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The acute period after total body irradiation (TBI) is
associated with an increased risk of infection, principally
resulting from the loss of hematopoietic stem cells, as well as
disruption of mucosal epithelial barriers. Although there is a
return to baseline infection control coinciding with the
apparent progressive recovery of hematopoietic cell popula-
tions, late susceptibility to infection in radiation-sensitive
organs such as lung and kidney is known to occur. Indeed,
pulmonary infections are particularly prevalent in hemato-
poietic cell transplant (HCT) survivors, in both adult and
pediatric patient populations. Preclinical studies investigating
late outcomes from localized thoracic irradiation have
indicated that the mechanisms underlying pulmonary de-
layed effects are multifactorial, including exacerbated and
persistent production of pro-inflammatory molecules and
abnormal cross-talk among parenchymal and infiltrating
immune and inflammatory cell populations. However, in the
context of low-dose TBIL, it is not clear whether the observed
exacerbated response to infection remains contingent on
these same mechanisms. It is possible instead, that after
systemic radiation-induced injury, the susceptibility to
infection may be independently related to defects in
alternative organs that are revealed only through the
challenge itself; indeed, we have hypothesized that this defect
may be due to radiation-induced chronic effects in the
structure and function of secondary lymphoid organs (SLO).
In this study, we investigated the molecular and cellular
alterations in SLO (i.e., spleen, mediastinal, inguinal and
mesenteric lymph nodes) after TBI, and the time points when
there appears to be immune competence. Furthermore, due
to the high incidence of pulmonary infections in the late post-
transplantation period of bone marrow transplant survivors,
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particularly in children, we focused on outcomes in mice
irradiated as neonates, which served as a model for a
pediatric population, and used the induction of adaptive
immunity against influenza virus as a functional end point.
We demonstrated that, in adult animals irradiated as
neonates, high endothelial venule (HEV) expansion, genera-
tion of follicular helper T cells (TFH) and formation of
splenic germinal centers (GC) were rapidly and, more
importantly, persistently impaired in SLO, suggesting that
the early-life exposure to sublethal radiation had long-lasting
effects on the induction of humoral immunity. Although the
neonatal TBI did not affect the overall outcome from
influenza infection in the adults at the earlier time points
assessed, we believe that they nonetheless contribute signif-
icantly to the increased mortality observed at subsequent late
time points. Furthermore, we speculate that the detrimental
and persistent impact on the induction of CD4 T- and B-cell
responses in the mediastinal lymph nodes will decrease the
animals’ ability to respond to other aerial pathogens. Since
many of these pathogens are normally cleared by antibodies,
our findings provide an explanation for the susceptibility of
survivors of childhood HCT to life-threatening respiratory
tract infections. These findings have implications regarding
the need for increased monitoring in pediatric hematopoietic
cell transplant patients, since they indicate that there are
ongoing and cumulative defects in SLO, which, importantly,
develop during the immediate and early postirradiation
period when patients may appear immunologically compe-
tent. The identification of changes in immune-related signals
may offer bioindicators of progressive dysfunction, and of
potential mechanisms that could be targeted so as to reduce
the risk of infection from extracellular pathogens. Further-
more, these results support the potential susceptibility of the
pediatric population to infection after sublethal irradiation in
the context of a nuclear or radiological event. © 2015 by Radiation

Research Society

INTRODUCTION

Total body irradiation (TBI) is frequently used as part of
the preparatory regimen for hematopoietic cell transplanta-
tion (HCT) in both adult and pediatric patients. However,
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beyond their myeloablative effects, sublethal doses of TBI
can also cause acute and chronic damage in multiple organs
and cell populations, possibly contributing to the range of
morbidities observed in surviving HCT patient populations.
For example, pediatric survivors of HCT can present with
endocrinopathies, musculoskeletal disorders, cardiopulmo-
nary compromise, graft-versus-host disease (GVHD), organ
toxicity and increased susceptibility to infection (/—4). Late
effects are particularly prevalent in the lung, observed as an
increased sensitivity to respiratory tract infections (5-7),
with some patients developing pulmonary effects similar to
those associated with late injury from localized irradiation,
such as pneumonitis and lung fibrosis (8). Although our
group has previously demonstrated that TBI of neonate
mice induces a progressive exacerbation of influenza-
associated morbidity and mortality with age (9), it remains
unknown whether this outcome was a direct effect of
radiation exposure to the neonate lung or the result of
systemic injury to the secondary lymphoid organ (SLO)
structure and, as a result, impaired induction of adaptive
influenza immunity in adult life.

Importantly with respect to this investigation, the various
elements of the SLO respond differentially to insult across
the age spectrum. For example, in the womb, interactions
between lymphoid tissue inducer cells (LTi) and stromal
cell organizers are key in the generation of the SLO scaffold
(10, 11). Indeed, a decline in LTi numbers in fetuses
reduces SLO size and impairs the later induction of
protective immunity, as demonstrated in adult mice with
respect to their response against gamma herpes viruses (/2).
With development into the neonatal stage, even though LTi
are still seen in mice, postnatal SLO expansion relies on
interactions between lymphocytes and stromal cells (/3).
For example, B cells induce differentiation of stromal cells
into follicular dendritic cells (FDC) (/4), which express
CXC chemokine ligand 13 (CXCL13), a chemokine critical
for maintaining B-cell follicle integrity. In T-cell areas,
dendritic cells (DC) induce differentiation of blood vessels
into high endothelial venules (HEV) (/5), the portals for
entry of rare antigen-specific naive T cells into SLO. In the
adult mouse, secondary lymphoid organs, such as spleen
and lymph nodes, have distinctive and functional T- and B-
cell domains that orchestrate highly regulated immune
responses (/6), and represent an important site for the
amplification of chronic immune responses. The integrity
and cell organization in the distinct B-cell and T-cell
compartments is maintained by specific stromal follicular
dendritic cells and fibroblastic reticular cells, respectively
(16), which produce homeostatic chemokines that are the
choreographers of B- and T-cell responses (/7). In addition,
the nonhematopoietic components in these organs play a
role in infection response by forming important scaffold
structures as well as a specialized network of conduits that
are important in cell migration and antigen transport (/8).

The ability of immune cells in adult lungs to respond
quickly to microbial stimulation depends on the rapid

induction of adaptive immunity in the mediastinal lymph
nodes (MLN), which are critical for the timely recruitment
of antigen-specific lymphocytes to the pulmonary tract and
the accelerated clearance of aerial pathogens (/9). Given the
known radiation sensitivity of many of these cell types, we
have hypothesized that depletion of lymphocytes by TBI
during the early stages of life will affect the downstream
structure of SLO, leading to a long-term impairment of
immunity in response to infection. To test our hypothesis,
we exposed 4-day-old C57BL/6 mice to a sublethal dose of
TBI (5 Gy) and evaluated structural and functional changes
in the SLO [MLN, inguinal (ILN) and mesenteric (MeLN)
lymph nodes and spleen] at various time points postirradi-
ation.

MATERIALS AND METHODS
Mice and Irradiation

C57BL/6 mice were acquired at 4 days old from an in-house
breeding colony (original breeding pairs were acquired from Jackson
Laboratories, Bar Harbor, ME) and remained with their dams in the
animal facilities at the University of Rochester until weaning at 28
days postnatal. Animals were then caged by sex, 5 per cage and
maintained on standard laboratory chow and hydrogels. All experi-
ments were conducted in compliance with institutional animal
guidelines. For radiation exposures, neonate animals were placed in
custom-built Plexiglas jigs and 5 Gy TBI from a '*’Cs y-ray source (JL
Shepherd, San Fernando, CA), operating at a dose rate of
approximately 1.7 Gy/min and then immediately returned to their
dams. Control animals were sham irradiated.

Influenza Virus Infection

Sham-irradiated and irradiated 2- or 6-month-old C57BL/6 mice
were anesthetized with isoflurane and intranasally inoculated with 1 X
10* egg infectious dose fifty (EIDs,) of influenza A/HK/X31 (H3N2)
in 100 pl of sterile phosphate buffered saline (PBS). Mock-infected
groups received a similar volume of PBS. Mice were monitored every
other day for changes in body weight, signs of distress and mortality
associated with infection. On day 7, 10 or 14 after infection, mice were
euthanized and their spleen, MLN, ILN and MeLN and lungs were
collected for analysis.

Flow Cytometry

Cell suspensions were generated from lung and MLN as previously
described (20). MLN, ILN and MeLN were collected in 4°C FACS
buffer [2% fetal bovine serum (FBS) in PBS] and ground up using
sterile metallic cell strainers. Lungs were digested with collagenase
and DNase I for 30 min at 37°C and the residual lung tissue was then
ground up using sterile metallic cell strainers. Cell suspensions were
treated with lysis buffer (0.15 M NH,Cl, 1 mM NaHCO,, 0.1 mM
EDTA) at room temperature for 5 min to eliminate red blood cells.
Lysis solution was neutralized with cold FACS buffer and cells were
spun at 1,800 rpm for 5 min. Leukocytes (1 X 10°) were incubated
with antibodies against Fc receptors at 4 ng/ml (CD16/CD32, 2.4G2;
Bio X Cell, West Lebanon, NH) for 10 min, then stained
with NPs 374/D° class T (Trudeau Institute, Saranac Lake, NY) or
NP5, _s,5/I-AP class II tetramers (kindly provided by the NIH tetramer
facility, Emory University, Atlanta, GA) for 1 h at 4°C. In addition,
single cell suspensions were stained with antibodies specific for one of
the following to detect follicular helper T cells (TFH): CD3-
APCeFluor780 (17A2), CD8a-PE (53-6.7), CDS8-V500 (53-6.7),
CD45R-V500 (RA3-6B2), CXCRS5-biotin (2G8) (all from BD
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Pharmingen™, San Jose, CA), CD279-FITC (PDl1, J43; eBioscience
Inc., San Diego, CA) or CD278-PerCPCy5.5 (ICOS, C398.4A;
BioLegend® Inc., San Diego, CA). CD19-APC (1D3; BD Pharmin-
gen), PNA-FITC and CD95-PeCy7 (Jo2; BD Pharmingen) were used
to detect germinal center B cells. To define populations of CD45"
hematopoietic cells, CD45~ nonhematopoietic cells and lymphoid
tissue inducer cells, CD45-FITC (30-F11; BD Pharmingen) was
combined with a lineage-negative cocktail of: CD3-PECy5 (145-
2C11), CDI11b-PECy5 (M1/70), CD11c-PECy5 (N418), F4/80-
PECy5 (BM8), Ly6C-Ly6G-PECyS5 (Gr-1, RB6-8C5), NK1.1-PECy5
(PK136), all from BioLegend, as well as CD45R-PECy5 (B220, RA3-
6B2; eBioscience) and CXCRS5-biotin (2G8; BD Pharmingen). Cells
were then washed twice with FACS media (PBS containing 2% FBS)
and biotin-conjugated antibodies were detected with streptavidin-PE
(554061; BD Pharmingen). Cells were then washed twice and
resuspended in media containing 1 pg/ml of propidium iodide to
eliminate dead cells from analysis. Foxp3 staining was performed with
a PE-mouse/rat Foxp3 staining set, as recommended by manufacturers
(e-Biosciences). A total of 10° live cells were collected in an LSRII
flow cytometer (BD Biosciences) and data were analyzed with FlowJo
software (Tree Star, Inc., Ashland, OR).

Live lymphocytes were selected based on FSC, SSC profile and the
exclusion of propidium iodide; cells then were gated in CD3. NP5, ,_s,s/
I-A® versus CD4 and NP 37,,/D° versus CD8 were plotted to detect
CD3*NP* CD4 and CD8 T cells. For TFH, we first selected live
lymphocytes, followed by plotting CD3 against CD8-B220 to exclude
CD8" T cells and B220* B cells from the analysis (CD3*CD8 B220~
cells). Next, we selected double-positive CD4*CXCRS5* cells. Inside
CD3*CD4*CXCRS5" cells positive for both CD278 (ICOS) and
CD279 (PD1) were considered TFH. Germinal center B (GCB) cells
were defined as live CD19" cells that expressed CD95 (FAS) and
bound peanut agglutinin. Live cells in spleen, MLN, ILN and MeLN
and lungs were counted in a hemocytometer using the trypan blue
exclusion method. The number of live cells was used to calculate the
total number of effector lymphocytes per organ, based on the
frequency for each cell population.

Immunofluorescence

Frozen tissue sections (5 pm) were blocked with antibodies against
Fc receptors (2 pg/ml) for 30 min and incubated for 1 h with primary
antibodies specific for CD3 (M-20; Santa Cruz Biotechnology®,
Dallas, TX), biotin-CD21-CD35-biotin (7E9; BioLegend), CD45R-
APC (B220, RA3-6B2; BD Pharmingen), followed by incubation with
Alexa Fluor® 568-donkey anti-goat (A11057; Invitrogen, Grand
Island, NY) and Alexa Fluor 488-streptavidin (S11223; Invitrogen)
to visualize CD3" T cells, CD21"CD35* FDC networks and B220" B
cells, respectively. High endothelial venules, lymphatics and DC were
detected with primary antibodies against PNAd (MECA-79; BD
Pharmingen), Lyve 1 (DP3513; Acris Antibodies Inc., San Diego, CA)
and CD11c-APC (HL3; BD Pharmingen). Unlabeled primary
antibodies were detected with Cy3-goat anti-rat IgM (112-165-020;
Jackson Immunoresearch Laboratories, West Grove, PA), and FITC
donkey-anti-rabbit (711-096-152; Jackson Immunoresearch Laborato-
ries). Germinal centers (GC) were visualized with antibodies specific
for CD3 (M-20; Santa Cruz Biotechnology), in combination with
PNA-FITC (L7381-1MG; Sigma-Aldrich® LLC, St. Louis, MO) and
CD45R-APC (B220, RA3-6B2; BD Pharmingen). Primary antibodies
for CD3 were detected with Alexa Fluor 568-donkey anti-goat
(A11057; Invitrogen). CD4 T cells were detected with CD4-APC
(RM4-5; BD Pharmingen). Tissue sections were then mounted using
Prolong® Gold Antifade with DAPI (Invitrogen, San Diego, CA).
Pictures were taken with a Zeiss Axioplan microscope and recorded
with a Hamamatsu camera (Carl Zeiss, Thornwood, NY). All HEV in
individual MLN sections or all GC in individual spleen sections were
outlined with an automated tool of the Zeiss Axioplan software and
the average HEV and GC sizes were calculated. After morphometric
analysis, representative pictures were taken at 200X magnification.

RNA Extraction and Quantitative PCR

Total RNA was isolated using TRIzol® (Invitrogen) according to
the manufacturer’s instructions. Total DNA-treated RNA (3 pg) was
reverse transcribed using random primers and SuperScript® II
(Invitrogen). Quantitative PCR was performed using TagMan®
Universal PCR Master Mix, following the Applied Biosystems®
protocol (Foster City, CA). All probes were purchased from Applied
Biosystems: Cxcl9 (Mm00434946_m1), Cxcl10 (Mm00445235_m1),
Cxclll (Mm00444662_m1), Cxcll3 (MmO04214185_s1), Ccl19
(Mm00839967_g1), collagen type I (Mm00801666_gl1), fibronectin
(MmO01256744_m1), fucosyl transferase VII (Mm04242850_m1) and
complement receptor 2 (CD21, Mm00801681_m1). mRNA expres-
sion was first normalized to GAPDH and the fold change in mRNA
expression for each specific gene in irradiated groups was compared to
the expression levels in organs from 11-day-old or 2-month-old sham-
irradiated mice using the AACt method.

Enzyme-Linked Immunosorbent Assay (ELISA)

Levels of influenza-specific antibodies were measured in serum as
previously described (2/). To collect serum, after euthanasia, the renal
artery in each animal was severed with scissors, and blood was
collected in a sterile 0.5 ml Eppendorf® tube. Tubes were incubated at
room temperature for 30 min and tubes were spun at 5,000 rpm for 10
min. The serum was then transferred to 0.5 ml sterile Eppendorf tubes
and frozen at —20°C until analyzed. Briefly, for analysis, ELISA plates
were coated with heat/UV-inactivated influenza A/HK/X31, followed
by incubation with serial dilutions of serum and developed with HRP-
conjugated, goat anti-mouse IgG (1030-05; SouthernBiotech, Bir-
mingham, AL). End point titer was calculated by interpolating the
cutoff value of a 0.2 optical density into the titration curve.

Statistical Analysis

Data were analyzed with GraphPad Prism (GraphPad Software Inc.,
LaJolla, CA) and points represent the mean *= SEM. Statistical
significance was calculated by two-tailed unpaired Student’s 7 test and
differences of P < 0.05 were considered statistically significant.

RESULTS
Acute Effects of Radiation on Neonatal SLO

Interactions between hematopoietic cells and stromal cell
populations are critical for the expansion and organization
of SLO during development (/3). Therefore, any systemic
injury that affects these cells during the neonatal period can
have long-term effects on subsequent SLO function,
including their ability to generate immune responses to
antigens. Indeed, we have previously demonstrated a
progressive exacerbation in morbidity and mortality in 6-
and 9-month-old C57BL/6 mice exposed to radiation during
the neonatal period and subsequently challenged with
influenza virus (Table 1) (9). However, the irradiated
animals challenged at 3 months with influenza exhibited
complete resolution and normal recovery from the viral
infection (Table 1), suggesting that there may be a latent
period in the onset and progression of defect development in
this system.

Mitigating strategies are, by definition, delivered prior to
symptomatic disease. In an effort to identify the most
efficacious point for potential intervention, we began
characterization of the defect progression by first evaluating
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TABLE 1
Peak Percentage Weight Loss and Survival (day 21 after Infection) of C57BL/6 Mice
Irradiated as Neonates (14 Days Old; Sham Irradiation vs. 5 Gy TBI) and Challenged with
Intranasal 1 X 10* EID;, of Influenza A/HK/X31 (H3N2 Influenza Virus) or Mock Infection
(PBS) at 3, 6 or 9 Months Postirradiation (9)

3 Months 6 Months 9 Months
Weight  Survival after Weight Survival after Weight  Survival after
Age loss infection loss infection loss infection
Sham irradiation + PBS 5% 100% 4% 100% 5% 100%
5 Gy TBI + PBS 5% 100% 8% 100% 5% 100%
Sham irradiation + influenza 10% 100% 20% 100% 25% 100%
5 Gy TBI + influenza 11% 100% 30% 80% 35% 42%

the immediate impact of neonatal TBI on SLO. Seven days
after 5 Gy TBI of 4-day-old mice, mediastinal lymph nodes
and spleen were collected and their respective resident cells
were enumerated by flow cytometry. This analysis indicated
that, as may be anticipated, there was a significant reduction
in the number of CD45" cells (P =0.02), CD19" B cells (P
=0.03), CD4" T cells (P=0.05) and CD11c* dendritic cells
(P = 0.02) (Fig. 1A, D, E and F, respectively) in MLN
during this early period postirradiation, although, interest-
ingly, there was an increase in both CD45- nonhemato-
poietic cells (P < 0.0001) (Fig. 1B) and lineage-
CD3CD4*CXCR5* LTi (P = 0.01) (Fig. 1C). Similarly,
CDI19* B cells, CD4" T cells and CDIl1c*™ DC were
significantly reduced in the spleens of the irradiated
animals, (P < 0.0001 for all populations, Fig. 2A-C).
Although these data cannot be considered necessarily novel,
they provide confirmation of the radiation-sensitive nature
of the various cell subpopulations in the neonate model

(compared to the adult), as well as the extent of cell loss
during a critical developmental period for SLO.

Since stromal cells produce homeostatic chemokines that
are important for the recruitment of lymphocytes to SLO,
we next determined whether TBI affected expression of
stromal cell-related molecules. We found that TBI did not
appear to alter expression of CXC chemokine ligand 13
(CXCL13), CC chemokine ligand 19 (CCL19) and fucosyl
transferase VII (Fuctvii, an HEV marker; Fig. 3A-C), but
saw a significant reduction in expression levels of CD21 (P
= 0.04), a classic FDC marker also known as complement
receptor 2 (Fig. 3D).

To visualize the early systemic effect of TBI on SLO
pathology and their spatial cell distribution, we stained
frozen sections from anatomically distributed lymph nodes
using antibodies specific for both lymphocytes and stromal
cells. In various peripheral lymph nodes (MLN, ILN,
MeLN) from sham-irradiated mice, large B220" B-cell
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FIG. 1. CD45" hematopoietic cells (panel A), CD45~ nonhematopoietic cells (panel B) and lymphoid tissue
inducer cells [lineage-CD3-CD4*CXCRS5*(LTi)] (panel C) from the mediastinal lymph nodes (MLN) of sham-
irradiated and irradiated neonate mice were counted by flow cytometry at 7 days post irradiation. Total numbers
of CD19* B cells (panel D), CD3*CD4* T cells (panel E) and CD11c" dendritic cells (panel F) are also shown. n
=5 mice/group. Graphs represent mean = SEM. *P < 0.05; ****P < 0.0001.
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follicles with complex and concentric CD21-CD35* FDC
networks were surrounded by CD3* T cells (Fig. 4A-C)
and abundant CD11c* DC could be identified interacting
with large peripheral node addressin® (PNAd*) HEV (Fig.
5A—C). Spleens from sham-irradiated mice also exhibited
well-organized B220* B-cell follicles containing
CD21CD35" FDC networks and CD3" T cells (data not
shown). In contrast, the lymph nodes from the previously

irradiated animals demonstrated an obvious reduction in the
number of B220* B cells and an apparent complete loss of
FDC networks (Fig. 4D-F). The PNAd" HEV were smaller,
whereas the lymphatic vessels appeared to be dilated in the
irradiated animals; CDI11c* dendritic cells were less
abundant and the contact with HEV was less evident (Fig.
5D-F). Similarly, B220" B cells, CD3" T cells and CD11c*
DC were reduced in the spleens after irradiation (data not
shown).

Focusing on MLN due to their specific role in thoracic
drainage, MLN cellular and structural changes were
visualized by bright-field and fluorescent microscopy, and
specific changes were confirmed through morphometric
analysis, with irradiated animals demonstrating a significant
reduction in overall MLN size (P = 0.03) relative to the
sham-irradiated controls (Fig. 6A). In addition, radiation
exposure induced significant decreases in the average size
of the B-cell follicles (P = 0.006; Fig. 6B) and HEV (P <
0.0001; Fig. 6C), as well as the percentage area of the MLN
covered by B-cell follicles in MLN from irradiated mice (P
= 0.0226; Fig. 6D). These results support the hypothesis
that the anticipated loss of radiation-sensitive lymphocyte
lineage cells after even low (sublethal) doses of TBI impacts
not only the cellularity, but SLO structure, in neonate mice
during the early time period after irradiation. Furthermore,
our findings indicate a systemic effect from radiation
exposure on multiple SLO, suggesting that downstream
effects on immune function are likely due to a global defect
rather than from being linked to alterations in tissue-specific
lymphatic drainage.

Delayed Effects of Neonatal Radiation Exposure on Adult
SLO: Cytokine, Chemokine and Growth Factor Expression

Previous studies from our group have shown that
neonatal radiation exposure is associated with the
production of pro-inflammatory molecules that have been
implicated in the chronic inflammation and tissue remod-
eling associated with progression towards late radiation-
induced pulmonary effects (22, 23). However, some
investigators have proposed that these same pro-inflam-
matory molecules are protective in the context of the
response to infection (24-26), so may not necessarily play
arole in the observed increased susceptibility to influenza.
Furthermore, the radiation doses being assessed were far
below the putative threshold level associated with the
classic end point of either pneumonitis or fibrosis (~12.5
Gy in C57BL/6). Therefore using quantitative PCR, we
investigated whether neonatal radiation exposure induced
changes in the pulmonary signaling expression of
interferon y (IFN-y), which plays a critical role in both
innate and adaptive immune responses to infection, as well
as IFN-y-induced chemokines [CXC ligand chemokine 9
(CXCL9), CXCL10 and CXCL11]. We assessed the lungs
of neonatally irradiated or age-matched sham-irradiated 2-
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FIG. 3. The stromal cell-related molecules from MLN were assessed 7 days postirradiation by quantitative
PCR. mRNA expression was first normalized to GAPDH and mRNA expression levels in the irradiated and
sham-irradiated mice were compared. Panel A: CXCL13; panel B: CCL19; panel C: Fuctvii; and panel D: Cr2. n
=5 mice/group. Graphs represent mean = SEM. *P <(0.05.

and 6-month-old mice, time points associated with either
baseline or increasing response to infection.

At 2 months postirradiation, significant increases in the
expression levels of IFN-y, CXCL9, CXCL10 and CXCL11
were seen in the lungs of the irradiated mice relative to the
age-matched controls (Fig. 7A-D). Since structural changes
were already apparent at this stage, this may be part of a
compensatory mechanism. Interestingly, although the 6-
month-old control mice demonstrated age-related increases
in the expression levels of all 4 signals compared to the 2-
month-old control animals, the reverse was seen with the
irradiated cohort, which demonstrated expression levels
closer to the 2-month-old controls and, therefore, had
expression levels lower than their age-matched controls. It
is worth noting that although significant increases in the
expression levels of collagen type I and fibronectin were
observed in the 2-month-old animals (Fig. 7E and F), levels
had returned to baseline by 6 months, a time point typically
associated with radiation-induced pulmonary fibrosis,
confirming that the doses used were, indeed, below the
threshold level for fibrosis induction.

PCR was also performed with respect to expression levels
in MLN, assessing chemokines and molecules that are
important in directing lymphocyte trafficking, such as
CXCL13 (a B-cell chemoattractant) and CCL19 (a T- and
B-cell chemoattractant), as well as complement receptor 2/

CD21 and fucosyltransferase VII (Fuctvii). Similar to the
analysis in lung, we saw an age-related increase in all 4
signals in the MLN between the 2- and 6-month-old control
animals, as well as significant increases in expression in the
irradiated 2-month-old mice (Fig. 8A-D). Of note, CXCL13
expression was also increased in the lungs of irradiated 2-
month-old mice (data not shown). Interestingly, the age-
dependent increase in CD21 and Fuctvii expression levels
appeared to be further enhanced by the neonatal radiation
exposure (Fig. 8C and D).

These results support our previous findings (9), which had
demonstrated that in the first few months after neonatal
irradiation, animals are capable of responding normally to
the influenza infection. This response is likely due to the
increased expression of homeostatic chemokines in MLN
and IFN-y-induced chemokines in the lungs, accelerating
the initiation of adaptive immunity in draining lymph nodes,
attracting CXCR3* and CXCRS5™ effector lymphocytes to
the infected lungs, and thus facilitating the elimination of
influenza viruses and the resolution of the pulmonary
infection. However, by later time points (>6 months
postirradiation), the decrease in chemokine expression
levels relative to age-matched controls supports the
observation of an exacerbated response to infection due to
the lung and MLN’s inability to effectively initiate adaptive
immunity.
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FIG. 4. SLO cell composition was assessed in neonate mice 7 days postirradiation (frozen sections stained
with fluorescent antibodies). Representative 200X pictures for B220* B-cell follicles (red), CD21-CD35* FDC
networks (green) and T cell areas (white) in mediastinal lymph nodes [MLN; panel A (sham irradiated) and
panel D (5 Gy TBI)], inguinal lymph nodes [ILN; panel B (sham irradiated) and panel E (5 Gy TBI)] and
mesenteric lymph nodes [MeLN: panel C (sham irradiated); panel F (5 Gy TBI)] are shown.

Delayed Effects of Neonatal Radiation Exposure on Adult
Lung Response to Influenza

To directly determine whether alterations in neonatal SLO
induced by TBI affected the outcome from influenza
infection, as previously observed, we measured the
expression of influenza acid polymerase (PA), evaluated
influenza-associated morbidity and enumerated influenza-
nucleoprotein (NP) specific T cells by flow cytometry in the
lungs of animals infected at 2 and 6 months after irradiation.
PA expression has been previously used as an indicator of
the control of influenza infection (27, 28). In contrast to our
earlier studies (9), the neonatally irradiated 2-month-old
mice demonstrated a delayed viral clearance (increased PA
expression, P = 0.03; Fig. 9A). Nonetheless, in all other
aspects, progression of the infection matched that seen in
the age-matched controls, as assessed by changes in body
weight (Fig. 9B) and a normal accumulation of pulmonary
CD3*CD8'NP* and CD3*CD4*NP* T cells (Fig. 9C and
D). The previously irradiated 6-month-old mice exhibited a
similar viral load to the age-matched controls and recovered
normally from infection (Fig. 10A and B). However, in
contrast to the response seen in the 2-month-old mice,

CD3*CD8*NP* (P =0.04) and CD3*CD4*NP* T cells (P =
0.002) were significantly reduced in the previously
irradiated animals at the peak of the immune response
against the influenza virus on day 10 after infection (Fig.
10C and D) supporting the hypothesis that neonatal
radiation exposure had induced a progressive pulmonary
compromise.

Delayed Effects of Neonatal Radiation Exposure on Adult
MLN Response to Influenza

Although neonatal TBI did not appear to have affected the
overall level of protection against influenza in the irradiated
2-month-old mice, we evaluated the functional induction of
adaptive immunity in MLN. Although the numbers of
CD3*CD8*NP* T cells were decreased in the irradiated
animals relative to age-matched controls, this did not reach
the level of significance (Fig. 11A); however, there was a
significant reduction in the numbers of CD3"CD4*NP* T
cells (P =0.0031; Fig. 11B), Treg (Foxp3*; P =0.002; Fig.
11C) and TFH (P = 0.0001; Fig. 11D) on day 10 after
infection in MLN from irradiated 2-month-old mice, the
peak day of response in the control animals. Nonetheless,
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FIG. 5. SLO structure was assessed in neonate mice 7 days postirradiation (frozen sections stained with
fluorescent antibodies). Representative 200X pictures for PNAd* HEV (red), Lyve-1* lymphatics (green) and
CDl11c" dendritic cells (white) in mediastinal lymph nodes [MLN; panel A (sham irradiated) and panel D (5 Gy
TBI)], inguinal lymph nodes [ILN; panel B (sham irradiated) and panel E (5 Gy TBI)] and mesenteric lymph
nodes [MeLN; panel C (sham irradiated) and panel F (5 Gy TBI)] are shown. Yellow arrows identify PNAd"

HEV.

despite the simultaneous significant reductions in TFH and
influenza-specific IgG antibodies (P = 0.01; Fig. 11D and
F), the production of germinal center B cells
(CD197CD95"PNA™) did not appear to have been affected
by the earlier irradiation (Fig. 11E). Interestingly, we did
not find any differences in the generation of NP* T cells,
TFH, Treg or GCB in MLN among infected 6-month-old
irradiated and age-matched control animals (data not
shown).

Finally, to determine whether the early structural changes
seen in HEV and B-cell follicles of neonatally irradiated
mice were still evident in adult life, we assessed the
dimensions of HEV before and after challenge with
influenza virus. HEV were significantly smaller in MLN
from irradiated 2-month-old mice relative to controls both
before and after infection (Fig. 12A). In addition, we
detected a significant reduction in the size of the germinal
centers in spleens of irradiated mice relative to controls
(assessed on day 14 after infection) whether infected at 2 or
6 months of age (Fig. 12B).

DISCUSSION

We believe that the results from this study provide unique
evidence that neonatal TBI not only has an early effect on
the cellular composition and structure of SLO, but is also
associated with a long-term and progressive detrimental
impact on the induction of B-cell and CD4* T-cell
responses in the SLO of adult mice, which affect the
animals’ ability to respond to an infection challenge from
the influenza virus. For example, we demonstrate the loss of
dendritic cells early postirradiation; these hematopoietic
cells are critical for the generation and differentiation of
antigen-specific T cells, including TFH, that participate
actively in the germinal center reaction against foreign
pathogens (29). In addition, recent evidence indicates that
DC are essential for the formation and growth of HEV (/5,
30), which are the portals for entry of naive T cells into
SLO. B cells also are important in the generation of FDC
and for vascular cell growth in immune-reactive lymph
nodes (10, 31-33). Therefore, the early damage inflicted by
radiation exposure on the neonatal DC and B-cell
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populations, indicated by the presence of relatively small
HEV and the absence of FDC in the irradiated neonatal
SLO, suggests the potential for such an injury to affect the
long-term DC capacity to induce the generation/expansion
of HEV and to prime T cells. Chronic structural and
functional alterations would be reflected in impaired
recruitment and priming of naive T cells in SLO and,
indeed, long-term dysfunction of both DC and B-cell
populations was evidenced by an impairment in CD4* T-
cell priming, TFH differentiation and GC formation in the
SLO of the adult mice after neonatal irradiation (Figs. 9—
11).

Much of the early (day 7 postirradiation) results shown
should not be considered novel or surprising given the
broad acceptance that bone marrow-derived cell popula-
tions, in particular B cells, are highly radiation sensitive,
even after relatively low sublethal doses (34, 35). Therefore,
the demonstration of a significant early loss of neonatal B
cells and the absence of FDC in the spleens of mice exposed
to TBI is consistent with this dogma. However, since FDC
are the main source of CXCL13 in SLO (36), we were
somewhat surprised to detect CXCL13 expression in MLN
from irradiated neonate mice that apparently lacked
CD21-CD35* FDC. It is therefore likely that, in the
immediate absence of FDC, surviving LTi may be
stimulating CXCL13 expression through the slower re-
sponding, putatively more radioresistant, CD45~ stromal
cells, which were observed as having increased in number

after irradiation (Fig. 1B). Interestingly, we found that TBI
caused a pronounced, but differential, reduction in neonatal
CD4* T cells, with a 50-fold reduction in the spleen
compared to a more moderate reduction (fourfold) observed
in MLN (Fig. 1E compared to Fig. 2B). This finding
suggests that local niches and cell-cell interactions in
different SLO may affect the radiation outcome of resident
cells and, as a result, influence the downstream fate of
stromal cell populations. For example, the depletion of
neonatal B cells from the spleens of irradiated neonate mice
was associated with the apparent complete loss of FDC in
that organ at 7 days postirradiation (Fig. 4D—F). In addition,
the significant depletion of lymphocytes from both neonatal
spleen and MLN suggests that perhaps both hematopoiesis
and recruitment of lymphocytes were affected in SLO (37).
In contrast, the presence of surviving LTo,[,-expressing
DC in the MLN of irradiated mice over the same time
period (data not shown) resulted in structural changes in the
HEV, but not their elimination, suggesting some degree of
niche protection.

With respect to the potentially chronic changes that may
affect the downstream response to infection, NP-specific
CD8* T cells play a dominant role in protection against
influenza viruses during primary infection (38). Although
the accumulation of CD8*NP" T cells in the infected lungs
of mice at 2 months postirradiation appeared to be at normal
levels (Fig. 9), we nonetheless demonstrated that CD4+ T
cell priming and generation of TFH and Treg were impaired
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in MLN at that same time (Fig. 11B-D). Since previous
studies have suggested that radiation affects the capacity of
DC to prime T cells (34), the observed defective CD4* T-
cell priming and TFH differentiation in our mouse model
may be associated with the presence of dysfunctional DC at
2 months postirradiation. Although we did not directly
determine functionality of DC at the later time points, other
investigators have shown that gamma radiation impairs DC
migration toward CCL19 produced in SLO (37), a finding
that is consistent with our early observations of a significant

reduction in CD11c* DC in MLN of irradiated neonate
mice. Since DC are critical in HEV differentiation and
expansion, it is likely that the observed structural changes in
HEV seen in systemically distributed lymph nodes of
neonatally irradiated mice (Fig. SD-F) may contribute to
poor recruitment of naive T cells, indirectly having a
negative impact on CD4* T-cell priming.

Although TFH numbers were reduced in MLN of 2-
month-old mice exposed to TBI as neonates, we detected
similar numbers of GCB cells compared to age-matched
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controls. Recently, it has been shown that TFH are able to
migrate to multiple GC to support B-cell differentiation and
antibody production (32), thus, it is likely that the surviving
TFH seen in MLN of irradiated 2-month-old mice were
sufficient to induce differentiation of naive B cells into
GCB. For comparison purposes, human Tregs have also
been shown to be sensitive to low doses of radiation (39)
and migrate inside GC (40). Thus, based on the reduction of
Tregs seen in MLN from irradiated 2-month-old mice
during influenza infection, we might expect that modulation
of the GC response by Tregs will be compromised in these
mice. In addition, increased production of CXCL13 in the
MLN of the irradiated animals will promote competition
between niches in the GC among CXCRS-expressing cells
(13, 41), compromising TFH differentiation. Nevertheless,
the current results suggest that the number of surviving TFH
was sufficient to support the induction of normal humoral
responses against influenza viruses, at least at the 2- and 6-
month time points after irradiation. However, our earlier
data indicate that this may not be true in the long term (>9
months postirradiation; Table 1) (9).

Importantly, neonatal TBI had a chronic and detrimental
impact on GC formation in the spleens of mice challenged
with influenza virus at 2 and 6 months postirradiation (Fig.
12B). As a result of the significant reduction in splenic
CD4" T cells seen after neonatal TBI, it is likely that
repopulation led to intrinsic defects in CD4* T cells
associated with defective TFH differentiation, affecting
GC responses in the adult spleen and impairing the
production of high-affinity antibodies. Interestingly, it is
the CD8* T cells that play a dominant role in the induction
of protective immunity during a primary influenza infection
(42), providing an explanation for the infection control seen
in the previously irradiated mice. Therefore, we hypothesize
that neonatal radiation exposure will affect the induction of
protective humoral immunity after infections from extra-
cellular pathogens and will be seen in experimental systems
that allow the measurement of antibody affinity.

With respect to radiation-induced changes in cell
signaling, IFN-y-induced chemokines have been shown to
play a key role in the defense of the respiratory tract (24-26)
so that their early increased expression levels (Fig. 7),
together with the enhanced expression of homeostatic
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chemokines (CCL19, CXCL13) in MLN (Fig. 8) of
neonatally irradiated mice also likely contributed at first to
recovery from influenza infection in adult life; the increased
expression above that of the age-matched controls likely
represents a compensatory mechanism, as suggested earlier.
This is consistent with previous studies showing the
relevance of CXCL13 and IFN-y-induced chemokines in
the rapid attraction of CXCRS5*" and CXCR3" effector
lymphocytes to infected lungs, accelerating pathogen
clearance and minimizing lung pathology (25, 26).
Interestingly, the increased expression levels of fibronectin
and collagen I seen in the lungs from irradiated 2-month-old
mice (Fig. 7) suggest a possible early initiation of fibrosis
(43). This time lapse is consistent with the period of time (8
weeks after TBI) required for the induction of small patches
of fibrosis in lungs of C57L/J mice exposed to a single dose
of thoracic radiation (44), but is much quicker than the
normal rate of progression seen in C57BL/6 mice (45) and
was induced at dose levels well below the putative
thresholds for pulmonary late effects in either of these
strains. The return to baseline expression levels in the
irradiated 6-month-old mice confirms the lack of progres-
sion to lung fibrosis, however, it is currently unclear what
role, if any, these characteristic profibrotic signals may play
in the impairment of pulmonary immunity in neonatally
irradiated mice. What may be of interest is the potential for
their involvement in accelerated radiation-induced senes-
cence, a subject of increasing interest due to its possible role
in both tumor and normal tissue response to radiation (46).
Furthermore, above and beyond their role in mechanism, the
altered profiles and temporal expression patterns of these
signals may find utility as indicators (biomarkers) of
ongoing dysfunction and indicate preferential time points
for mitigation or, in this case, perhaps the need for
additional vaccination strategies.

To the best of our knowledge, we are the first to provide
evidence of the detrimental impact of exposure to gamma
radiation on the structure and function of SLO, contrasting
with the vast literature in the radiation field that has been
focused on the study of the hematopoietic cell compart-
ment in the peripheral blood. Overall, our results reveal the
potential for unexpected subclinical impairment in CD4"*
T-cell priming, TFH differentiation and GC formation in
SLO from mice exposed to sublethal TBI during the
neonatal period, leading to a progressive inability to
adequately respond to an influenza infection. However,
more studies will be required to determine if this increased
susceptibility extends to other respiratory and even non-
pulmonary extracellular pathogens in young mice exposed
to sublethal radiation, as well as the impact of TBI on the
induction of protective humoral immunity against pulmo-
nary pathogens that are eliminated by antibodies. From a
clinical perspective, our data suggest that TBI of pediatric
BMT patients may induce permanent damage in SLO,
increasing their susceptibility to pulmonary infections
whose clearance depends on antibody production and an

intact spleen function. Our results encourage close
monitoring of immune function in survivors of childhood
BMT to define early treatment windows for appropriate
immune intervention.
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