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Summary

Early changes after radiation exposure may serve as predictors as well as targets for alleviation
of radiation-induced injury in the lung. The aim of our study was to examine alterations on the cell and tissue
levels in the lung and blood changes of immunological and cytokines profiles induced by ionizing radiation
(IR) during the first month after irradiation in the mice experimental model. Female C57BL/6 mice were
total body irradiated (TBI) by 8 Gy. Lung tissue samples and blood and were collected 4, 8 and 24 h, 7, 21
and 30 d after TBI. We measured absolute cell counts, cell populations and cytokines profile in the blood
and evaluated histopathological analysis in the lung, immunophenotypization of the main lung cell populations
and cytokine profiles. In blood, the acute radiation syndrome developed with recovery being observed
at 21-30 d, observed by hematological markers. In the lung tissue, a biphasic response occurred. At first,
a significant decreased of lymphocytes, resident tissues macrophages and air/tissue ratio associated with
increased neutrophils was observed at 8 — 24 h. Subsequently, increase in infiltrating CD4+ T-lymphocytes,
neutrophils and resident tissues macrophages and decreased airiness were measured 21 and 30 d after TBI.
In summary, our study describes the mechanisms that lung tissue enables to cope with non-lethal injury.

Key words: ionizing radiation, radiation induced lung damage, radiation pneumonitis; latent phase;
lymphocytes, cytokines.

BACKGROUND

Some of the worst health-related consequences from radiation events, are from nuclear power plant accidents
or nuclear weapon misuse, have brought an increased attention towards the solution of future threats. On the other
hand, the use of ionizing radiation (IR) in the medical or industrial fields has become a common occurrence.
Therefore, the field of radiobiology has been developed to address any concern arising from its daily use (1).
One of the major goals of radiobiology is to gather and understand the information regarding the development
of acute and chronic effects of ionizing radiation exposure. The advances made in clinical case studies showed
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that the acute or chronic effects of irradiation can only be explained by a new concept of radiation-induced multi-
organ failure (RI-MOF) (2). This concept is supported by the bystander effect, which acts as a “bridge” between
the initial acute radiation damage leading to delayed tissue effects (3). The observed outcome in survivors from
nuclear events revealed the seriousness of respiratory tract damage, which is exacerbated after the initial
manifestation of acute radiation syndrome (4). The lungs are extremely sensitive structures due their complexity
and its enriched capillary network, in which >40 different cell types can be identified. Therefore, radiation-induced
lung injury (RIPI) typically resolves during the early stages of radiation toxicity (5).

RIPI is typically manifested in two distinct patterns radiation pneumonitis (RP), an early inflammatory phase,
and radiation fibrosis (RF), the late chronic phase. Thus, RIPI is a dose-limiting factor for thorax and total body
irradiation (TBI) (6). Regardless, thoracic irradiation is performed frequently, especially in cases of lung, breast,
mediastinal, and certain rare forms of heart cancer (7). However, these treatments may result in the absorption
of ionizing radiation by the surrounding healthy tissue and induce lung toxicity. Concerning TBI, its highest risk
comes not from clinical practice but from nuclear events, although it is common procedure before the transplant
of allogeneic peripheral blood stem cells in patients with hematologic malignancies (8).

Several RIPI studies suggest a temporal sequence of events, starting with an early “latent” period that may
progress into acute RP and/or chronic radiation RF. Therefore, understanding the mechanisms regulating this process
is critical in the development of effective radioprotective strategies against RIPI. Moreover, the only interval
for effective treatment is found during the latent and acute phases, as the fibrotic lung damage phase results
in irreversible and fatal tissue remodeling. The inherent complexity of radiation lung toxicity suggests that blocking
or influencing the entire process requires a more comprehensive approach than just targeting one molecular pathway
(9) and, so far, only the latent phase interval appears promising in the modulation of RIPI.

The aim of our study was to establish a time course for the cellular and tissue changes in lung after TBI (8 Gy).
This dose is just under the lethal dose (LDs,;,) for C57B1/6 mice; therefore, a higher dose is impossible due to TBI
lethality. In this regard, Johnson et al. (10) indicated that a TBI sub-threshold (0.5 - 10 Gy) significantly increases
cytokine expression and that this disbalance is critical for the development of acute and chronic tissue reactions.
This study postulates that lung damage as the major component of TBI, resolved from systemic damage due
to the impairment of the immune and inflammatory response. Thus, our study enables the exploration of the early
cellular and tissue response in the lung after sub-threshold TBI.

MATERIAL AND METHODS
Experimental animals and irradiation

Female C57B1/6 mice (Velaz, Unetice, Czech Republic) aged 12 — 16 weeks and weighing 20 — 25 g were kept
in controlled conditions (22 + 2 °C, air humidity 50 + 10%) with a 12 h day cycle, fed with standard ST-1 feed and
provided with tap water ad libitum. All procedures performed on animals had been approved by the ethics committee
of the Faculty of Military Health Sciences in Hradec Kralove. At the beginning of the experiment, the mice were
randomly assigned into groups (10 mice per the group).

For irradiation procedure, the animals were kept in a Plexiglas box (VLA JEP, Hradec Kralove, Czech Republic)
and totally irradiated with the dose of 8 Gy using a ®Co unit (Chisotron, 1 m distance, dose rate 0.37 Gy/min;
Chirana, Prague, Czech Republic). The control group was not irradiated.

Tissue isolation

Mice were euthanized by overdoes of inhalant anesthetics 4, 8 and 24 h, 7, 21 and 30 d after irradiation. Samples
from lung and peripheral blood were collected from individual mice. Blood was collected into tubes without
anticoagulant (BD Bioscience, Franklin Lakes, NJ, USA) for sera extraction to assess cytokine levels and into
heparinized tubes (BD Bioscience) for determination of blood counts and cell populations. The left pulmonary lobe
was clamped and taken for histological analyses, while the right lobe of the lung was infused by phosphate buffered
saline (PBS; Sigma-Aldrich, St. Louis, MI, USA) to wash off peripheral blood and then divided into two parts,
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which were weighed and further processed for flow cytometry and cytokine analysis. Part of harvested tissue
intended for cytokine profiling was immediately frozen and stored at —80 °C until next processing.

Analysis of cytokine expression

The cytokine profile was determined from the blood sera and the supernatant from lung tissue. Sera were
obtained from collected blood. After collection, the whole blood was allow clotting by leaving it undisturbed at room
temperature for 45 min and centrifuged. The samples were aliquoted and stored at —80 °C until next processing.
Lung tissue supernatants were prepared by lysis of tissue in lysis buffer (Cell Signaling Technology, Danvers, MA,
USA) containing protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany). After 1h incubation,
samples were sonicated and centrifuged. The supernatants were collected, aliquoted, and store at —80 °C until next
processing.

The cytokine profile in sera and tissue supernatants were determined using the commercially available BD™
Cytometric Bead Array Mouse Inflammation Kit (BD Bioscience). The detection was performed on a FACSAria 11
cell sorter (BD Bioscience). The kit contains polystyrene beads coated with capture antibodies specific for individual
cytokines (IL-6, IL-10, IL-12p70, INFy, TNFa, and MCP-1). The prepared samples were processed according
to the user’s manual supplied by the producer.

Peripheral blood analysis

The heparinized blood was divided into two parts. A volume of 150 uL was designated for blood counts. Blood
counts were measured by ABX Pentra 60 C+ haemoanalyzer (Horiba, Kyoto, Japan). The remainder of the blood
(approximately 200 — 300 pL) was lysed using EasyLyse™ (Dako, Glostrup, Denmark) and the cell suspension
(5 x 10° cells) was marked with a panel of directly labelled monoclonal antibodies for evaluating changes in main
lymphocytic populations (T-lymphocytes: anti-mouse directly labelled monoclonal antibodies CD3e — FITC,
T-lymphocyte subpopulations, including T cytotoxic [Tc] cells: CD8 — PECy7 and T helper [Th] cells: CD4 —BV421,
B lymphocytes: CD19 — PE, and natural killer cells [NK cells]: NK1.1 —APC). All antibodies used in this experiment
were purchased from BD Bioscience or BioLegend (San Diego, CA, USA).

Lung tissue analysis

Pulmonary tissue was designated for monitoring changes in cell populations and was enzymatically digested
in Iscove’s Modified Dulbecco’s Medium (2 mg/mL collagenase + 50 U/mL DNase) at 37 °C for 60 min.
After digestion, cells were filtered through the strainer (100 um) to remove tissue debris. The obtained single cell
suspensions were subsequently centrifuged, counted in hemocytometer chamber after dilution with Turk’s solution
(2 % acetic acid) and resolved in PBS for next analysis. The acquired cell suspension was subsequently marked
with 2 cocktails of directly labelled monoclonal antibodies. The first cocktail was designed for main lymphocyte
populations and subpopulations (the common leukocyte marker CD45 — APC Fire 750 and the same antibodies
for lymphocytes subpopulations were used as for blood samples). The second mix included monoclonal antibodies
for determination of against myeloid cells (monocytes: Ly6C — FITC, macrophages: F4/80 — PE, neutrophilic
granulocytes: Ly-6G — PECy7, alveolar macrophages and dendritic cells: CD11c —BV421, myeloid marker: CD11b
—BV510, and CD45 — APC Fire 750). All antibodies used in this experiment were purchased from BD Bioscience
or BioLegend.

The lung samples determined for histological examination were fixed with 10% neutral buffered formalin
(Paramix, Holice, Czech Republic), embedded into paraffin and 5 pm thick tissue sections were cut (microtome
model no. SM2000 R; Leica Microsystems, Heidelberg, Germany). Staining with hematoxylin and eosin (H&E;
Merck, Kenilworth, NJ, USA) and histochemical detection of naphthol AS-D chloroacetate (Sigma-Aldrich)
positive cells were performed. Air/tissue ratio and cell infiltration were measured by BX-51 microscope equipped
with DP-72 camera (both from Olympus, Tokyo, Japan). Air/tissue ratio were evaluated in ten randomly
selected viewing fields (excluding bronchi and large vessels) and percent of microscopic fields were calculated
by using the Image-Pro 5.1 computer image analysis system (Media Cybernetics Inc., Bethesda, MD, USA)
at 200x magnification.
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Statistics

Data represent mean =+ standard deviation (SD) calculated from ten mice in each group. Statistical analysis was
performed using Kruskal-Wallis and post hoc Mann-Whitney tests by IBM SPSS statistics version 24 (IBM,
Armonk, NY, USA). Differences were considered significant when p <0.05.

RESULTS
Cytokine profiles in blood and lung tissue

Cytokine profiles were determined in blood sera and supernatants from lung tissue. Of all the detected cytokines,
only two reached statistically significant differences when compared with control, including IL-6 (Fig. 1A)

and MCP-1 (Fig. 1B). IL-6 was significantly higher in both (sera and lung tissues) at 8 h and then only in sera at 7
and 21 d after irradiation. MCP-1 reached significantly increased levels in both samples at 4 h and 7—21 d after TBI.
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Figure 1. Evaluation of cytokine concentrations in blood sera and lung tissues in different time intervals after 8 Gy TBI.
A.) Profile of IL-6. B.) Profile of MCP-1. Statistically significant when compared to the control (Ctrl) *p < 0.05 group

Blood counts

Blood count changes induced by IR are depicted in Fig. 2A. Lymphocytes significantly decreased 4 h —21 d
after TBI. Monocytes showed a significant decrease at 24 h — 7 d, whereas their numbers significantly increased
21 and 30 d after TBI. Neutrophils showed significant decline at 7 and 21 d after TBI.

Immunophenotyping of leukocyte populations

IR caused changes in leukocyte populations in peripheral blood and lung tissue, especially in lymphocyte
populations (Fig. 2B and Fig. 3A, respectively). B-lymphocytes significantly decreased at 4 h — 30 d after TBI.
By contrast, T-lymphocytes and NK cells significantly increased in blood 8 h after TBI and then decreased
at 24 h — 21 d and 7 — 21 d, respectively. Proportion of individual T-lymphocyte subpopulations (Tc and Th)
did not alter during the experiment (data not shown). In the 30 d time-point, all lymphocyte populations started
to recover.

In the lung tissues (Fig. 3A), total leukocytes significantly decreased 4 h — 7 d after TBI. Individual leukocyte
populations varied with time. Lymphocytes were significantly lower than control in 4 h — 21 d interval, whereas
their numbers increased at 30 d, which was mainly due to the infiltration of lung tissue by CD4+ Th cells (data not
shown). Alveolar macrophages (AM) were characterized by high expression of CD11c and F4/80, but lack CD11b
expression what differed them from dendritic cells and interstitial macrophages. AM significantly decreased 4 h—7 d
after TBI. Similarly to lymphocytes, their numbers increased at 30 d. Finally, neutrophils significantly decreased
in the 7 d time-point, whereas their infiltration of lung tissue increased 21 — 30 d after TBI.
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Figure 2. Peripheral blood analyses in different time intervals after 8 Gy TBI. A.) Blood counts. Determination of absolute
numbers of lymphocytes (LYM), monocytes (MONO) and neutrophils (NEU). B.) Immunophenotypization of lymphocytes
in the blood. Absolute numbers of individual lymphocyte populations: B-lymphocytes (B-lym), T-lymphocytes (T-lym)
and natural killer cells (NK cells) Statistically significant when compared to the control (Ctrl): *p < 0.05

Histological analysis of lung tissues

Results of histological analysis are depicted in Fig. 3. Air/tissue ratio significantly decreased (Fig. 3B), while
neutrophil infiltration significantly increased (Fig. 3C) 8 — 24 h and 21 — 30 d after TBIL.

DISCUSSION

Exposure to low IR doses from the environment or clinical sources has become the standard of our life.
The Atomic Era began in the 50’s, when the first nuclear bomb was detonated. Since then, “the fear of radiation”
has risen up with increased warnings of nuclear accidents, sabotage or even terrorism. In the case of large-scale
radiation events, military services have a critical role in the emergency response. Unexpected TBI in human beings
and the systematic response to IR is highly relevant in nuclear events or accidents with lethal or near-lethal TBI.
The key task during radiation events is the triage of victims. For military and non-military institutions the need
to recognize and evaluate the health hazards of radiation are compiled in the system Medical Treatment Protocols
for Radiation Accident (METREPOL) (11). This system has been extensively revised due to new RI-MOF concepts
after radiation exposure (12). Current research in the field of radiation injuries need to understand the pathophysiology
and to identify the prognostic parameters for organic and systemic damage. Further development of diagnostic
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Figure 3. Lung tissue analyses in different time intervals after 8 Gy TBI. A.) Immunophenotypization of leukocytes
in the lung tissue. Evaluating changes in relative numbers of leukocyte (CD45+) populations: lymphocytes (LYM), alveolar
macrophages (CD11c¢*, F4/80%), and neutrophilic granulocytes (NEU). B.) Determination of lung tissue airiness by hematoxylin
and eosin staining. C.) Histological and histopathologic analyses of lung tissue. Representative images of hematoxylin and eosin
staining and naphthol AS-D chloroacetate histochemical staining of neutrophils. Circles indicate neutrophil presence. Statistically
significant when compared to the control (Ctrl): *p <0.05
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and therapeutic strategies and their assessment in practice require experimental studies to estimate the current
METREPOL triage system. Because of the extremely limited numbers of studies from radiological victims, animal
models have been more suitable for the development of diagnostic and therapeutic standards. Although it is difficult
to extrapolate lung-specific changes, our model may help to understand the alterations in lung tissue in the context
of TBI, which significantly worsens prognosis. In our study, we focused on mapping the early changes in blood
and lung tissue after TBI with a dose of 8 Gy. In the C57/BL model this dose is close to the LDy ;, of the animals
and, based on the available literature, it is a suitable model to simulate the organ failure sequence observed during
RI-MOF (13).

Several factors have a demonstrated influence in the severity of radiation injuries; among these, cytokine level
has been identified as a critical component for late effect progression in the lung tissue (14). An inflammatory
reaction is fundamental after radiation exposure and is presumed to play a pivotal role in the development of both
acute and delayed radiation responses in many tissues. RIPI begins with a non-specific “cytokine storm” as a result
of the immune response upholding the homeostasis and the damaged cells in the irradiated microenvironment (15).

Initially, we observed that the most radiosensitive cells, B-lymphocytes, significantly decreased in number
at 4 h after TBI in both tissues, which was accompanied with increased MCP-1 concentration. MCP-1 is produced
by a variety of cells, such as macrophages and fibroblasts (16). After irradiation, its expression can be upregulated
via NF-kB signaling (17). MCP-1 functions as a chemoattractant for monocytes, T-lymphocytes, NK cells,
and neutrophils into the place of inflammation or injury (18). In our model, MCP-1 may have stimulated the release
of Th and NK cells into the bloodstream and their subsequent transition into lung tissue at 8 h (although it was
non-significant in the case of Th lymphocytes). Further, it could have simultaneously supported the migration
of neutrophils. An Influx of these cells into the lungs affects the integrity of the alveolar-capillary complex, which
was demonstrated by decreased air/tissue ratio within an 8 — 24 h interval. IL-6 was also significantly altered during
the initial phase. IL-6 is a reactant of the acute phase and a pro-inflammatory cytokine produced by macrophages,
neutrophils, hepatocytes, and T-lymphocytes (14). Interestingly, IL-6 production was delayed when compared
with MCP-1 and its concentration in blood exceeded its level in the pulmonary tissue, indicating that its source
may have been located elsewhere than in the lungs. Increased permeability of a lung alveolar — capillary membrane
could also have caused its passive filtration. At 24 h, both MCP-1 and IL-6 returned to baseline levels, which may
reflect the progression of DNA repair (19,20).

Thereafter, significant leukopenia was developed in the peripheral blood and lung tissue due to acute hematopoietic
radiation syndrome at 7 d. The lack of immune cells most likely stimulates MCP-1 and IL-6 production, which may
contribute to bone marrow recovery (21,22).

However, from day 21 we can observe a different radiation damage course in the lung tissue compared
to the peripheral blood. In our model, the recovery of immune cells was noticed 21 d after TBI, suggesting the influx
of cells into the lung thus impairing the airiness of the tissue. On the other hand, MCP-1 and IL-6 decreased at 30 d.
Sub-threshold injury seems to suppress the pro-inflammatory response in the lung tissue in order to achieve
homeostasis. In contrast, when the lung tissue was irradiated with lethal doses the cytokine production it was intensified
after 30 d in some studies (23,24). Therefore, the inhibition of MCP-1 and IL-6 signaling soon after the recovery
phase may contribute to the mitigation of RIPI.

From 21 d, a significant increment in the relative proportion of lymphocytes and neutrophils was observed,
reaching maximum on day 30. In this interval, an increased number of already monitored populations were observed.
A more detailed analysis of the lymphocyte population revealed that this change is due to the predominance
of T-lymphocytes (data not shown). The population of Th-lymphocytes was dominant, as opposed to peripheral
blood when both populations recovered similarly. The infiltration of Th-lymphocytes and neutrophils into the lung
tissue is one of the characteristic manifestations of the latent phase of RIPI. During this phase, only structural
and histopathological changes at the cellular and molecular level can be observed directly in the tissue, although
the patient does not present any clinical manifestations. It has been shown that the course and intensity of events
in this phase determine the establishment of the whole RIPI process in the tissue. The specific events that occur are
mainly radiation-induced loss of type I pneumocytes, ultrastructural changes of lamellar bodies of type II
pneumocytes and significant changes in the endothelium of vascular capillaries. The functional subunit of the lung
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is the alveolar-capillary barrier which is also the most sensitive subunit to IR. Due to alveolar-capillary barrier
damage, an increased number of alveolar macrophages and peripheral immune cells in the lung tissue and swelling
of the interstitial space, leading to acute inflammation — radiation pneumonitis (25-27).

Supported by our results, we conclude that lung injury occurring after TBI close to lethal dose manifested
differently than the response in experimental models primary intended for RIPI research. RIPI delay manifestation
is characteristic for TBI models, with initial molecular and cellular patterns observed as early as 4 — 8 h after
irradiation and secondary specific to latent phase manifestation in the lung tissue after 21 — 30 d post irradiation.
Consistent results were reported by Johnston et al. (10), but their study did not find any correlation between early
increments in cytokines after TBI with doses of 0.5 — 5 Gy and chronic pathological changes. However, a study
by Unthank et al. (28) confirmed the significant presence of RF in the lung after 19 months post-TBI with 8.5 — 8.7 Gy.
This study also demonstrated significant fibrosis in the heart and kidneys, which may reflect the mechanisms
of RI-MOF. The alternations observed in lung tissue demonstrated by current reports introduce the possibility
for the modulation of delayed radiation-induced injuries after a sub-lethal TBI dose. Nevertheless, deeper research
is needed for the comprehensive understanding of the pathophysiology of RI-MOF and the assignment of improved
strategies and protocols not only for nuclear event casualties but for patients of radiation therapy.

In summary, this study demonstrates that the early post-irradiation response at sublethal doses causes significant
changes in the lungs; further, it demonstrates that the lungs are radioresistant when compared to the hematopoietic
system. The great advantage of our study is that provided the connection between the tissue changes, hematological
parameters, population characteristics of lung lymphocytes, and the study of cytokine kinetics. Important findings
from our study show a detailed representation of molecular and cellular alternation inducing near-lethal TBI
and the subsequent radiation lung toxicities. The demonstrated lung injury during the early stages after TBI was
identical with typical molecular and cellular responses described for latent phase of radiation pneumonitis. The lack
of data on the sub-threshold lung injury and clear understanding of the mechanisms underlying radiation damage
are the reasons why radiation toxicity represents a serious complication. Therapeutic intervention during the early
stages after irradiation may reverse the subsequent tissue changes and thus late radiation toxicity.
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