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Anthracyclines including doxorubicin and daunorubicin are commonly used for the treatment of both hematologic
and solid tumors. Dose related adverse effects often limit the effectiveness of anthracyclines in chemotherapy. Drug-
related systemic inflammation mediated by interleukin-1beta (IL-18) has been implicated in contributing to these adverse
effects. The molecular mechanisms underlying anthracycline-mediated expression and IL-18 release are not understood.
Elucidating the molecular basis by which anthracyclines upregulate IL-13 activity may present opportunities to decrease
the inflammatory consequences of these drugs. Here we demonstrate that doxorubicin induces a systemic increase
in IL-18 and other inflammatory cytokines, chemokines and growth factors including TNFq, IL-6, Gro-a/CXCL1, CCL2/
MCP-1, granulocyte colony stimulating factor (GCSF) and CXCL10/IP-10. Studies with IL-1R-deficient mice demonstrate
that IL-1 signaling plays a role in doxorubicin-induced increases in IL.-6 and GCSF. In vitro studies with doxorubicin and
daunorubicin failed to induce expression of pro-IL-1B in unprimed murine bone marrow-derived macrophages (BMDM)
but enhanced the expression of pro-IL-18 in BMDM that had previously been primed with LPS. Furthermore, doxorubicin
and daunorubicin induced the processing and release of IL-1B from LPS-primed BMDM by providing danger signals that
lead to assembly and activation of the inflammasome. The release of IL-18 required the expression of ASC, caspase-1
and NLRP3, demonstrating that doxorubicin and daunorubicin-induced inflammation is mediated by the NLRP3
inflammasome. As with other agents that induce activation of the NLRP3 inflammasome, the ability of doxorubicin to
provide proinflammatory danger signals was inhibited by co-treatment of cells with ROS inhibitors or by incubating cells in
high extracellular potassium. These studies suggest that proinflammatory responses to anthracycline chemotherapeutic
agents are mediated, at least in part, by promoting the processing and release of IL-18, and that some of the adverse
inflammatory consequences that complicate chemotherapy with anthracyclines may be reduced by suppressing the

actions of IL-1P.

Introduction

Doxorubicin (adriamycin) and daunorubicin are anthracycline
drugs that are employed as anticancer agents for the treatment
of both hematologic and solid tumors.! It is well known that
administration of anthracyclines is associated with acute and
late cardiac toxicity, leading to increased risk of heart failure.?
In addition to cardiotoxicity, cancer patients treated with these
drugs often experience a cluster of symptoms including fatigue,
lethargy, decreased appetite, sleep disturbance, difficulty think-
ing and pain.®> While these symptoms are not life-threatening
they have a profound negative effect on physical functioning
and quality of life (QOL).*' There is growing evidence that the
pro-inflammatory cytokine IL-1$ may play an important role
in the symptoms associated with anthracycline therapy. First,
in a recent study serum levels of IL-1f3 were increased in doxo-
rubicin-treated mice relative to their untreated counterparts.”
Pre-treatment of mice with recombinant human IL-1 receptor
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antagonist (IL-1Ra) prior to doxorubicin administration pro-
tected mice from doxorubicin-induced mortality, heart damage,
cardiomyocyte apoptosis and loss of cardiac function. Second, it
has long been recognized that fatigue, lethargy, decreased appe-
tite, sleep disturbance, difficulty thinking and pain experienced
by cancer patients undergoing treatment with anthracyclines are
remarkably similar to those associated with sickness behavior, a
normal physiological response to activation of the innate immune
system in which IL-1P plays a central role (reviewed in ref. 18).
In a recent study we demonstrated that a doxorubicin-based che-
motherapy regimen could induce systemic increases in IL-13
production and fatigue in mice (manuscript in review). Blood
levels of several other inflammatory cytokines and chemokines
were also increased by doxorubicin treatment and were signifi-
cantly correlated to level of fatigue, including CXCL1/Gro-a,
CCL2/MCP-1, granulocyte colony stimulating factor (GCSF)
and CXCL10/IP-10. Taken together, this evidence demonstrates
that anthracycline therapies can trigger a systemic inflammatory
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response characterized by the production and release of IL-13
and suggests that suppression of IL-13 expression and release may
present an opportunity to decrease symptom burden in cancer
patients treated with these agents. Yet, to date the mechanism
that underlies anthracycline-mediated expression and release of
IL-1B is not understood and is the focus of the present study.

IL-1B is an initiator cytokine that plays a central role in the
regulation of immune and inflammatory responses.'® IL-13
is produced by activated macrophages and epithelial cells and
requires two distinct signals for its synthesis, processing and
secretion. The first signal, which induces the expression of the
35 kDa pro-IL-1B, is mediated by the activation of NFkB and
the stress-activated protein kinases, JNK and p38.” The second
signal induces the processing of pro-IL-1 to mature 17 kDa
IL-1B by assembly of a multiprotein complex called the inflam-
masome.?** The inflammasome is fundamental for microbial
detection?” and for sensing stress or endogenous danger signals
such as extracellular ATP, hypotonic stress or toxins associated
with cell injury.?** Upon sensing a danger signal, the inflam-
masome complex is formed by assembly of at least three critical
components: (1) a member of a family of NOD-like receptors,
containing PYD domains, such as AIM2, NLRP1, NLRP2 or
NLRP3; (2) the adaptor protein ASC that forms a scaffold; and
(3) IL-1B-converting enzyme (ICE) or caspase-1.2¢%

Here we demonstrate that doxorubicin induced a systemic
increase in IL-1B and other inflammatory cytokines, chemokines
and growth factors including TNFa, IL-6, CXCL1/Gro-a,
CCL2/MCP-1, GCSF and CXCL10/IP-10. Drug-induced
increases in IL-6 and GCSF were dependent on IL-1 signal-
ing, since doxorubicin failed to cause an increase in the levels of
IL-6 and GCSF in IL-1 receptor-deficient mice. In vitro stud-
ies demonstrated that although doxorubicin and daunorubicin
were unable to induce the expression of 35 kDa pro-IL-1f in
naive murine bone marrow-derived macrophages (BMDM),
these agents were capable of inducing the secretion of 17 kDa
IL-1B from cells that had previously been primed by LPS to
express pro-1L-1B3. The release of IL-1P required the expression
of ASC, caspase-1 and NLRP3, demonstrating that doxorubicin
and daunorubicin induced the release of IL-13 by activating the
NLRP3 inflammasome. As with other agents that induce acti-
vation of the NLRP3 inflammasome, the ability of doxorubicin
to provide proinflammatory danger signals was inhibited by co-
treatment of cells with ROS inhibitors or by incubating cells in
high extracellular potassium. These results support the idea that
proinflammatory responses to anthracycline chemotherapeutic
agents are mediated, at least in part, by promoting the processing
and release of IL-1B, and that some of the adverse inflamma-
tory consequences that complicate chemotherapy with anthracy-
clines may be reduced by suppressing the anthracycline-mediated
release of IL-1PB.

Results
Effect of IL-1 signaling on doxorubicin-induced inflammatory

response in mice. Mature IL-1( released from activated immune
cells in response to a harmful stimulus induces the production of
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several inflammatory cytokines and chemokines via binding to
its IL-1 receptor on target cells. To determine whether IL-1 sig-
naling is required for this inflammatory response to doxorubicin
treatment, serum levels of IL-18, TNFa, IL-6, CXCL10/1P-10,
CXCL1/Gro-a, CCL2/MCP-1 and G-CSF were measured in
wild-type and IL-1R-deficient doxorubicin treated mice and their
sham-injected counterparts.

In wild-type mice, doxorubicin induced an increase in serum
levels of IL-1B (p = 0.04), TNFa (p < 0.01), IL-6 (p < 0.01),
CXCLI10/IP-10 (p < 0.01), CXCL1/Gro-a (p < 0.01), G-CSF (p
< 0.01) and CCL2/MCP-1 (p = 0.01) relative to saline-injected
wild-type mice (Fig. 1). A similar increase in serum levels of
IL-6 (p < 0.01), CXCL10/IP-10 (p < 0.01), CXCL1/Gro-a (p
< 0.01) and CCL2/MCP-1 (p < 0.01) was evident in doxorubi-
cin treated IL-1R”" mice relative to control mice. In contrast,
serum levels of IL-1B, TNFa and G-CSF were not significantly
elevated in doxorubicin treated IL-1R-deficient mice relative
to their sham-injected counterparts (Fig. 1). To determine
whether there was a statistically significant interaction between
drug and genotype, the effect of IL-1R deficiency on the doxo-
rubicin induced inflammatory response was determined by 2 x
2 ANOVA. A significant drug x genotype interaction on serum
levels of IL-6, (p = 0.049) and G-CSF (p < 0.01) was observed
after Bonferroni correction for multiple comparisons but not
for the other serum analytes examined (Fig. 1). Although
doxorubicin increased serum levels of IL-6 in both wild-type
and IL-1R-deficient mice, the magnitude of the response was
approximately 2-fold greater in magnitude in wild-type mice
than in IL-1R-deficient mice (Fig. 1). The effect of IL-1 defi-
ciency on doxorubicin-induced GCSF levels was particularly
striking. While serum levels of G-CSF were 10-fold higher in
wild-type doxorubicin-treated mice relative to controls, there
was no observable effect of doxorubicin on levels of GCSF in
IL-1R-deficient mice (Fig. 1).

Doxorubicin-induced IL-1f release from primed bone mar-
row derived macrophages (BMDM). A variety of agents such
as asbestos, silicates and uric acid crystals are unable to induce
expression of IL-1f in cultured macrophages. However, when
these agents are added to macrophages that have been previously
primed by LPS to express pro-IL-18, the pro-IL-1f is processed
by caspase-1 and secreted as active IL-1f3 through activation of
the inflammasome.?>*3°

To determine whether doxorubicin would induce the expres-
sion and release of IL-1f3, LPS-primed and unprimed BMDM
were exposed to doxorubicin (2.5, 10, 25 or 100 wM) for 8 h. Cell
lysates and media were analyzed for both pro-IL-13 and mature
IL-1B, respectively (Fig. 2A and B). In unprimed BMDM, doxo-
rubicin failed to induce expression of pro-IL-1B (Fig. 2A, top) or
secretion of IL-1B into the medium (Fig. 2A, bottom and Fig.
2B). In contrast, LPS-primed BMDM exposed to doxorubicin
exhibited a dose dependent increase in expression of pro-IL-13
(Fig. 2A, top). LPS-primed macrophages exposed to doxorubicin
also showed increased release of IL-13 (Fig. 2B). Measured by
ELISA, the release of IL-1p from LPS primed macrophages was
maximal (-700 pg/mL) after exposure to 10 wM of doxorubicin
and was decreased slightly in cells exposed to 25 and 100 pM
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Figure 1. Effect of IL-1 signaling on doxorubicin-induced inflammatory response in mice. WT and IL-1R1-deficient (KO) mice were injected intraperito-
neally (IP) with doxorubicin or normal saline (NS). Peripheral blood was collected 16 h post-injection and serum levels of IL-13, TNFq, IL-6, CXCL10/IP-10,
CCL2/MCP-1, GCSF and CXCL1/Gro-a were measured. Differences between serum levels of inflammatory analytes by genotype and drug group were
analyzed by two-way ANOVA. Data are presented as the mean analyte level (pg/mL) + standard deviation. p < 0.05 was considered to be statistically

doxorubicin, respectively (Fig. 2A, bottom, and Fig. 2B). These
data demonstrate that doxorubicin was unable to induce the
expression of pro-IL-1f in naive BMDM, but that doxorubicin
was effective in mediating both increased expression of pro-IL-1p
and the release of IL-1 when added to LPS-primed BMDM.

Daunorubicin-induced IL-1f release from primed BMDM.
Daunorubicin is an anthracycline that is believed to act by similar
mechanisms as doxorubicin.’' To determine whether daunorubi-
cin would act like doxorubicin in mediating the release of IL-1(3,
LPS-primed or unprimed BMDM were exposed to daunorubicin
(0.1, 0.25, 1 or 2.5 wM) for 8 h. As with doxorubicin, daunoru-
bicin failed to induce pro-IL-18 in unprimed BMDM (Fig. 2C,
top) or to release IL-1P into the medium (Fig. 2C, bottom, and
Fig. 2D). Exposure of LPS primed BMDM to doses of daunoru-
bicin greater than 0.25 WM resulted in increased expression of
pro-IL-18  (Fig. 2C, top). Release of IL-1B from LPS primed
macrophages was maximal (230 pg/mL) following exposure to
1 or 2.5 wM daunorubicin (Fig. 2C, bottom). These data demon-
strate that daunorubicin, like doxorubicin, mediated the release
of IL-1B LPS-primed BMDM.

Doxorubicin-induced IL-1B release requires ASC, cas-
pase-1 and NLRP3. To determine if BMDM respond to
doxorubicin through formation of the NLRP3 inflamma-
some, we tested whether the doxorubicin-induced release of
IL-1B from wild-type BMDM would differ quantitatively from
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BMDM deficient in ASC, caspase-1 or NLRP3. LPS-primed
or unprimed BMDM were exposed to doxorubicin (10 or
25 wM) for 8 h, at which time cell lysates and media were
analyzed for pro- IL-1B and mature IL-1B, respectively.
Doxorubicin failed to induce expression of pro-IL-13 (Fig. 3A)
or release of IL-1B from all four strains of unprimed BMDM
(Fig. 3B and C). In all four strains of BMDM that had previ-
ously been primed by LPS, exposure to doxorubicin increased
the expression of pro-IL-1B (Fig. 3A). As expected, doxorubi-
cin induced the release of IL-1B from LPS primed wild-type
BMDM (Fig. 3A and C). However, the release of IL-1f from
LPS-primed BMDM exposed to doxorubicin was significantly
suppressed in each of the mutant strains of BMDM (Fig. 3B
and C). These data suggest that ASC, caspase-1 and NLRP3
are each required for doxorubicin to mediate the processing and
release of IL-1B from BMDM.

Activation of the NLRP3 inflammasome leads to the pro-
cessing and release of caspase-1 from cells.*% To further verify
that NLRP3 was required for inflammasome activation, primed
or unprimed WT and NLRP3’ BMDM were exposed to
10 M doxorubicin for 8 h and the release of p10 caspase-1 in the
medium was measured. Doxorubicin induced the release of p10
caspase-1 in wt cells, but not in cells deficient in NLRP3 (Fig.
3D), demonstrating that NLRP3 was required for the processing
and activation of caspase-1 in doxorubicin-treated cells.
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Figure 2. Doxorubicin and daunorubicin stimulate IL-18 release from wild-type BMDM. (A and C) Whole cell lysates (WCLs) were subjected to im-

munoblot analysis for detection of pro-IL-18 and p38 MAPK (loading control). Secreted IL-13 was measured by ELISA analysis of media supernatants
collected from unprimed and LPS-primed wild-type BMDM after 8 h doxorubicin (A), daunorubicin (C) or vehicle exposure. Bars represent the mean
+ SD of triplicate wells. (B and D) Media supernatants from corresponding cell cultures were precipitated and subjected to immunoblot analysis for

Doxorubicin- and daunorubicin-induced inhibition of pro-
tein translation measured by incorporation of [*H]-leucine.
Previous studies from our laboratory established that ricin, a
toxin whose primary action includes translational inhibition, is
a potent activator of the NLRP3 inflammasome.* Prior stud-
ies had demonstrated that doxorubicin is an inhibitor of protein
synthesis.®3¢ To determine if doxorubicin and daunorubicin
would inhibit protein synthesis at the concentrations employed
in the current studies, we exposed unprimed and LPS-primed
BMDM to doxorubicin (10 wM) or daunorubicin (1 wM) for 4
or 8 h, at which time cells were exposed to [?H]-leucine for 30
min. Exposure of unprimed and LPS-primed cells to doxorubicin
or daunorubicin resulted in a progressive decrease in the incor-
poration of [PH]-leucine, resulting in 85-90% decrease by 8 h
(Fig. 4B and C). Continuous examination of cells by microscopy
revealed insignificant cell detachment, even 8 h after exposure to
doxorubicin or daunorubicin (not shown).

ROS inhibitors reduce doxorubicin- and daunorubicin-
induced secretion of IL-1(3 from BMDM. The required presence
of ASC, caspase-1 and NLRP3 for doxorubicin-mediated release
of IL-1B suggests that doxorubicin acts through formation of the
NLRP3 inflammasome.”” Generation of reactive oxygen spe-
cies (ROS) has been implicated in the activation of the NLRP3
inflammasome, as demonstrated by the ability of ROS inhibitors
such as N-acetyl-cysteine (NAC) and diphenyliodonium (DPI)
to block activation of the NLRP3 inflammasome.?*3*%” To deter-
mine if ROS inhibitors would suppress doxorubicin- and dau-
norubicin-mediated NLRP3 inflammasome activation, BMDM
that had been primed or not with LPS were co-treated with NAC
or DPI and doxorubicin (10 wM) or daunorubicin (2.5 pM) for
8 h prior to harvesting of cells and measurement of released
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IL-1B. Primed BMDM exposed to doxorubicin or daunorubicin
demonstrated increased secretion of IL-13, which was reduced by
co-treatment with DPI or NAC (Fig. 5).

Elevated extracellular potassium reduces doxorubicin-
induced secretion of IL-18 from BMDM. In vitro studies of
inflammasome activation suggest that the NLRP3 inflamma-
some assembly requires a low K* intracellular environment.?
High extracellular K* inhibits the IL-1f release caused by a
variety of danger signals that activate the NLRP3 inflamma-
some including asbestos, silica and ATP.%” To determine if high
extracellular K* would block doxorubicin-mediated NLRP3
inflammasome activation, LPS-primed or unprimed BMDM
were exposed to doxorubicin (10 pM) in the presence or absence
of high K* media for 8 h, at which time presence of IL-1(3 was
determined. As expected, LPS primed BMDM exposed to doxo-
rubicin demonstrated an increase in pro-IL-13 (Fig. 6A, top)
and an increase in release of IL-1(3 (Fig. 6A and B). LPS-primed
BMDM that were treated with doxorubicin in the presence of
elevated K* demonstrated nearly a 10-fold decrease in release of
mature IL-13 (Fig. 6A, bottom), demonstrating that elevated
extracellular K* suppressed the ability of doxorubicin to mediate
the release of IL-1pB.

Discussion

In the current study we determined that doxorubicin and dau-
norubicin potently activated the NLRP3 inflammasome. LPS-
primed BMDM treated with doxorubicin or daunorubicin
displayed increased expression of pro-IL-1B and induced the
secretion of mature IL-1B. The release of IL-1{ from LPS primed
BMDM exposed to doxorubicin was significantly suppressed
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in BMDM that were deficient in ASC, caspase-1 or
NLRP3, suggesting that each of these inflammasome
components is required for doxorubicin to mediate the
processing and release of IL-1B. As with other agents
known to activate the NLRP3 inflammasome, doxoru-
bicin-mediated release of IL-1f3 was suppressed by the
ROS inhibitors, NAC and DPI**#*% and by elevated
extracellular K*.%” These studies suggest that doxorubi-
cin and daunorubicin share signaling pathways similar
to other agents that lead to the processing and secretion
of IL-1B through activation of the NLRP3 inflamma-
some. As with other agents that activate the NLRP3
inflammasome, the mechanism by which priming of
macrophages occurs in vivo is not well understood.
Macrophage priming in vivo may occur through acti-
vation of TLRs by release of cellular macromolecules,
including cytoplasmic DNA, that occurs following cell
death and tissue destruction.?$3

Prior studies suggest that the ability of these drugs
to activate the NLRP3 inflammasome may be related
to their ability to produce ribotoxic stress. Ribotoxic
stressors are agents that inhibit protein translation and
activate JNK and p38.%* The activation of JNK and
p38 by ribotoxic stressors requires ZAK, an upstream
MAP3K.%  Well-characterized

include anisomycin, blasticidin, ricin, Shiga toxin,

ribotoxic  stressors
sarcin and ultraviolet radiation.*®# Doxorubicin and
daunorubicin exhibit the two salient characteristics of
ribotoxic stress agents: the inhibition of protein syn-
thesis and the ZAK-mediated activation of JNK and
p38.%¢ Nigericin and valinomycin are potassium iono-
phores that activate the NLRP3 inflammasome®**
and are also potent inhibitors of protein synthesis.***
We have determined that a broad range of protein
synthesis inhibitors lead to activation of the NLRP3
inflammasome in BMDMs in vitro (unpublished).
Taken together, these results suggest that inhibition
of translation per se may serve as a danger signal that
leads to activation of the NLRP3 inflammasome.
Consistent with our data demonstrating that
anthracyclines activate the inflammasome in vitro,
and we have found that doxorubicin induces increased
blood levels of IL-13 when injected into mice. The
ability of doxorubicin to increase IL-1 levels in ani-
mals has been previously reported by Zhu et al. Once
released into the periphery, IL-18 may lead to the pro-
duction of other inflammatory cytokines and chemo-
kines including IL-6. In the present study we show
that in addition to IL-1B, doxorubicin can induce
expression of TNFa, IL-6, GCSF, CXCL10/IP-10,
CCL2/MCP-1 and CXCL1/Gro-a. Our studies with
IL-1R-deficient mice demonstrate the importance of
doxorubicin-mediated IL-1 signaling in the induction
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Figure 3. Doxorubicin-mediated release of IL-13 requires ASC, caspase-1 and NLRP3.
Unprimed or LPS-primed BMDM from wild-type mice or mice deficient in ASC, cas-
pase-1 or NLRP3 were exposed to 10 or 25 uM doxorubicin or vehicle for 8 h.

(A) WCLs were subjected to immunoblot analysis for detection of pro-IL-18 and p38
MAPK (loading control). Secreted IL-18 was measured by ELISA (B) or immunoblot-
ting (C) analysis of media supernatants. (D) WT or NLRP3-deficient BMDM were
either primed or unprimed for 4 h with LPS, as indicated. Following rinsing of cells
in LPS-free medium, cells were exposed to doxorubicin or control vehicle for an
additional 8 h. Cell lysates or culture media were examined by immunoblotting, as
indicated. Bars represent the mean + SD of triplicate wells.

of some, but not all, of these inflammatory cytokines and che- as well as other downstream inflammatory targets. There was

mokines. Mature IL-1{3 generally acts on target cells in an auto-  not a significant drug by genotype interaction in serum IL-18 or

crine and paracrine fashion to stimulate the production of itself TNFa levels. However, it is noteworthy that, while doxorubicin
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Figure 4. Doxorubicin and daunorubicin inhibit protein synthesis.
Unprimed or LPS-primed wild-type BMDM were treated in triplicate for
4 or 8 h with vehicle, 10 wM doxorubicin or 1 wM daunorubicin. Cells
were pulse-labeled with [*H]-leucine for the final 30 min of treatment.

increased serum levels of both cytokines in wild-type mice, in
IL-1R deficient mice it did not. Indeed, of all of the inflamma-
tory cytokines and chemokines measured, the magnitude of the

www.landesbioscience.com

Cancer Biology & Therapy

response to doxorubicin was generally lower in IL-1R deficient
mice compared to their wild-type counterparts. Taken together,
these results suggest that a defect in IL-1 signaling leads to an
overall dampening of the inflammatory response to doxorubicin
administration in mice.

The effect of IL-1R deficiency on doxorubicin-mediated IL-6
levels is of particular interest because we have previously shown
that serum IL-6 is an inflammatory marker of cytotoxic chemo-
therapy-mediated fatigue behavior in mouse studies and is one of
the few inflammatory markers examined clinically that is a rea-
sonable marker of persistent cancer treatment related fatigue.**
Therefore, blocking IL-6 production by inhibition of compo-
nents of the inflammasome may decrease symptom burden in
cancer patients.

The requirement of doxorubicin-induced IL-1 signaling for
expression of GCSF was particularly striking. GCSF is a growth
factor and cytokine produced by macrophages, epithelial cells,
stromal cells and immune cells which stimulates the bone mar-
row to produce granulocytes and stem cells and differentiation
and survival of precursor and mature neutrophils.”® Because
IL-1B is a potent inducer of GCSF expression, the observed
increase in serum levels of IL-13 and GCSF in response to doxo-
rubicin is not surprising.” Similar to other chemotherapeutics,
doxorubicin is cytotoxic to hematopoietic progenitor cells and
leads to bone marrow suppression during cancer treatment. The
ability of doxorubicin to stimulate the production of GCSF has
clear clinical benefits, allowing increased mobilization of stem
cells and recovery of the bone marrow compartment following
injury. Indeed, human recombinant GCSF has been developed
specifically to prevent cytotoxic chemotherapy-mediated granu-
locytopenia in cancer patients undergoing cancer treatment.®
It is unlikely that compensatory pathways exist for the GCSF
response to doxorubicin since GCSF production is completely
blocked in the absence of the IL-1R. Thus, targeting the inflam-
masome to decrease symptom burden in cancer patients may have
unintended negative consequences. Further pre-clinical experi-
ments, which are currently ongoing, will allow us to determine
whether targeting components of the inflammasome would be a
feasible approach to managing the negative effects of anthracy-
clines in the clinical setting.

Materials and Methods

Reagents and antibodies. Doxorubicin, daunorubicin, LPS
(L-2630), N-acetyl cysteine (NAC), diphenyleneiodonium chlo-
ride (DPI) and insulin (I16634) were purchased from Sigma-
Aldrich (St. Louis, MO). Trichloroacetic acid (TCA) was
purchased from Fisher Scientific (Pittsburgh, PA). Antibody
against IL-13 was purchased from Abcam (Cambridge, MA)
and antibody against p38 was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). The mouse IL-1B enzyme-
linked immunosorbent assay (ELISA) Ready-Set-Go was pur-
chased from eBioscience (San Diego, CA).

Animals and animal procedures. All animal procedures were
performed according to protocols that have been approved by
the Institutional Animal Care and Use Committee at Oregon
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Health and Science University, Portland, OR. C57BL/6], IL-1R1
deficient and caspase-1 deficient mice were purchased from the
Jackson Laboratory (Bar Harbor, ME). ASC- and NLRP3-
deficient mice were kindly provided by V. Dixit (Genentech, San
Francisco, CA).

Treatment of mice with doxorubicin. Mice in all experiments
were female 12-15-week-old C57BL/6 mice or IL-1R1 deficient
mice (on a C57/BL/6 background) housed five to a cage in patho-
gen-free rooms (12 h light-dark cycle) with ad libitum access to
drinking water. Doxorubicin-HCI was purchased as a lyophilized
10 mg tablet from Bedford Labs (Bedford, OH) and was dissolved
in sterile, deionized water to attain a stock solution of 1 mg/ml,
stored at 4°C. WT and IL-1R1-deficient mice were injected intra-
peritoneally (IP) with doxorubicin (75 mg/m?) in a volume of
I mL normal saline (NS). The injection volume was used to
improve absorption of the drug and to reduce localized tissue
inflammation at the injection site. A similar number of control
mice were injected with the same volume of NS without drug. All
injections began at 3 pm. After injection, mice were returned to
their home cages, at which time mouse chow was removed. Sixteen
hours post-injection, mice were terminally sedated using isoflu-
orane according to protocols established at OHSU Department
of Comparative Medicine and blood was collected by cardiac
puncture.

Measurement of serum inflammatory cytokine and chemo-
kines. Peripheral blood was allowed to clot at room temperature
for 60 min and subjected to centrifugation in a microcentrifuge
tube at 10,000 rpm for 2 min. Serum was immediately frozen at
-70°C prior to cytokine analysis. IL-18, TNFa, IL-6, CXCL10/
IP-10, CCL2/MCP-1, GCSF and CXCL1/Gro-« in serum were
measured in duplicate in two separate experiments, using a bead-
based immunofluorescence assay (Luminex Inc., Austin, TX).
Cytokine analysis kits were obtained from Millipore Inc., and
assays were performed according to the protocol supplied by
the manufacturer. Data were collected and analyzed using the
Luminex-100 system Version IS (Luminex Inc., Austin, TX). A
four- or five-parameter regression formula was used to calculate
the sample concentrations from the standard curves.

Analysis. The distribution of each serum analyte was assessed
and transformations applied, if necessary. The types of transfor-
mations used for each serum analyte are presented in Table 1.
Significant differences between drug groups or control groups for
each genotype were determined by one-way analysis of variance
(ANOVA) with Bonferroni adjustment for multiple comparisons.
To determine whether there was an interaction between drug
groups (CAF or Control) and genotype (WT or KO) on serum
analyte, we performed a 2 x 2 ANOVA with Bonferroni adjust-
ment for multiple comparisons. All data were analyzed using the
SPSS statistical analysis software. Data are presented as the mean
+ standard deviation (SD). p < 0.05 was considered to be statisti-
cally significant.

Isolation of bone marrow-derived macrophages (BMDM).
Male mice, 8-10 weeks of age, were used throughout the
experiments. Cells were prepared from WT C57BL/6],
ASC-, Caspase-1- and NLRP3-deficent mice. Marrow was
flushed from femurs and tibias with PBS and cultured in

1014

300 3 IL-1B
250 1
200 ]

150 1

pg/mi

100

50 1

0 ~"C DPI'NAC[.C_DPI_NAC] C_DPI NAC]|
Dox (10uM) Dauno (2.5uM)

+LPS

Figure 5. ROS inhibitors, DPl and NAC, prevent doxorubicin- and dau-
norubicin-mediated release of IL-18 from wild-type BMDM. LPS-primed
wild-type cells were treated with vehicle, 10 wM doxorubicin or 2.5 uM
daunorubicin in combination with vehicle, DPI or NAC for 8 h. Media
supernatants were subjected to ELISA for determination of released
IL-1B. Bars represent the mean + SD of triplicate wells.
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Figure 6. Elevated extracellular K* prevents doxorubicin-mediated
release of IL-1B3 from wild-type BMDM. Unprimed or LPS-primed wild-
type cells were treated with vehicle or 25 puM doxorubicin, in combina-
tion with either normal media or media with high extracellular K* for

8 h. (A) WCLs were subjected to immunoblotting for pro-IL-18 and p38
MAPK (loading control). Released IL-13 was measured by ELISA analysis
of media supernatants. Bars represent the mean + SD of triplicate wells.
(B) Media supernatants were also precipitated and subjected to immu-
noblot analysis for detection of IL-18 p17.
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Table 1. List of functional transformations performed on analytes to
improve normality of distribution

Analytes Transformation
IL-18 1/Square root
TNFa None

IL-6 Square root
G-CSF None
IP-10 Natural log
KC Natural log
MCP-1 Natural log

alpha-Minimum Essential Medium («MEM, Cellgro, Herndon,
VA), supplied with 10% Fetal Bovine Serum (FBS, Cellgro,
Herndon, VA), 50 pg/ml gentamicin and 100 ng/ml recombi-
nant mouse Colony Stimulating Factor 1 (CSF-1, R&D Systems,
Minneapolis, MN) for72 h on non-tissue culture treated 10 cm Petri
dishes. BMDM were passaged and cultured for an additional 72 h.
Each confluent 10 cm dish was transferred into one 6-well or one
12-well tissue culture plate (Sarstedt, Newton, NC) and cultured
for 24 h before initiating experimental treatment.

Treating BMDM. Cells were serum deprived in a-MEM
for 30 min followed by treatment with 50 ng/mL LPS for
4 h. Cells were rinsed and fresh media was added followed
by exposure to the indicated doses of doxorubicin or dau-
norubicin for 8 h prior to harvest. Doxorubicin and dau-
norubicin doses were chosen to reflect peak plasma and
hematopoietic tissue levels observed in cancer patients following
bolus administration of these drugs.’*>? In experiments involv-
ing co-treatment with doxorubicin or daunorubicin, N-acetyl
cysteine (NAC; 30 mM), diphenyleneiodonium chloride (DPI;
25 wM) or elevated potassium (130 mM) was added after LPS
pretreatment. In experiments employing elevated potassium,

sodium was replaced by potassium at an equivalent molar
concentration.

Immunoblotting. BMDM cells were lysed in 2x ESB lysis buf-
fer in preparation for immunoblotting. Equal volumes of the cell
lysates were separated on a 10% denaturing polyacrylamide gel
in the presence of sodium dodecyl sulfate and were transferred
onto polyvinylidene difluoride membranes according to standard
laboratory procedures. Proteins from BMDM media supernatants
were precipitated using TCA plus 200 g insulin carrier protein
and separated on 13% gels. Membranes were incubated with the
indicated antibodies and the corresponding horseradish peroxi-
dase-conjugated secondary antibodies. Signals were detected by
using enhanced chemiluminescence.

ELISA. Media from BMDM were collected and analyzed in
triplicate using IL-1(3 ELISA (eBioscience) according to the manu-
facturer’s protocol.

Measurement of protein synthesis via incorporation of
[’H]-leucine. BMDM were grown in 12-well tissue culture plates.
Treatments were performed in leucine-free/serum-free Dulbecco
modified Eagle medium, for the indicated times and doses of doxo-
rubicin. For the final 30 min of doxorubicin treatment before har-
vesting, the cells were pulse-labeled with 1 wCi of [?H]-leucine in
1 ml of DMEM. Ten percent trichloroacetic acid was added to ter-
minate incorporation. Wells were washed in water and 88% formic
acid was added to solubilize the trichloroacetic acid-insoluble pro-
teins. The samples were counted in a liquid scintillation counter.
In each experiment, three wells were used per experimental point.
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