce immunomodulatory
effects that ensue within and surrounding the tumor following
radiotherapy, termed abscopal responses (Cytlak et al., 2022;
Galluzzi et al., 2017; Guipaud et al., 2018; Ukleja et al., 2021;
Nabrinsky et al., 2022).

Memory T cells are an important immune cell subset in re-
sponse to infection. Memory T cells are categorized into T
central memory (TCM), T effector memory (TEM), and T resident

memory (TRM) based on their circulation patterns (Martin and
Badovinac, 2018; Jameson and Masopust, 2018). The more re-
cently described TRM are lodged within tissues and do not typ-
ically recirculate (Mueller et al., 2013; Jiang et al., 2012; Gebhardt
et al., 2009; Wakim et al., 2010). In tissues with an epithelioid
structure (such as the lungs), CD8+ TRM are defined as ex-
pressing the α E-integrin CD103 and the C-type lectin receptor
CD69, both of which aid in tissue retention (Cepek et al., 1994;
Casey et al., 2012; Masopust et al., 2001; Low and Kaech, 2018;
Laidlaw et al., 2014). CD8+ lung TRM are elicited following influ-
enza virus infection and are important for strain-transcending
heterosubtypic immunity (HI) to the strains of the virus where
antibody-mediated elimination does not occur (Slütter et al., 2017;
Liang et al., 1994; Wu et al., 2014).

Despite the extensive use of radiation technologies inmedical
treatment and diagnostics, as well as the increase in the use of
radiation in the clean energy sector, relatively little is known
about the effects of radiation on T cells—in particular memory
T cells. As cells capable of rapid proliferation, näıve T cells are
highly sensitive to radiation, although their numbers recover
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with time (Grayson et al., 2002). A study published in 2002
examined the effects of ionizing radiation on naı̈ve and memory
CD8+ T cells following radiation exposure (Grayson et al., 2002).
This study found that naı̈ve T cells are highly sensitive to acute
radiation-induced death, whereas memory CD8+ T cells are
relatively more resistant (Grayson et al., 2002). While this study
did offer insight on the acute impact of radiation on memory
CD8+ T cells, it remained unclear until recently, the long-term
effects of radiation exposure on memory T cells. To address this,
we recently described the long-term impact of sublethal total
body irradiation on circulating memory T cells (Heidarian et al.,
2023). In addition to being numerically depleted following ra-
diation exposure, circulating memory T cell numbers do not
recover with time, unlike naı̈ve T cells. Interestingly, the few
circulating memory T cells that survive radiation exposure ex-
hibit reduced antigen sensitivity and decreased proliferative
responses to antigen re-exposure, resulting in a loss of bacterial
control in a subsequent Listeria challenge. Thus, sublethal whole-
body radiation exposure has long-term deleterious effects on
both the number and function of circulating memory T cells.
However, despite being a critically protective subset in response
to tissue-specific infections, it is unclear how TRM are affected by
radiation exposure. In the current study, we utilized well-
characterized models of influenza A virus (IAV)–induced lung
TRM generation (Slütter et al., 2017; Low et al., 2020) to study the
impact of thorax-targeted radiation exposure on lung TRM

maintenance and regeneration. We ultimately found that TRM

are sensitive to radiation-induced loss following thorax-targeted
irradiation while circulating memory T cells are preserved and
can be boosted to regenerate lung TRM.

Results and discussion
Thorax-targeted irradiation results in long-term numerical
loss of lung TRM while maintaining peripheral memory
populations
We recently showed that that exposure of immune mice to 5
Gray (Gy) of whole-body irradiation results in a lasting nu-
merical decline in circulating memory CD8+ T cells and a re-
duction in their functionality and antigen sensitivity (Heidarian
et al., 2023). Given these findings, we deemed it important to
investigate the impact of targeted radiation exposure on lung
TRM in an established model of murine influenza infection. To
address this, we utilized an established C57BL/6 model of IAV
infection, which has previously been demonstrated to elicit a
robust, virus-specific lung CD8+ TRM response that is necessary
for HI (Liang et al., 1994; Slütter et al., 2017). In this approach, we
used IAV expressing the H-Db restricted lymphocytic chorio-
meningitis virus (LCMV) epitope GP33–41 epitope (GP33) in
conjunction with trackable P14 T cell receptor transgenic T cells
specific for the LCMV GP33 epitope (Mueller et al., 2010).
20,000 Thy 1-disparate P14 cells were transferred into C57BL/6
mice 1 day prior to sublethal intranasal infection (IN) with the
mouse-adapted H1N1 influenza virus PR8 expressing GP33 (PR8-
GP33) (Mueller et al., 2010). To optimize the dose of radiation,
30 days following infection, mice were sublethally irradiated
with 2, 5, or 10 Gy targeted to the thorax through the use of an

Xstrahl Small Animal Radiation Research Platform (SARRP),
which permits the targeting of x-ray beams using computerized
tomography (CT) image guidance. At day 13 after radiation ex-
posure, lymphocytes were harvested from the lungs (Fig. 1 A).
To distinguish cells in the circulation from those in the tissues,
an intravascular (IV) CD45.2 stain was administered prior to
euthanasia (Fig. S1 A) (Slütter et al., 2017; Anthony et al., 2021;
Van Braeckel-Budimir et al., 2018).

At 13 days post radiation (DPR) exposure, we observed a
slight, though not statistically significant, reduction in total IV-
negative CD8+ T cells in the lungs of irradiated mice, particu-
larly, at the 10 Gy dose (Fig. 1 B). When examining IV-negative
P14 cells in the lungs, we observed a dose-dependent reduction
of cells in response to radiation exposure, with the most robust
reduction in P14 cells being observed at the 10 Gy dose and 2 Gy
being not sufficient to result in a statistically significant reduc-
tion of P14 cells (Fig. 1 C). Interestingly, we observed a profound
numerical reduction of P14 lung TRM (CD103+ CD69+) in response
to both 5 and 10 Gy of radiation exposure (Fig. 1 D). As CD4+

T cells have also been demonstrated to play a role in protection
from IAV (Teijaro et al., 2010; Brown et al., 2006), we also
measured the effects of radiation exposure on this population.
We observed a slight reduction in IV-negative CD4+ T cells that
was statistically significant at the 10 Gy dose (Fig. 1 E). We ex-
amined IV-negative cells specific to the I-Ab restricted IAV ep-
itope NP311 by tetramer staining and similarly observed a
radiation dose-dependent numerical reduction (Fig. 1 F). To
determine the effects of radiation exposure on CD4+ TRM, we
gated on NP311 tetramer-positive cells that were CD69+ (Teijaro
et al., 2010). We observed a statistically significant reduction in
CD4+ lung TRM at the 10 Gy dose (Fig. 1 G). Due to the clearest
phenotype being observed at the 10 Gy dose and the dose having
been previously utilized to model radiotherapy of lung cancer
(Kirsch et al., 2010; Fakiris et al., 2009; Perez et al., 2013), we
opted to proceed with the 10 Gy dose. As previous studies have
demonstrated the importance of CD8+ TRM in HI from IAV (Slütter
et al., 2017; Wu et al., 2014), and our lab possesses the tools and
expertise to rigorously study these cells, we opted to perform a
more in-depth analysis on the effects of radiation on this subset.

To determine the kinetics of radiation-induced lung TRM

depletion, we harvested lymphocytes from the lungs on days 3,
13, and 34 after radiation exposure to enumerate and phenotype
the memory T cell subsets (Fig. 1 A) (Fig. S1). Bulk IV-negative
CD8+ T cells were transiently reduced by 13 DPR and subse-
quently recovered (Fig. 1 H). Of those IV-negative CD8+ T cells,
we found that there was a trending reduction in total memory
P14 cells in the lungs by day 3 after radiation exposure that in-
creased significantly (5.9× reduction in 10 Gy versus 0 Gy) by 13
DPR but ultimately equilibrated by 34 DPR (Fig. 1 I). Consistent
with our earlier experiments, we found a statistically significant
reduction (∼21×) in the total numbers of lung CD103+CD69+

P14 TRM that was apparent by day 13 after radiation exposure
and sustained out to day 34 (Fig. 1 J). These data demonstrated
that lung TRM were deleted and failed to numerically recover
after thorax-targeted radiation exposure (Fig. 1 K).

Because the lung is a highly vascularized organ that contains
many circulating T cell populations (Hassert and Harty, 2022;
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Figure 1. Thorax-targeted radiation exposure results in long-term numerical loss of lung TRM while maintaining peripheral CD8+ T memory pop-
ulations. (A) Experimental schematic to determine the effects of tissue-targeted irradiation on lung TRM. Mice were administered P14 1 day prior to infection
with PR8-GP33. 30 days post primary infection (DPPI), a subset of mice were exposed to thorax-targeted radiation or treated similarly without radiation
exposure. At 3, 13, and 34 DPR, a subset of mice from each group were euthanized and lungs and spleen cells were analyzed by flow cytometry. (B–G) At 13
DPR, total numbers of (B) IV-negative CD8+ T cells in the lungs, (C) IV-negative P14 cells in the lungs, (D) CD69+CD103+ P14 lung TRM, (E) IV-negative CD4+

T cells, (F) IV-negative NP311 tetramer–positive cells, and (G) CD69+ NP311 tetramer–positive TRM were quantified. (H–J) At 3, 13, and 34 days after 10 Gy
radiation exposure, total numbers of (H) IV-negative CD8+ T cells in the lungs, (I) IV-negative P14 cells in the lungs, and (J) CD69+CD103+ P14 lung TRM were
quantified. (K) The average fold difference in the total numbers of IV-negative CD8+ T cells, P14 cells, and P14 TRM was quantified over time. ANOVA was
utilized to determine statistically significant differences between groups. Data are pooled from two independent experiments (n = 6–7 mice per group).
Statistical significance has been indicated within the figures with asterisks (*P = 0.03, **P = 0.002, ****P < 0.0001).
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Jameson and Masopust, 2018), we also assessed peripheral
memory T cell responses after radiation exposure (Fig. S1 B).
Mice that underwent thorax-targeted radiation exposure had
equivalent total CD8+ T cells (Fig. S1 C), P14 cells (Fig. S1 D), TCM

(Fig. S1 E), and TEM (Fig. S1 F) in the spleen at all time points
assessed. This indicated that despite a pronounced and long-
lived effect of thorax-targeted radiation exposure on lung TRM,
the peripheral memory CD8+ T cell compartment remained
numerically intact.

Radiation-induced loss of TRM in the lung results in
compromised HI to influenza
TRM have been demonstrated to be critical for protection against
a number of life-threatening pathogens (Liang et al., 1994;
Slütter et al., 2017; Luangrath et al., 2021; Fernandez-Ruiz et al.,
2016; Sakai et al., 2014). This finding implies that targeted ra-
diation exposure (perhaps from medical treatment for cancer or
accidental exposure) has the potential to compromise vaccine or
infection-induced tissue resident immunity. Importantly, it has
been demonstrated that when lung TRM wanes with time after
IAV infection, HI is lost—showing that these populations are
critical for HI to IAV infection (Slütter et al., 2017; Liang et al.,
1994). Therefore, we predicted that a loss of IAV-specific lung
TRM following thorax-targeted radiation exposure would com-
promise HI to IAV. To address this, we immunized C57BL/6 mice
with a sublethal infection of the H3N2 murine-adapted influ-
enza X31-GP33, which expressed conserved CD8+ T cell epitopes
with PR8-GP33 but different hemagglutinin and neuraminidase
subtypes (Yewdell et al., 1985). 30 DPR, the mice underwent
heterosubtypic challenge via IN inoculation of a 5LD50 dose of
PR8-GP33 (Fig. 2 A).

Consistent with previous studies, mice began to lose weight
at 4 days post infection (DPI) with PR8-GP33 (Fig. 2 B)
(Rutigliano et al., 2014). Mice that had no prior X31-GP33 in-
fection trended to lose slightly more weight than mice with prior
influenza exposure. Radiation exposure did not measurably
impact weight loss up to 4 DPI. Mice with no prior X31-GP33
exposure had robust viral replication that was detected in both
the bronchoalveolar lavage (BAL) fluid and lung tissue after
euthanasia at 4 DPI (Fig. 2, C and D). Importantly, there were no
detectable differences in viral titers in mice with no prior IAV
exposure in the presence or absence of thorax-targeted radia-
tion, indicating that radiation exposure does not impact overall
acute IAV susceptibility in näıve animals. Prior exposure to X31-
GP33 led to substantial protection from viral replication as in-
dicated by a ∼100× drop in viral titers in the lungs and ∼1,000×
drop in the BAL fluid, consistent with previous studies (Fig. 2, C
and D) (Slütter et al., 2017). However, X31-GP33 immune mice
exposed to thorax-targeted radiation had substantially higher
viral titers in the lungs and BAL after PR8-GP33 challenge
compared with their non-irradiated counterparts. This finding
was consistent with prior studies indicating that lung TRM are
critical in protection from heterosubtypic IAV challenge (Slütter
et al., 2017). Thus, the specific loss of lung TRM following thorax-
targeted radiation exposure precluded optimal HI. Due to the
importance of both CD8+ and CD4+ TRM in HI to IAV, this com-
promised HI to IAV is likely the result of the loss of both subsets.

This pathological significance underscores the importance of the
development of strategies to counteract tissue-specific effects of
radiation exposure on local host defense.

Regeneration of lung TRM by boosting
We demonstrated that lung TRM loss following radiation expo-
sure had consequences for HI during IAV infection (Fig. 2). In
contrast to whole-body radiation exposure (Heidarian et al.,
2023), thorax-targeted irradiation did not reduce peripheral
memory T cell numbers (Fig. S1, C–F). Therefore, peripheral
memory T cells represent a potential source of memory cells that
could be boosted and recruited to the lungs to rectify radiation-
induced TRM loss. To determine if the lung can be repopulated
with TRM following thorax-targeted radiation, X31-GP33 im-
mune mice with or without thorax-targeted radiation exposure
were boosted with a sublethal PR8-GP33 infection such that the
effects on TRM could be evaluated (Fig. 3 A).

Boosting IN with PR8-GP33 resulted in a statistically signif-
icant increase of IV-negative CD8+ T cells particularly in the
lungs of irradiated mice (4.4×) (Fig. 3 B). Similarly, we observed
significant increases of IV-negative P14 cells in boosted mice
with previous radiation exposure (Fig. 3 C). This boosting was
also observed in non-irradiated mice, though interestingly, the
increase was muchmore robust in mice with radiation exposure
(73.7× versus 3.8×). Of the IV-negative P14 cells, there was a
substantial increase in TRM in the lungs of boosted irradiated
mice (Fig. 3 D). Irradiatedmice hadmore robust increases of TRM
following boosting compared with non-irradiate mice (597×
versus ∼5×). The mechanism for such robust antigen-specific
TRM boosting is unclear but warrants further investigation.
We hypothesize that radiation exposure in the context of prior
IAV experience may result in additional antigen release, driving
an enhanced TRM boosting. In the spleens of these vaccinated
mice, we did not observe any statistically significant changes in
overall CD8+ T cell numbers (Fig. 3 E). However, with respect to
memory P14 cells in the spleen, we observed an increase in P14
cells after boosting irradiated mice (Fig. 3 F). Similar to the lung
tissue, the efficiency of boosting was enhanced in irradiated
hosts. When splenic memory P14 cells were further subsetted
into TCM and TEM, we observed that boosting did not lead to a
substantial increase of TCM (Fig. 3 G) but a significant increase in
TEM, accounting for the majority of increased P14 cells following
boost (Fig. 3 H). Together, these data demonstrated that IN
boosting with PR8-GP33 resulted in the regeneration of IAV-
specific TRM that were lost due to radiation exposure.

Newly recruited TRM are derived from peripheral memory
T cells
Local antigen exposure induced recovery of lung TRM following
their radiation-induced depletion (Fig. 3). However, the source
of these new TRM recruits was unknown. Due to the numerical
retention of circulating memory T cells following thorax-
targeted radiation exposure, we hypothesized that the influx
of circulating memory T cells and subsequent TRM conversion
could be the source of the new lung TRM in the context of ra-
diation exposure and boost. To address this issue, we specifically
depleted circulating memory P14 cells prior to boosting with a
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sublethal dose of PR8-GP33 (Fig. 4 A). Prior to boosting, we
confirmed that the anti-CD90.1 antibody dose was sufficient to
deplete circulating P14 cells but not TRM P14 cells (Fig. S2).

We found no statistically significant differences in the total
number of IV-negative lung CD8+ T cells between isotype and
mice treated with anti-CD90.1 (Fig. 4 B). However, we found that
mice depleted of circulating P14 cells prior to boosting had a
significant reduction in both IV-negative lung P14 (Fig. 4 C) and
P14 TRM (Fig. 4 D) (∼7×). Upon examining T cells from the
spleens of these mice, we found no statistically significant dif-
ferences in the total number of CD8+ T cells (Fig. 4 E). However,
we observed a statistically significant reduction in P14 cells
among mice treated with anti-CD90.1 (Fig. 4 F) (7.3×). This dif-
ference was conserved when memory P14 cells were subsetted
into both TCM and TEM populations (Fig. 4, G and H). These data
demonstrated that depletion of circulating memory T cells
prior to boosting prevented regeneration of lung TRM lost
during thorax-targeted radiation exposure. This suggested
that circulating memory T cells were precursors for the re-
generation of TRM after radiation-induced depletion and
subsequent IAV boost.

How new TRM recruits are generated in different tissues is an
active area of investigation, with tissue occupying TRM and/or
CD69 single-positive T cells, being put forth as precursor can-
didates (Kok et al., 2022). Our peripheral P14 depletion results
support a major role for circulating memory cells as a source for
new TRM following antigen re-exposure, at least in mice where
lung TRM were depleted by thorax-targeted radiation. A limita-
tion of this study includes the fact that mediastinal lymph nodes
(mLN) could not be recovered from irradiated animals likely due

to damage from radiation exposure. Therefore, the relative
contributions of mLN to the recovery of lung TRM cannot be
excluded.

Intramuscular mRNA vaccination has the potential to be
utilized as a strategy to re-invigorate lung TRM
In a previous study, we found that the utilization of a peripheral
boosting strategy (Listeria monocytogenes [LM] expressing GP33)
(LM-GP33) administered intravenously could function to re-
invigorate lung TRM following their natural waning over time
(Slütter et al., 2017). LM-GP33 infection does not on its own
generate any bona fide CD103+ CD69+ lung TRM (Slütter et al.,
2017). Those prior studies demonstrated that both local and non-
tissue-localized antigen exposure could serve to reinvigorate
lung TRM. To determine if peripheral boosting could regenerate
lung TRM previously lost to radiation exposure, we repeated this
LM boosting strategy in the context of prior thorax-targeted
radiation exposure. 30 days after boost, we observed a signifi-
cant increase in IV-negative P14 cells in mice immunized with
LM-GP33 relative to those vaccinated with an LM expressing an
irrelevant Plasmodium epitope from the glideosome 50 (Gap50)
protein (LM-Gap50) (Fig. S3 A) and a statistically significant
increase in P14 TRM (Fig. S3 B), indicating that this peripheral
reinvigoration strategy could be effective in the context of prior
radiation-induced TRM depletion.

This LM-GP33 peripheral boosting experiment served as a
proof-of-principal approach to demonstrate that peripheral
antigen could indeed reinvigorate lung TRM following thorax-
targeted irradiation. However, this method is limited with re-
spect to clinical feasibility. The use of mRNA vaccines to combat

Figure 2. Radiation-induced loss of TRM in the lung results in compromised heterosubtypic immunity to influenza virus. (A) Experimental schematic to
determine the effects of thorax-targeted radiation exposure on IAV susceptibility. Mice were administered P14 1 day prior to infection of half of the mice with
X31-GP33. 30 days after X31 infection, half of the mice were exposed to 10 Gy of thorax-targeted radiation or treated similarly without radiation exposure. 30
DPR, mice were infected IN with 5LD50 of PR8-GP33. On day 4 after PR8 infection, mice were euthanized, and BAL and lung viral titers were measured via FFA.
(B) Mice were weighed for 4 days following lethal PR8-GP33 challenge. (C) BAL PR8-GP33 titers on day 4. (D) Lung PR8-GP33 titers on day 4. ANOVA was
utilized to determine statistically significant differences between groups. Data are pooled from two independent experiments (n = 9–13 mice per group).
Statistical significance has been indicated within the figures with asterisks (*P = 0.03, **P = 0.002, ***P = 0.0002, ****P < 0.0001).
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the COVID-19 pandemic represented a novel and adaptable
strategy for rapid vaccine development in emergency situations.
We hypothesized that this could be a viable medical counter-
measure to reinvigorate lung TRM following local radiation ex-
posure. To this end, we designed a first-generation mRNA
vaccine termed “Ub-Flu” to elicit CD8+ T cell responses against

NP366, PA224, and GP33 by targeting the encoded polyprotein to
the proteasome with an encoded ubiquitin tag for more efficient
MHC class 1 antigen processing (Fig. 5 A). 14 days after thorax-
targeted irradiation, mice were immunized via the intramus-
cular route (IM) with this RNA vaccine (Fig. 5 B). We confirmed
immunogenicity by collecting peripheral blood lymphocytes at

Figure 3. Intervention to regenerate TRM populations after radiation-induced loss. (A) Experimental schematic. Mice were administered P14 cells 1 day
prior to infection of half of the mice with X31-GP33. 30 DPPI, half of the mice were exposed to 10 Gy of thorax-targeted radiation or treated similarly without
radiation exposure. 14 DPR, mice were infected IN with a sublethal PR8-GP33 boost or PBS as a control. 30 days later, mice were euthanized and lungs and
spleen cells were analyzed by flow cytometry. (B–H) Flow cytometric analysis was utilized to count the total number of (B) IV-negative CD8+ T cells in the
lungs, (C) IV-negative P14 cells in the lungs, (D) CD69+CD103+ P14 lung TRM. In the same mice, flow cytometric analysis was utilized on whole spleens to
enumerate the total number of (E) CD8+ T cells, (F) P14 cells, (G) TCM P14 cells, and (H) TEM P14 cells. ANOVA was utilized to determine statistically significant
differences between groups. Data are pooled from three independent experiments (n = 9–15 mice per group). Statistical significance has been indicated within
the figures with asterisks (*P = 0.03, **P = 0.002, ***P = 0.0002, ****P < 0.0001).
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day 7 after vaccination and identifying P14 effector T cells by
flow cytometry (Fig. 5 C). At this effector time point, an average
of 18% of CD8+ T cells in the blood of vaccinated mice were P14
cells, indicating a robust peripheral antigen-specific boosting.

At 30 days after vaccination, lungs and spleens were har-
vested to determine the impact of antigen-specific mRNA
boosting on lung TRM in mice that had received radiation ex-
posure. Antigen-specific mRNA vaccination did not lead to a
statistically significant increase in IV-negative total CD8+ T cells
in the lungs compared with irrelevant vaccine control (GFP-
Scram) (Fig. 5 D). However, consistent with the LM peripheral
infection system, peripheral antigen-specific mRNA boosting led
to an increase in IV-negative P14 cells in the lung (Fig. 5 E) (7.6×)
and P14 TRM (Fig. 5 F) (8.2×). Upon analysis of splenocytes from

irradiated and vaccinated mice, we saw no statistically signifi-
cant increase in total CD8+ T cells in Ub-Flu–vaccinated mice
compared with irrelevant control mice (Fig. 5 G). However, we
observed an increase in total P14 cells in the spleen (Fig. 5 H)
(5.3×). Whenwe subset these P14 cells into TCM (Fig. 5 I) and TEM
(Fig. 5 J), we found no change in the number of P14 cells that
were TCM in Ub-Flu–vaccinated mice. However, there was a
statistically significant increase of TEM in Ub-Flu–vaccinated
mice relative to control mice (7.9×). These findings indicated
that mRNA vaccination could function to reinvigorate TRM in the
lung previously lost to targeted radiation exposure likely via
recruitment and conversion of peripheral memory T cells.

Boosting IAV-immunized mice with thorax-targeted radia-
tion exposure with IN PR8-GP33, IV LM-GP33 infection, or IM

Figure 4. Many newly recruited TRM are derived from peripheral memory T cells. (A) Experimental design. Mice were administered P14 1 day prior to
infection with X31-GP33. 30 DPPI, all of the mice were exposed to 10 Gy of thorax-targeted radiation. 14 DPR, half of the mice were administered an anti-
CD90.1 to deplete circulating Thy1.1 P14 or isotype control antibodies. Mice were then infected IN with a sublethal PR8-GP33 boost. 30 days later, mice were
euthanized, and lungs and spleens were analyzed by flow cytometry. (B–H) Flow cytometric analysis was utilized to count the total number of (B) IV-negative
CD8+ T cells in the lungs, (C) IV-negative P14 cells in the lungs, and (D) CD69+CD103+ P14 lung TRM. In the same mice, flow cytometric analysis was utilized on
whole spleens to enumerate the total number of (E) CD8+ T cells, (F) P14 cells, (G) TCM P14 cells, and (H) TEM P14 cells. Mann–Whitney test was utilized to
determine statistically significant differences between groups. The data are pooled from two independent experiments (n = 6 mice per group). Statistical
significance has been indicated within the figures with asterisks (*P = 0.03, **P = 0.002).
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Figure 5. Intramuscular mRNA vaccination can re-invigorate lung TRM. (A)mRNA vaccine design for Ub-Flu first generation vaccine. Following the 59 UTR,
a mutant ubiquitin is encoded which cannot be cleaved. Immediately 39 to the ubiquitin is a flexible linker, followed by the coding sequence for NP366, PA224,
and GP33 epitopes all flanked by AAY (alanine, alanine, tyrosine) optimal proteasomal cleavage sites. Representative flow plots of a B6mouse immunized with 5
μg IM route demonstrate induction of CD8+ T cells specific to NP366 (green), PA224 (purple), or GP33 (blue) 7 days following a single immunization. (B)Mice were
administered P14 1 day prior to infection with X31-GP33. 30 days after X31 infection, all of the mice were exposed to 10 Gy of thorax-targeted radiation. 30
DPR, mice were immunized IM with 5 μg of either the relevant construct, or a similar construct encoding GFP and a nucleotide scrambled version of the same
epitopes. 7 days after boost, peripheral blood was collected and stained to identify P14 T cells. 30 days after boost, mice were euthanized, and lungs and spleen
cells were analyzed by flow cytometry. (C) Confirmation of immunogenicity 7 days after vaccination. Peripheral blood lymphocytes (PBL) were collected and
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vaccination with a first-generation T cell–based mRNA vaccine
resulted in varying degrees of regeneration of lung TRM. Clearly,
IN PR8-GP33 infection was the most efficient in regenerating
lung TRM. While an increase in lung TRM was observed in irra-
diated Ub-Flu–boosted mice, this increase would ideally be
larger, indicating that further optimization of this approach is
warranted. It is possible that local administration of an mRNA
vaccine or targeting lipid nanoparticles (LNPs) to specific APC
subsets via inclusion of targeting antibodies in the LNP particle
could drive an even more robust recruitment and conversion of
peripheral memory cells to lung TRM, which we are currently
investigating.

In summary, we defined the impact of tissue-targeted radi-
ation exposure on CD4+ and CD8+ lung TRM. We determined that
lung TRM are sensitive to radiation-induced depletion. Where
total IV-negative CD8+ T cells in the lung eventually rebound,
bona fide TRM do not recover at least as far as 60 DPR. We found
multiple boosting strategies, including local antigen adminis-
tration or peripheral boosting with LM or an mRNA vaccine
were capable of regenerating lung TRM after restimulation of
circulating memory T cells. These findings demonstrate that
localized radiation exposure compromised the tissue residing
memory T cell compartment but suggest vaccination as a po-
tential medical countermeasure to rectify this defect.

Materials and methods
Ethics statement
All animal studies were done in accordance with the Guide for
Care and Use of Laboratory Animals of the National Institutes of
Health (NIH) and approved by the University of Iowa Animal
Care and Use Committee (protocol #0051102).

Viruses and cells
The murine influenza H1N1 strain PR8 encoding the LCMV ep-
itope GP33 and the H3N2 strain X31 encoding GP33 were obtained
from Steven Varga (University of Iowa, Iowa City, IA, USA) via
E. John Wherry (University of Pennsylvania, Philadelphia, PA,
USA) and propagated in embryonated chicken eggs as previously
described (Brauer and Chen, 2015). The titer of each viral stock
was determined by focus-forming assay (FFA) on Madin-Darby
canine kidney (MDCK) cells (Brien et al., 2019).

Mice and infections
6–8-wk old C57BL/6 mice were purchased from Charles River
Laboratories and housed under specific pathogen–free con-
ditions for the duration of the studies at the University of Iowa.
1 day prior to each infection, 20,000 P14 CD8+ T cells were ad-
ministered to each mouse IV. For influenza infections, mice
were anesthetized with a ketamine/xylazine cocktail prior to

intranasal administration of a 25 μl bolus of virus (10 focus-
forming units [FFU] of PR8 and 103 FFU of X31 for sublethal
infection or boost and 7.5 × 102 FFU of PR8 for 5LD50 challenge).
For LM-GP33 infections, mice were infected IV with 107 CFU
per mouse.

Radiation exposure
For thorax-targeted radiation exposure, mice were anesthetized
with isoflurane to undergo CT scanning to identify the region of
interest and dosimetry followed by thorax-targeted irradiation
using an Xstrahl SARRP. Non-irradiated controls were placed
under isoflurane for an equivalent amount of time. Following
radiation exposure, mice (and non-irradiated controls) were
placed on an irradiated chow (cat. #7913; Envigo) for the re-
mainder of the study to limit irrelevant infections.

Flow cytometry
3 min prior to euthanasia, mice were administered intravenous
anti-CD45.2 (BV421) to label circulating lymphocytes. Lungs
were harvested into a digestion media containing PBS, 0.05%
collagenase, and 10 μg/ml DNase and incubated by shaking at
37°C for 1 h. Spleens were harvested into complete RPMI. Fol-
lowing digestion, tissues were homogenized and strained over a
100-μm filter. Lungs were further purified by centrifugation for
30 min at 1,200 × g at 4°C with no brake in a 30% Percoll gra-
dient as previously described (Wilk et al., 2017). Red blood cells
were lysed from each sample using Vitalyse according to the
manufacturer’s instructions (catalog #WBL0100; CMDG). Cell
suspensions were stained with the following panel to identify
TRM: CD45.2 (BV421 IV stain), CD8α (APC), CD69 (PE Cy7),
CD103 (PE), CD90.1 (PerCP Cy5.5), CD11a (AF488), and Viability
dye (Efluor 780). Cell suspensions were stained with the fol-
lowing panel to identify TEM and TCM: CD45.2 (BV421 IV stain),
CD8α (BV785), CD11a (AF488), CD62L (APC), CD90.1 (PerCP
Cy5.5), and CD27 (PE). Cells were analyzed via flow cytometry
using a BD Fortessa, and data were analyzed by FlowJo.

Measurement of viral burden
4 days following a 5LD50 PR8-GP33 infection, mice were eu-
thanized and 1 ml of BAL fluid was collected on ice. Lung tissue
was collected, weighed, and homogenized using a Thermo Fisher
Scientific beadmill in 1 ml of DMEM. Following homogenization,
tissues were centrifuged for 10 min and the supernatants were
transferred to a new tube for storage at −80°C. Viral burden was
measured by FFA. Briefly, tissue supernatants were serially diluted
in DMEM with TPCK-Trypsin and applied to MDCK cell mono-
layers in a 96-well plate. After 1 h to allow virus adsorption, 2%
methylcellulose was applied to prevent lateral viral spread. At 24 h
after infection, cells were fixed with 4% paraformaldehyde and
probed with anti-PR8 polyclonal mouse sera in permeabilization

stained to enumerate the frequency of CD8+ T cells that were P14 cells. (D–J) Flow cytometric analysis was utilized to count the total number of (D) IV-negative
CD8+ T cells in the lungs, (E) IV-negative P14 cells in the lungs, and (F) CD69+CD103+ P14 lung TRM. In the same mice, flow cytometric analysis was utilized on
whole spleens to enumerate the total number of (G) CD8+ T cells, (H) P14 cells, (I) TCM P14 cells, and (J) TEM P14 cells. Mann–Whitney test was utilized to
determine statistically significant differences between groups (n = 6–7 mice per group). Statistical significance has been indicated within the figures with
asterisks (*P = 0.03, **P = 0.002).
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buffer. After washing, an anti-mouse conjugated to horseradish
peroxidase was applied. After washing, the FFA was developed by
adding TrueBlue peroxidase substrate and imaged and counted
using an ELIspot plate reader (Brien et al., 2019).

Peripheral P14 depletion
To deplete peripheral P14 cells while preserving P14 cells within
tissues, mice were administered 0.05 μg of anti-CD90.1 (clone
19E12) IP route three times every other day. To confirm deple-
tion, peripheral blood was collected from each mouse 1 day after
the final antibody dose and screened via flow cytometry. A
subset of animals was euthanized to assess depletion in the
spleen and lungs.

mRNA vaccine construct
An expression cassette encoding A76 mutant ubiquitin (which
prevents transient ubiquitin cleavage) (Rodriguez et al., 1997),
followed by a flexible linker and the IAV H-2b restricted T cell
epitopes NP366 and PA224 and the LCMV epitope GP33, each
flanked by the optimal proteasomal cleavage sequence
(Rodriguez et al., 1997; Finch et al., 1990), was cloned into a
pmRNAxp expression plasmid (cat. #MR000PA-1; System Bio-
sciences). In vitro mRNA production was driven by a type II T7
promoter element and cotranscriptionally capped and poly-
adenylated using an NEB-ARCA T7 kit supplemented with 50%
ψUTP and 5mCTP. RNA was purified using a Qiagen RNeasy kit
according to the manufacturer’s instructions. mRNA was pack-
aged into LNPs using a Precigenome Nanogenerator Flex mi-
crofluidics device. Briefly, the mRNA-containing aqueous phase
was rapidly mixed with the lipid-containing organic phase at a
flow rate ratio of 3:1 (aqueous:organic phase) and a total flow rate
of 3 ml/min using a micromixer chip (cat. #CHP-MIX-4; Pre-
cigenome) and a commercial microfluidic mixing system
(NanoGenerator Flex; Precigenome). The LNP was then purified
and concentrated by ultracentrifugation. The aqueous phase was
prepared by diluting the mRNA in 50-mM sodium acetate buffer
(pH 5.0). The organic phase was prepared by diluting a com-
mercial neutral lipid mixture (cat. #PG-SYN-LF1ML, LipidFlex;
Precigenome) in ethanol (99.5%) and supplemented with SM-102
ionizable lipid at a molar ratio of 6:4. The N/P ratio of the LNP
formulation was fixed at 6 for all mRNA preparations. LNP size
was confirmed to be 90–125 nm dynamic light scattering (Zeta-
sizer Nano ZS; Malvern Analytical). The concentration of en-
capsulated RNA was measured using a Ribogreen encapsulation
assay (Rosenblum et al., 2020). Mice were vaccinated with 5 μg
of encapsulated RNA in the right quadriceps. As a negative
control, mice were administered encapsulated RNA encoding
GFP and a scrambled nucleotide sequence of the same epitopes
such that no immunogenic peptides were formed.

Statistical analysis
Statistical analysis was performed using GraphPad Prism soft-
ware. For comparisons between three and four groups, an ANOVA
statistical test was utilized to determine statistical significance. For
comparisons between two groups, a Mann–Whitney test was
utilized to determine statistical significance. Experiments were
repeated at least two times with an n of ≥ 5 animals per group.

Statistical significance has been indicated within the figures with
asterisks (*P = 0.03, **P = 0.002, ***P = 0.0002, ****P < 0.0001).

Online supplemental material
Fig. S1 demonstrates the gating strategy for lung TRM and splenic
TCM and TEM. Panels C–F numerically quantify splenic CD8+, P14,
and P14 TCM and TEM cells over time after radiation exposure.
Fig. S2 demonstrates the validity of peripheral P14 depletion. On
day 1, following administration of low-dose (0.03 μg) anti-
thy1.1-depleting antibody, peripheral blood was collected and
stained to quantify P14 cells. Additionally, lungs were harvested
to determine that the dose of anti-thy1.1 was not sufficient to
deplete lung TRM. Fig. S3 demonstrates that the use of a pe-
ripherally replicating recombinant pathogen (LM expressing
GP33) is sufficient to drive recovery of P14 TRM in the lung
following thorax-targeted radiation exposure.

Data availability
Requests for data should be directed to and will be fulfilled by
the corresponding author.
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Supplemental material

Figure S1. Gating strategies for TRM, TCM, and TEM. 3 min prior to euthanasia, mice were administered 2 μg of BV421 labeled anti-CD45.2 to discriminate
vascular from tissue cells. (A) For lung TRM, cells were gated on lymphocytes, live, and IV-negative cells that express CD8, followed by CD90.1 to identify P14
cells. Lung TRM are identified as being double positive for CD69 and CD103. (B) Splenocytes were gated on lymphocytes, single cells that are CD8+. CD11a is
used to identify antigen-experienced cells, which are then further subset into P14 cells using CD90.1. TCM and TEM are differentiated using CD62L and CD27.
(C–F) Flow cytometric analysis was utilized on whole spleens to enumerate the total number of (C) CD8+ T cells, (D) P14 cells, (E) TCM P14 cells, and (F) TEM P14
cells. ANOVA was utilized to determine statistically significant differences between groups. Data are pooled from two independent experiments (n = 6–7).
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Figure S2. Circulating P14 depletion confirmation. Prior to PR8-GP33 infection, blood was collected from each mouse, stained, and analyzed via flow
cytometry to determine the depletion efficiency of peripheral P14 cells. The dose of anti-CD90.1 was confirmed to not deplete lung TRM. Mann–Whitney test
was utilized to determine statistically significant differences between groups. The data are pooled from two independent experiments (n = 3–6 per group).
Statistical significance has been indicated within the figures with asterisks (***P = 0.0002).

Figure S3. LM-GP33 peripheral infection results in TRM regeneration following radiation-induced loss. Mice were administered P14 1 day prior to
infection of half of the mice with X31-GP33. 30 DPPI, half of the mice were exposed to 10 Gy of thorax-targeted radiation or treated similarly without radiation
exposure. 14 DPR, mice were infected IV with a LM-GP33 boost or LM-Gap50 as a negative control. 30 days after secondary infection, mice were humanely
euthanized and lungs and spleens were harvested for flow cytometry. (A and B) Flow cytometric analysis was utilized to count the total number of (A) IV-
negative P14 cells in the lungs and (B) P14 lung TRM. ANOVAwas utilized to determine statistically significant differences between groups. Data are pooled from
two independent experiments (n = 6 per group). Statistical significance has been indicated within the figures with asterisks (*P = 0.03, **P = 0.002).
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