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The ectonucleoside triphosphate diphosphohydrolase (CD39)/5" ectonuclotidase
(CD73)-dependent purinergic pathway emerges as promising cancer target. Yet,
except for own previous work revealing a pathogenic role of CD73 and adenosine in
radiation-induced lung fibrosis, the role of purinergic signaling for radiotherapy outcome
remained elusive. Here we used C57BL/6 wild-type (WT), CD39 knockout (CD39~/~),
and CD73 knockout (CD73~/~) mice and hind-leg tumors of syngeneic murine Lewis
lung carcinoma cells (LLC1) to elucidate how host purinergic signaling shapes the growth
of LLC1 tumors to a single high-dose irradiation with 10 Gy in vivo. In complementary
in vitro experiments, we examined the radiation response of LLC1 cells in combination
with exogenously added ATP or adenosine, the proinflammatory and anti-inflammatory
arms of purinergic signaling. Finally, we analyzed the impact of genetic loss of CD39 on
pathophysiologic lung changes associated with lung fibrosis induced by a single-dose
whole-thorax irradiation (WTI) with 15Gy. Loss of CD73 in the tumor host did neither
significantly affect tumor growth nor the radiation response of the CD39/CD73-negative
LLC1 tumors. In contrast, LLC1 tumors exhibited a tendency to grow faster in CD39~/~
mice compared to WT mice. Even more important, tumors grown in the CD39-deficient
background displayed a significantly reduced tumor growth delay upon irradiation when
compared to irradiated tumors grown on WT mice. CD39 deficiency caused only subtle
differences in the immune compartment of irradiated LLC1 tumors compared to WT mice.
Instead, we could associate the tumor growth and radioresistance-promoting effects of
host CD39 deficiency to alterations in the tumor endothelial compartment. Importantly,
genetic deficiency of CD39 also augmented the expression level of fibrosis-associated
osteopontin in irradiated normal lungs and exacerbated radiation-induced lung fibrosis
at 25 weeks after irradiation. We conclude that genetic loss of host CD39 alters the
tumor microenvironment, particularly the tumor microvasculature, and thereby promotes
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FIGURE 4 | (A-F) Host CD39 deficiency causes only subtle changes in radiation-induced tumor immune cell infiltration. LLC1 tumor cells (0.5 x 108 cells each) were
subcutaneously transplanted onto the hindlimb of C57BL/6 wild-type (white/black) CD73-knockout (CD73~/~; green, triangles) and CD39-knockout mice (CD39~/~;
orange circles) mice. Hind-leg single-dose irradiation with 0 or 10 Gy was conducted at the timepoint of tumor manifestation. Three days after irradiation, tumors were
dissected, and single-cell suspensions were generated. Tumor-infiltrating leukocytes were analyzed via flow cytometry. Shown in bar diagrams are the percentages of
diverse immune cell populations. Shown are means + SEM, *P < 0.05, **P < 0.01, **P < 0.001, analyzed by one-way ANOVA followed by a post hoc Tukey test,

n = (13/14) (C57BL/6), (9/9) (CD73~/), (10/9) (CD39~/").

on CD397/~ mice. However, because the basal infiltration
of CD45% immune cells was significantly higher when LLC1
tumors grew on CD397/~ mice when compared to WT
mice, we assumed that the subtle differences in the observed
immunological parameters upon irradiation might have potential
tumor promoting effects, because infiltrating myeloid cells are the
majority of immune cells.

To elucidate if the non-canonical adenosinergic pathway
might have an impact on a radiation-induced tumor response and
immunomodulation, we analyzed the expression of CD38 and
CD203a/PC-1 in LLC1 tumors grown on WT, CD397~/~,
and CD737/~ mice. As shown in Supplementary Figure 2A,

quantitative reverse transcriptase (QRT)-PCR analysis revealed
a CD38 mRNA expression in LLCI cells that further increased
after irradiation. However, we could not detect any CD203a
mRNA expression in LLCI cells before and after irradiation.
We further performed IHC staining from paraffin-embedded
tumor tissue sections from LLC1 hind-leg tumors grown on WT
mice for CD38 and CD203a protein expression. Surprisingly as
shown in Supplementary Figure 2B, LLC1 tumors itself did not
express CD38 or CD203a protein, nor were there any obvious
CD38/CD203a positive immune or stroma cells. Moreover,
irradiation did not alter the expression, nor did the different
tumor hosts (WT, CD39~/~, and CD73~/~) have an effect on
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the expression of both receptors (data not shown). Our anti-
CD38 staining from the liver tissue as positive control revealed
the specificity of this antibody (Supplementary Figure 2B, right
panel). Identical results were obtained from LLC1 tumors
grown on CD39~/~ and CD73/~ mice (data not shown).
Nevertheless, because our data clearly demonstrate that CD203a
is not expressed on gene and protein level, we hypothesize that
independent of a potential CD38 expression, the adenosinergic
non-canonical pathway cannot function in the tumor to produce
AMP to fuel CD73.

Host CD39 Deficiency Caused a Reduced
Regressive Phenotype of Irradiated Tumors

Because CD39 is also important to the function of stromal cells,
e.g., fibroblasts, mesenchymal stem cells, and vascular cells, we
aimed to explore a potential contribution of an altered function of
stromal cells in CD39~/~ mice to the observed differences in the
radiation response of tumors grown CD39~/~ mice vs. WT and

CD73~/~ mice. Therefore, we performed a detailed histological
analysis of the respective tumor sections using H&E and MT
staining (Figure 5).

All control (0 Gy) tumors isolated from the different mouse
strains were generally characterized by a densely packed epithelial
cell structure, and no obvious histological differences could
be detected between tumors grown on WT, CD737/~, or
CD39~/~ mice (Figure 5A, upper panels). As expected, exposure
to ionizing radiation (IR) induced regressive tissue alterations,
as visualized by the reduced packaging of tumor cells, increased
areas of necrosis and of connective tissue structures, and
an altered morphology of the cell nuclei (violet staining),
respectively (Figure 5A, lower panels). Of note, while tumors
from WT mice and CD73~/~ mice seemed to be similarly
affected following IR, less regression and thus more remaining
tumor cells became visible in tumors grown on CD397/~
background, indicating a reduced degree of tissue damage
(Figure 5A, right panel). Additional Masson trichrome (MT)

FIGURE 5 | Host CD39 deficiency causes a reduced regressive phenotype of irradiated tumors. LC1 tumor cells (0.5 x 108 cells each) were subcutaneously
transplanted onto the hindlimb of C57BL/6 wild-type and CD39- and CD73-deficient [knockout (~/~)] mice. Hind-leg single-dose irradiation with 0 or 10 Gy was
conducted at the timepoint of tumor manifestation. Mice were sacrificed at the timepoint of maximal tumor volume (1,000 mm?). (A) Hematoxylin-eosin (H&E) or (B)
Masson Goldner trichrome (MT) staining of paraffin-embedded LLC1 tumor tissue, scale bar 100 um. Magnified pictures (400-fold) highlight special structures.

n = 15/17 (C57BL/6), 17/13 (CD39~/~), 7/13 (CD73~/~). Asterisks and open arrows indicate areas of a higher degree of epithelial structures (orange colored).
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staining confirmed a higher degree of epithelial structures
(orange colored) in tumors of CD39~/~ mice, which might
be indicative for an altered tumor cell proliferation state
(Figure 5B).

So far, our data revealed that LLC1 grown on a CD39-
deficient mouse grew faster and were less sensitive to the growth-
limiting effects of RT. For further histological evaluation of the
tumor tissue sections, and to specify if LLC1 tumors grown on
CD397/~ mice have altered levels viable tumor cells and necrosis
after irradiation, we investigated the proliferative activity in the
tumors by immunohistological staining of the PCNA (Figure 6).
In the respective unirradiated conditions (Figure 6A, upper
panel), proliferating cells were found in all tumors independent
of the mouse strain. Even in irradiated tumors (10-14 days after
irradiation), strong PCNA immunoreactivities were detected
in tumors isolated from all three mouse strains (Figure 6A,

lower panel). Quantification of the PCNA™ tumor cells using
an automatic DAB-positive (brown) cell counting procedure
(semiquantitative analysis) revealed that in unirradiated tumors
grown on CD737/~ and CD39~/~ mice, significantly more
PCNA™ cells were present than in tumors grown on WT mice
(Figure 6B). Even more important, tumors grown on CD39~/~
mice had significantly more PCNA™ cells than tumors grown
on WT mice and showed no impairment in their proliferative
activity after a single high-dose irradiation with 10 Gy. In line
with the results obtained from the histological analyses, our
findings indicate that irradiation causes less tissue damage and
necrosis in tumors grown on CD39™/~ mice when compared to
tumors grown on WT or CD73-deficient mice. Thus, the loss of
CD39 in the tumor host did not result in more pronounced tissue
damage and inflammation upon a single high-dose irradiation
with 10 Gy but instead in a more pronounced proliferation.
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FIGURE 6 | LLC1 tumor grown on CD39~/~ mice are not impaired in their proliferative activity after irradiation. LLC1 tumor cells (0.5 x 10° cells each) were
subcutaneously transplanted onto the hindlimb of C57BL/6 wild-type and CD39- and CD73-deficient [knockout (~/~)] mice. Hind-leg single-dose irradiation with O or
10 Gy was conducted at the timepoint of tumor manifestation. Mice were sacrificed at the timepoint of maximal tumor volume (1,000 mm?). IHC staining of
proliferation cell nuclear antigen (PCNA) of paraffin-embedded LLC1 tumor tissue, magnification 200-fold, scale bar 100 um (A). Shown in bar diagrams are the
absolute numbers of DAB™ cell counts per tissue section (B). Magnified pictures (400-fold) highlight special structures. Shown are means 4+ SEM, **P < 0.01, ***P <
0.0001, analyzed by one-way ANOVA followed by a post hoc Tukey test n = 15/17 (C57BL/6), n = 17/13 (CD39~/~), n = 7/13 (CD73~/7).
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FIGURE 7 | LLC1 tumor grown on CD39~/~ mice show an altered microvasculature. LLC1 tumor cells (0.5 x 108 cells each) were subcutaneously transplanted onto
the hindlimb of C57BL/6 wild-type and CD39- and CD73-deficient [knockout (~/~)] mice. Hind-leg single-dose irradiation with 0 or 10 Gy was conducted at the
timepoint of tumor manifestation. Mice were sacrificed at the timepoint of maximal tumor volume (1,000 mm?q). (A) Immune fluorescent staining of CD34 (green) and
DAPI (blue) of paraffin-embedded LLC1 tumor tissue, magnification 200-fold, scale bar 100 wm. 15/17 (C57BL/6), n = 17/13 (CD39~/~), n = 7/13 (CD73~/7). (B) RT
gPCR analysis to reveal the relative expression of VE Cad, VegfR2, and VCAM1 to actin. The relative expression is shown in bar diagrams. Shown are means + SEM,
*P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001, analyzed by one-way ANOVA followed by a post hoc Tukey test n = 12/12 (C57BL/6), n = 12/12 (CD39~/), n
=12/12 (CD73~/7).

Enhanced Growth and Resistance to and vascular cell adhesion protein 1 (VCAMI1) as markers
iati - or tumor vascularization (Figure 7B). Indeed, tumors grown

Radiation-Induced Growth Delay of LLC1 f 1 (Fig ). Indeed g

Tumors Grown on CD39-Deficient Hosts on CD39~/~ mice displayed significantly enhanced expression

. . . levels of VE-Cad, VegfR2, and VCAMI already under control
Are Llnke_d to Alterations in the Tumor conditions (0 Gy), afd these differences persi};ted also upon
Endothelial Compartment irradiation as indicated by significantly increased levels of all
Although not being directly obvious from the histological three vascular markers, in tumors grown on CD39~/~ mice
evaluation, we had the impression that the vasculature was COmpared to tumors grown on WT controls (Figure 7B) In
altered in tumors growing on CD39-deficient hosts. We therefore  contrast to CD39~/~ mice, tumors grown on CD73~/~ mice
performed immunofluorescence staining of tumor sections using  had similar expression level as tumors grown on WT mice. We
the angiogenic endothelial cell marker CD34 (Figure 7A). As  could only detect a significantly increased expression of VCAM1
shown in Figure 7A (left panels), already unirradiated tumors  in irradiated tumors grown on CD73~/~ mice compared to
grown on CD397/~ mice had more CD34" immunoreactive ~ WT animals.

structures and increased microvascular densities as compared These data strongly suggest that loss of CD39 in the tumor
to tumors grown on WT or CD737/~ mice. Importantly, —host and the resulting changes in the TME enhance the
differences in microvascular density were still present after  proliferation capacity and growth of LLCI1 tumors, and this
exposure of the tumors to a single high-dose irradiation with ~ was associated with alterations in the vascular compartment
10 Gy (Figure 7A, right panels). To further characterize the  particularly with an increased microvascular density. The
assumed differences in the vascular compartment, a qRT- reduced sensitivity of CD39-deficient microvessels and
PCR was performed using vascular endothelial cadherin (VE-  the cytotoxic effects of RT observed in the present study
Cad), the major angiogenic growth factor receptor VegfR2  particularly in CD39-/- mice may contribute to the reduced
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radiation-induced tumor growth delay of LLC1 tumors and thus
impact on radiation resistance.

Genetic Deficiency of CD39 Exacerbates

Radiation-Induced Lung Fibrosis

A major challenge for novel strategies to improve RT outcome is
to enhance tumor cell killing while limiting the risk for radiation-
induced adverse effects in highly radiosensitive normal tissues
such as the lung. The suggested dual role of ATP/CD39 in
cancer and fibrosis and the adverse effects of CD39 deficiency

in the tumor host on growth and radiation-response of LLC1
lung tumors prompted us to investigate in addition if genetic
deficiency of CD39 would also alter radiation-induced adverse
effects in normal lung tissue. Therefore, we examined the effects
of a single high-dose WTT (15 Gy) on fibrosis development in
CD39~/~ mice compared to WT mice in our murine model of
RT-induced lung disease (49). A detailed histological analysis
of lungs isolated from CD397/~ mice and respective WT
controls revealed a prominent thickening of alveolar septa,
increased extracellular matrix deposition, and multiple fibrotic

H&E

_CD397-

WT

8-
*
o 6l
[} *kkk
8 LX)
"g 4- *kk
— [ ]
(%)
@
< 21
°

NG 4

SN S L5
3’ ;5}:.-,}9& 3

MT

FIGURE 8 | CD39~/~ mice develop enhanced pulmonary fibrosis 25 weeks after irradiation. C57BL/6 (WT) and CD39~/~ mice received O- or 15-Gy whole-thorax
irradiation (WTI) and were sacrificed at 25 weeks after irradiation. (A) Hematoxylin-eosin (H&E) or (B) Masson Goldner trichrome (MT) stained lung sections at 25
weeks after irradiation. Lung sections were evaluated for fibrosis by using 10 non-overlapping randomized pictures (scale bar = 100 um) per slide. Ashcroft scoring
was done by three independent observers on slides blinded to the genotype and treatment condition. Magnified pictures (400-fold) highlight special structures.
Asterisks emphasize thickening of alveolar wall structures and arrowheads fibrotic regions. (C) Quantification of fibrosis in WT (n > 7) and CD73~/~ (n = 7) mice,
horizontal lines represent mean values. *P < 0.05, **P < 0.001, *** P < 0.0001 by one-way ANOVA followed by post hoc Newman-Keuls test, n = 9/9/15/15.
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foci, characteristic for fibrosis development in irradiated WT Our previous work revealed that progressive activation
mice as of 25 weeks after WTI (Figures 8A,B). Of note, of CD73 and chronic accumulation of Ado participated in
a more severe fibrosis phenotype was prominent in lung  shaping a profibrotic cross-talk between damaged resident cells,
sections of irradiated CD397/~ mice, as demonstrated by a infiltrating immune cells, and other fibrosis mediators such as
further increase in extracellular matrix deposition and more  OPN, hyaluronic acid, and TGF- (49, 50). To corroborate the
severe fibrotic lesions yielding a significantly higher Ashcroft  induction of fibrosis and gain insight into potential underlying
score (Figure 8C). mechanisms, we additionally analyzed the expression levels of
Because the observed results might not only be evoked by  the profibrotic markers OPN and TGF-f, both known to be
the canonical CD39/CD73/Ado pathway, we again addressed the  associated with fibrosis development, via immunohistochemistry
non-canonical adenosinergic pathway in respective lung sections (49, 77, 78). In line with the above observations, WTT induced
by using immunohistochemistry in combination with CD38 and  clearly higher levels of OPN in the lungs of CD39~/~ mice as
CD203a/PC-1 antibodies. As shown in Supplementary Figure 3,  compared to respective WT controls at 25 weeks after irradiation,
our data revealed that both receptors CD38 and CD203a were  particularly in the fibrotic areas (Figures 9A,B). Yet TGEF-f
not expressed in the alveolar and bronchial lung regions from  was expressed to a similar extent in the lungs of both mouse
untreated WT mice (Supplementary Figure 3, left panel). Even  strains (Figures 9C,D). Moreover, the time-dependent changes
fibrotic alveolar and bronchial lung regions of irradiated WT  in infiltration of CD45" leukocytes were rather similar in both
mice did not express these receptors (Supplementary Figure 3,  mouse strains except for slightly more pronounced decrease in
middle panels). CD38 and also CD203a expression was the fraction of CD45" leukocytes in the lung tissue at 1 and 24
observed in only few numbers of small infiltrating immune  weeks after irradiation (data not shown).
cells, with a myeloid morphology, in the irradiated lungs Thus, genetic loss of CD39 did not only adversely affect the
(Supplementary Figure 3, magnification, right panel). The tumor response to RT but even correlated with an increased
observed findings were true for WT, CD397/~, and CD737/~  normal lung toxicity upon IR as revealed by the significantly
mice, with no difference in the expression between all strains.  enhanced progression of radiation-induced lung fibrosis.
Our results reveal that CD38/CD203a/CD73 ectoenzymatic
signaling on infiltrating immune cells (monocytes/macrophages) DISCUSSION
might also impact irradiation-induced pneumopathy. However,
expression of non-canonical ectoenzymes was similar in lungs Beyond CD73 and Ado, CD39 emerges as an attractive
from WT, CD39™/~, and CD73™/™ mice; thus, we conclude that therapeutic target for cancer therapy. So far, the role of the
the observed exacerbated fibrosis development in CD39~/~ mice purinergic pathway, particularly CD39-dependent signaling, in
is independent from the non-canonical pathway. radiation responses of normal and tumor tissues remains largely
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FIGURE 9 | A CD39 deficiency leads to an increased osteopontin expression and TGF-p accumulation after irradiation. C57BL/6 (WT) and CD39~/~ mice received O-
or 15-Gy whole-thorax irradiation (WTI) and were sacrificed at 25 weeks after irradiation. Immunohistochemical staining of paraffin-embedded lung sections with a
primary antibody for (A,B) osteopontin (OPN) and (C,D) transforming growth factor g (TGF-B). Shown in (A,C right panels) are representative overview pictures of each
indicated group (scale bar = 100 wm, magnified pictures 400-fold). (B,D) Using the Software Orbit Image Analysis version 2.65, positive areas for OPN and TGF-8
were analyzed and are shown in percentage of the whole lung section. *P < 0.05, **P < 0.01, ***P < 0.0001 by one-way ANOVA followed by post hoc
Newman-Keuls test, n = 8/7/8/8.
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unknown. Here, we demonstrated that host CD39 impacts both
tumor growth and tumor and normal tissue responses to IR;
murine LLC1 lung tumors grew faster on mice with genetic
deficiency of CD39 and were more resistant to tumor growth
delay induced by single high-dose irradiations, whereas genetic
deficiency of CD73 in the tumor host did not significantly alter
tumor growth and the response to RT. Radiation-induced lung
fibrosis, however, was more severe in CD39~/~ as compared to
WT mice. The assumed defect of CD39-deficient host cells in
degrading extracellular ATP did not foster tumor cell damage or
increased immune cell infiltration upon irradiation, but increased
tumor cell proliferation and survival. The increased tumor cell
proliferation observed in LLC1 tumors of CD39-deficient mice
(either or without RT treatment) was associated with increased
angiogenesis. Thus, host CD39 supports the antineoplastic effects
of RT in the murine LLCI lung cancer model, while limiting
radiation-induced fibrosis in respective mice.

The Role of CD39 Within Lung Tumors

In more detail, we used syngeneic LLCI lung tumors xenografts
grown on CD39- and CD73-deficient mice as compared to
respective. WT controls in combination with a single high-
dose irradiation. LLC1 lung cancer cells do express neither
CD39 nor CD73, thereby excluding potential confounding effects
by tumor-associated CD39/CD73 signaling. Interestingly, LLC1
tumors grew faster on CD397/~ mice, whereas loss of CD73
had no significant effect on LLCI tumor growth. Even more
important, irradiation with 10 Gy was not sufficient to induce
similar antitumor effects in tumors grown on CD39~/~ mice
as compared to WT mice, while radiation-induced growth
retardation of tumors grown in CD737/~ mice was similar.
Our initial idea was that genetic deficiency of CD39 in mice
will inhibit degradation of extracellular ATP released into
the microenvironment in response to radiation-induced tissue
damage and that the resulting increase in ATP and reduced
production of Ado might lead to increased activation of
inflammatory responses. Regardless of the fact that unirradiated
tumors grown on CD397/~ and CD73~/~ mice already had
higher percentages of tumor-infiltrating leukocytes, our flow
cytometry data revealed that exposure to a single high-dose
irradiation did not significantly increase the percentage of
leukocytes and respective subsets infiltrating LLC1 tumors grown
on CD39~/~ mice after irradiation. Despite the fact that we
found infiltrating leukocytes in all tumors (WT, CD73~/~, and
CD397/7), the poor overall immune cell infiltration observed at
this time point corroborates the reported poor immunogenicity
of LLC1 tumors (79).

Instead, LLCI tumors grown on CD737/~ mice showed a
higher percentage of cytotoxic T cells in the tumor tissue at
day 3 after irradiation than LLC1 tumors growing on WT and
CD397/~ mice. This is reminiscent of a recent study describing
that a CD73-targeted therapy increased CD8" T-cell infiltration
in a murine mammary carcinoma cell line TSA tumor hind-
leg model only in combination with additional single high-dose
tumor irradiation (20 Gy) (80). Yet, in our hands, the observed
increased CD8™ T-cell infiltration did not result in a significant
effect on tumor growth delay. Thus, although deficiency of

CD73 in the tumor host may reduce Ado levels in the tumor
micromilieu and thereby facilitate radiation-induced antitumor
immune responses as observed by others (24), the effects
resulting from a single high-dose irradiation were not strong
enough to induce net effects on LLC1 tumor growth retardation.
Further work is required to define time-dependent changes in the
micromilieu of irradiated tumors induced in response to IR in the
different genetic backgrounds. Moreover, similar investigations
should be performed using fractionated radiation schedules,
tumor cells with higher immunogenicity, and CD39/CD73-
positive tumor cells. In fact, CD73 overexpression has been
described to be higher in tumors than in surrounding normal
tissues and also to be tumor-specific (24).

In addition to its role in the regulation of inflammatory
processes ATP has been described to modulate proliferation
and death resistance of cancer cells. Human lung cancer cells
were shown to use macropinocytosis or clathrin- and caveolae-
mediated endocytotic processes to take up extracellular ATP and
fuel extra energy for tumor growth, survival, and drug resistance
(81). Moreover, while ATP inhibited proliferation or induced
cell death via P2X7R in human cervix and breast cancer cells
as well as in murine melanoma and colon cancer cells (76, 82—
85), high levels of extracellular ATP promoted survival of A549
and H23 lung cancer cells as compared to normal cells (86);
here, the authors attributed the differential effects on tumor and
normal tissue cells to the decreased expression of P2X7R and an
enhanced Bcl-2/Bax ratio in the cancer cells (86). Because our
in vitro investigations revealed that LLC1 cells do not express
P2X7R and did not undergo increased cell death in response
to extracellular ATP alone or in combination with RT, we
speculate that similar processes might contribute to the observed
growth and resistance promoting effects of CD39 deficiency in
the tumor host. Besides P2 receptor signaling, nucleotides can
also act through intracellular uptake and compartmentalization
with impact on cancer cell survival, proliferation, and metabolic
function (75). In fact, with increasing concentration, extracellular
Ado can enter the cell via equilibrative nucleoside transporters
(ENTs) and subsequently induce cell death (87, 88). Herein, ATP
degradation to Ado and subsequent uptake and conversion of
Ado to AMP by ENT and Ado kinase, respectively, were shown
to be the main drivers of growth inhibition and toxicity mediated
by extracellular ATP (76, 89). High extracellular Ado levels could
activate mitochondrial apoptosis through deregulation of the
Bcl2 rheostat by decreasing antiapoptotic Bcl2 while increasing
expression of proapoptotic Bax and Bak (90). Degradation of
ATP to Ado induced growth inhibition and proapoptotic effects
via activation of caspase-3 (91). Finally, depending on the
concentration, AMP turned out to strongly inhibit cancer cell
proliferation in vitro even more effective than Ado and ATP (92).

Ado signaling via the four ADORA receptors could
alternatively impact tumor growth and survival in the LLCl
cells, because these cells express the ADORA receptors. The
effect of Ado via both AdoRA1 and A3 has been described as
proapoptotic in several cancer types, e.g., liver, lung, and colon
(91, 93-96). The AdoRA1, for example, had an antiproliferative
effect and promoted the differentiation of cancer stem cells,
thereby inducing an increased sensitivity of these cells to
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chemotherapeutic drugs (97). Furthermore, treatment with an
agonist of AdoRA3 reduced the number of living colon cancer
cells (98). Thus, alterations in extracellular nucleotides (ATP
<-> Ado) due to the loss of host CD39 in our LLC1 tumor
model could potentially affect tumor growth and the radiation
response via ADORA signaling as well as through intracellular
uptake and metabolic processing, independent of an immune
response and P2 receptor signaling. Host CD39 expression seems
to be important for maintaining a radiation-induced antitumor
effect in CD39/CD73-negative LLC1 presumably by affecting the
composition of extracellular nucleotides in the TME. Further
work is needed to elucidate the effects of extracellular nucleotide
uptake and subsequent intracellular nucleotide metabolism in
LLC1 tumor development.

Because alternative nucleotide signaling might also contribute
to our observed findings, we analyzed the role of the
non-canonical adenosinergic CD38/CD203a/CD73 pathway.
Although we could detect CD38 mRNA expression in LLCI
tumors, there was a lack of CD38 cell surface protein. By
analyzing a panel of human lung cancer cell lines, Bu et al. (99)
already described that most cell lines investigated had high copy
numbers of CD38 mRNA, but not all cell lines expressed the
respective protein. Moreover, we showed here that there was no
CD203a mRNA and protein expression needed to produce Ado
and fuel CD73. Therefore, we can exclude that non-canonical
adenosinergic signaling in the LLC1 tumor tissue contributes
to the observed tumoral behavior reported here. In addition to
catalyzing the production of Ado, CD38 may promote tumor
development by inducing other tumor-supporting processes, e.g.,
angiogenesis in the TME, thus exerting functions beyond the
CD38/CD203a/CD73 signaling (100). We observed here that
tumors grown on CD39-deficient background were characterized
by an increased neovascularization and that this phenotype was
even maintained after RT. Radiation usually induces phenotypic
changes of the tumor vasculature (e.g., apoptosis or senescence),
as well as a wide range of environmental changes, which in
turn govern recruitment of immune cells (101-104). Herein,
angiogenic and thus less mature blood vessels are characterized
by an increased radiosensitivity (61, 73, 105). We speculate that
the sustained angiogenesis observed in the context of CD39
deficiency might result from increased proangiogenic signaling
induced by higher extracellular ATP levels due to the failure
of extracellular ATP degradation and the increased ATP release
from RT-damaged cells. At the same time, extracellular ATP
has been reported to mediate antiapoptotic effects in endothelial
cells, either via P2 or Ado receptors (106). Likewise, CD39-
deficient endothelial cells might be less sensitive to the cytotoxic
effects of RT, thereby contributing to the reduced sensitivity
of LLCI tumors to radiation. ATP was already shown being
able to activate the VEGF receptor in the absence of VEGE
and the P2YR-VEGFR2 interaction and the resulting signal
transduction are critical determinants of vascular homoeostasis
and tumor-mediated angiogenesis (107). Moreover, CD38-
dependent signaling can impact on (tumor) angiogenesis (55,
108). Herein, CD38 turned out to be an important regulator
for the intrinsic expression of key angiogenic factors (100, 109,
110). Although non-canonical purinergic signaling seemed not

to impact on non-canonical ADO generation because of the
lack of CD203a expressions as reported here, increased tumor
angiogenesis together with the well-known abnormal phenotype
of the tumor vasculature may lead to factors contributing
to radiation resistance (increased vascular permeability, vessel
instability, increased interstitial fluid pressure, non-directed
blood flow, endothelial anergy) (104, 111, 112).

The Role of CD39 Within Normal Lung
Toxicity

Concerning normal tissue toxicity, we showed here that genetic
loss of CD39 exacerbates radiation-induced lung disease. Since
our earlier work revealed a pathogenic role of the CD73/Ado-
dependent arm of purinergic signaling in radiation-induced lung
fibrosis (49, 50), genetic loss of CD39 with assumed activation
of the ATP-dependent proinflammatory arm of purinergic
signaling and genetic loss of CD73 with assumed activation of
the Ado-dependent anti-inflammatory, repair-promoting arm of
purinergic signaling result in opposing outcomes in radiation-
induced lung fibrosis. A pathology-promoting effect of low
CD39 expression or high pulmonary ATP levels were already
known for several lung pathologies, including pulmonary fibrosis
(113-115). High extracellular ATP levels, for example, have
been observed in the bronchoalveolar lavage fluid of patients
with idiopathic pulmonary fibrosis, as well as in a murine
model of bleomycin-induced lung fibrosis (116). In our hands,
the more severe lung fibrosis observed in irradiated lungs
from CD397/~ mice was associated with enhanced levels
of the multifunctional and proinflammatory protein OPN in
the irradiated lungs CD397/~ mice compared to WT mice.
Based on the observation that extracellular ATP can induce
OPN expression in response to mechanical stress at least
in vitro (117), we speculate that genetic deficiency of CD39
may cause a disease-promoting increase in extracellular ATP
concentrations in irradiated lungs, presumably in response
to the initial radiation damage in irradiated murine lungs.
CD39-dependent vascular effects may also play a major role
in regulating severity of radiation-induced fibrosis. Increasing
evidence suggests that vascular remodeling contributes to the
pathogenesis of pulmonary fibrosis (66, 73, 118, 119). Of
note, loss of CD39 induced vascular remodeling of pulmonary
arteries and contributed to vascular dysfunction and arterial
hypertension in patients suffering from idiopathic pulmonary
arterial hypertension (120, 121). However, further work is needed
to elucidate the contribution of vascular changes and also
epithelial cell impairments to lung damage and fibrosis upon
CD39 deficiency.

We further analyzed if the non-canonical adenosinergic
CD38/CD203a pathway might contribute to radiation-induced
lung fibrosis. The expression of both receptors was restricted to
only a minor group of lungs infiltrating myeloid/ macrophage-
like cells, whereas resident lung cells clearly showed no
immunoreactivity. These findings were in line with recent reports
investigating non-canonical adenosinergic CD38/CD203a
signaling within immune cells. CD203a expression was found to
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be restricted to plasma B cells (122). Accordingly, CD203a/PC-
1 expression was found to be rather low on lymphocytes,
monocytes, and granulocytes of the bone marrow (123). In
contrast to CD203a, a high CD38 expression on circulating
monocytes has been described (56, 124, 125). Resident lung
macrophages can also express CD38 (126, 127). Both studies
highlight that CD38 expression on macrophages was associated
with an inflammatory M1 phenotype and chronic inflammation.
Of note, in the study from Dewhurst et al., it is further described
that only the small alveolar and interstitial macrophages express
CD38 and that there was only a low expression on big foamy
macrophages (126). We showed already that small macrophages
can be distinguished from bigger foamy macrophages, which
organize in clusters during fibrosis development (50). Here we
revealed that only the smaller myeloid-like cells were positive
for CD38. As CD38 is suggested to normal inflammatory
responses in the lung toward hyperinflammation (55), we
conclude that CD38 signaling on small monocytes/macrophages,
with a potential M1 phenotype, is not linked to a profibrotic
phenotype. However, non-canonical adenosinergic signaling
might have an indirect impact on profibrotic signaling:
NAD'/CD38 signaling was shown to influence Treg survival,
phenotype, and function. CD38 /~-deficient mice studies
revealed that extracellular NAD' can deplete and reduce
Treg (128). In contrast, an increase in Tregs during the
fibrotic phase of radiation-induced pneumopathy already
highlighted that besides M2-like macrophages also Treg might
contribute to the development of lung fibrosis (49, 129, 130).
Herein, extracellular Ado positively alters Treg survival and
functions (131). Thus, besides CD73/Ado signaling (Ado
accumulation), even CD38/CD203a signaling (NAD™ reduction)
could led to the observed increase in Treg during the fibrotic
phase (49).

CONCLUSION

Genetic deficiency of CD39 in the host may result in long-
term adaptive processes, e.g., in the microvasculature or the
immune system, respectively, with impact on tumor growth
and radiation response in tumor and normal tissues. Such
adverse effects are reminiscent of suggested risks of sustained
CD39 inhibition (132). Thus, a careful testing of pharmacologic
strategies interfering with CD39 activity is needed to exclude
that such a therapeutic strategy exerts growth- and resistance-
promoting effects in tumor tissues, adverse effects in normal
tissues, or both, particularly when used in combination with
a single dose or clinically more relevant fractionated radiation
schedules. Loss of CD39 or activation of CD73 impacts
on radiation-induced changes in the lung environment, e.g.,
ATP/Ado ratio, as well as phenotype and function of resident
cells and recruited immune cells with impact on cell survival,
vascular function, immune defense, matrix deposition, and
fibrosis. Of note, both CD39 and CD73 are important regulators
of the TME, particularly in hypoxic tumors, with the ability to
suppress immune-mediated tumor cell killing and to promote
tumor growth, angiogenesis, and progression (133). Thus,

targeting pathologic aspects of CD39/CD73 signaling might be
an attractive approach to enhance efficacy of therapies involving
RT in malignant tumors without enhancing normal tissue
toxicity or to protect normal tissues from the adverse effects
of RT without protecting the tumor. Further work is highly
needed to unravel the multifaceted roles of purinergic signaling
in the complex interactions and signaling networks between
the microenvironment in tumor and normal tissues by using
orthotopic lung tumor models and/or genetically engineered
mouse models as well as clinically relevant fractionated
radiation schedules.
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