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Vincristine-induced peripheral neuropathy is driven
by canonical NLRP3 activation and IL-1β release
Hana Starobova1, Mercedes Monteleone1, Christelle Adolphe1, Lena Batoon2,3, Cheyenne J. Sandrock2,3, Bryan Tay1, Jennifer R. Deuis1,
Alexandra V. Smith1, Alexander Mueller1, Evelyn Israel Nadar1, Grace Pamo Lawrence1, Amanda Mayor1, Elissa Tolson1,
Jean-Pierre Levesque2,3, Allison R. Pettit2,3, Brandon J. Wainwright1, Kate Schroder1, and Irina Vetter1,4

Vincristine is an important component of many regimens used for pediatric and adult malignancies, but it causes a dose-
limiting sensorimotor neuropathy for which there is no effective treatment. This study aimed to delineate the neuro-
inflammatory mechanisms contributing to the development of mechanical allodynia and gait disturbances in a murine model
of vincristine-induced neuropathy, as well as to identify novel treatment approaches. Here, we show that vincristine-induced
peripheral neuropathy is driven by activation of the NLRP3 inflammasome and subsequent release of interleukin-1β from
macrophages, with mechanical allodynia and gait disturbances significantly reduced in knockout mice lacking NLRP3
signaling pathway components, or after treatment with the NLRP3 inhibitor MCC950. Moreover, treatment with the IL-1
receptor antagonist anakinra prevented the development of vincristine-induced neuropathy without adversely affecting
chemotherapy efficacy or tumor progression in patient-derived medulloblastoma xenograph models. These results detail the
neuro-inflammatory mechanisms leading to vincristine-induced peripheral neuropathy and suggest that repurposing anakinra
may be an effective co-treatment strategy to prevent vincristine-induced peripheral neuropathy.

Introduction
Vincristine is a vinca alkaloid used predominantly for the
treatment of childhood leukemias and brain cancers, as well as for
treatment of several adult tumors. Themain side effect of vincristine
is a peripheral neuropathy characterized bymotoric, autonomic, and
sensory symptoms, such as gait abnormalities, obstipation, or
changes in the perception of mechanical or vibration stimuli (Mora
et al., 2016; Starobova and Vetter, 2017). Vincristine-induced pe-
ripheral neuropathy (VIPN) is thus a serious dose-limiting side effect
contributing to morbidity and reduced quality of life in patients
treated with vincristine (Kautio et al., 2011; Nama et al., 2020).

The exact pathophysiological mechanisms underlying VIPN
remain unclear, which has hampered the development of ef-
fective treatment strategies that could either prevent or control
the symptoms of VIPN. Although vincristine targets micro-
tubules, and impaired retrograde and anterograde transport
has been suggested as one mechanism leading to altered sensory
neuron function, there is growing evidence that chemotherapy-
induced neuropathy caused by a diverse range of agents in-
corporates significant neuro-inflammatory components (Montague
et al., 2018; Old et al., 2014; Starobova et al., 2019b). Vincristine, in

particular, induces a striking upregulation of inflammatory genes in
dorsal root ganglia (DRG), and release of pro-inflammatory cyto-
kines and chemokines, including IL-1β, TNFα, IL-6, and CCL2, is
implicated in the development of VIPN (Kiguchi et al., 2009;
Starobova et al., 2019b). Indeed, a causative contribution of infil-
trating peripheral macrophages was confirmed in CX3CR1- and
CCR2-deficient mice, which develop less mechanical allodynia after
treatment with vincristine (Montague et al., 2018; Old et al., 2014).
However, the signaling pathways leading to cytokine release from
these infiltrating peripheral macrophages, as well as the con-
tributions of these mechanisms to the development of vincristine-
induced mechanical allodynia, are unknown.

One inflammatory pathway in macrophages involves the
activation of the NLRP3 (nucleotide oligomerization domain-like
receptor pyrin domain–containing 3) inflammasome, which
leads to the release of pro-inflammatory cytokines, such as IL-1β
and IL-18. We thus sought to elucidate the contribution of the
NLRP3 inflammasome and resultant cytokine release to VIPN.

Here, we demonstrate that vincristine elicits release of IL-1β
from human andmurine macrophages via a caspase-1–dependent,
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canonical NLRP3 signaling pathway, and that VIPN fails to develop
in IL-1 receptor (IL1R)– and IL-1β–deficient mice. Importantly, the
clinically used IL1R antagonist anakinra prevented development of
vincristine-induced gait abnormalities and mechanical allodynia
without affecting the chemotherapy efficacy of vincristine—or
tumor growth—in medulloblastoma patient-derived xenograft
(PDX) models. These results suggest that treatment with anakinra
may be a viable clinical strategy to prevent development of VIPN
without adversely affecting cancer treatment outcomes.

Results
Peripheral neuro-inflammation causes vincristine-induced
mechanical allodynia
Patients treated with vincristine develop sensory disturbances,
such as hyperesthesia or altered responses to light touch and
pinprick, as well as motoric disturbances, including altered gait
and foot drop syndrome (Kautio et al., 2011). These symptoms
are recapitulated in murine models based on i.p. or intraplantar
(i.pl.) administration of vincristine (Old et al., 2014; Starobova
et al., 2019a; Uçeyler et al., 2006). Specifically, as previously
described, systemic and local treatment with vincristine
(0.5 mg/kg i.p., 10 doses/12 d; or 10 µg i.pl., 6 doses/12 d) elicited
pronounced mechanical allodynia as evidenced by a significant
decrease inmechanical pawwithdrawal thresholds (PWTs; Fig. 1 A
and Table S1). In addition to mechanical allodynia, gait abnor-
malities were also apparent in animals treated with vincristine (10
µg i.pl.; Fig. 1 B and Table S1); however, vincristine did not induce
changes in weight gain, general well being, gross motor perfor-
mance, or heat PWTs (Fig. S1).

In light of recent evidence suggesting a significant neuro-
inflammatory component of VIPN (Montague et al., 2018; Old
et al., 2014; Starobova et al., 2019a) and observations that the
longest axons are affected first (Wang et al., 2000), we sought to
confirm the previously reported (Old et al., 2014) vincristine-
induced infiltration of F4/80+ (pan-macrophage marker) cells

into the sciatic nerve, which harbors some of the longest sensory
axons innervating the plantar hind paw. In the sciatic nerve of
PBS-treated C57BL/6J mice, we observed a small number of F4/
80+ cells consistent with levels expected in healthy tissue (94.5 ±
12.2 cells/ mm2; n = 7; Fig. 2, A and C). In contrast, treatment
with vincristine (0.5 mg/kg i.p., 24 h) caused increased infil-
tration of F4/80+ cells into the sciatic nerve (141.4 ± 16.4 cells/
mm2; n = 7; Fig. 2, B and C; P < 0.05 compared with PBS control).
In addition, treatment with vincristine caused a significant (P <
0.05 compared with PBS control) increase in the number of F4/
80+ cells in DRG (Fig. 2, D–F; PBS control: 299.6 ± 46.2 cells/mm2;
vincristine: 619.2 ± 58.3 cells/mm2), but not in the spinal cord
(Fig. 2, G–I; PBS control: 7.5 ± 0.4 cells/mm2; vincristine: 11.7 ± 1.7
cells/mm2).

To confirm that infiltrating immune cells contribute to VIPN,
we next assessed vincristine-induced mechanical allodynia in
immune cell–depleted animals. Granulocytes were depleted us-
ing an anti-Ly6G antibody, and macrophages were depleted
using clodronate liposomes before administration of vincristine.
Compared with control, treatment with liposomal clodronate
significantly (P < 0.05) reduced the number of F4/80+ cells in
spleen (Fig. 2, J–L; PBS control: 6.73 ± 1.57%; liposomal clodro-
nate: 2.94 ± 1.24%) and also reversed the number of F4/80+ cells
in the sciatic nerve of vincristine-treated animals to baseline
levels (Fig. 2 M). Similarly, treatment with anti-Ly6G antibody
significantly reduced the proportion of granulocytes in circu-
lating blood from 5.33 ± 0.88% to 1.00 ± 0.00% of total live cell
counts as determined by flow cytometry compared with the
isotype control antibody (Fig. 2 N).

Consistent with infiltrating F4/80+ cells driving the devel-
opment of VIPN, macrophage depletion prevented the
vincristine-induced decrease of mechanical PWT (Fig. 2 O; vin-
cristine + PBS: 1.62 ± 0.23 g; vincristine + liposomal clodronate:
2.99 ± 0.15 g; P < 0.001). In contrast, granulocyte depletion did
not affect vincristine-induced mechanical allodynia, as the me-
chanical thresholds of animals treated with anti-Ly6G (1.57 ±
0.30 g) were not significantly (P > 0.05) different from those of
isotype antibody–treated animals (1.24 ± 0.17 g; Fig. 2 O). Mac-
rophages, and not neutrophils, are thus key cellular drivers
of VIPN.

The NLRP3 inflammasome is required for vincristine-induced
mechanical allodynia and gait abnormalities
NLRP3 is mainly expressed in myeloid cells, including F4/80+

macrophages, and NLRP3 inflammasome signaling contributes
to the inflammatory responses induced by microbial and sterile
danger signals. In light of increasing evidence suggesting a
crucial contribution of the NLRP3 inflammasome to many dis-
eases involving sterile inflammation (Mangan et al., 2018), we
next sought to investigate development of VIPN inNlrp3−/−mice.
Nlrp3 deficiency indeed prevented vincristine-induced me-
chanical allodynia (Fig. 3 A and Table S2) and gait abnormalities
(Fig. 3 B and Table S3).

Notably, we did not observe any phenotypic differences be-
tween early and late vincristine-induced neuropathy, with
Nlrp3−/− mice protected from symptoms over the entire 25-d
observation period, suggesting that mechanisms leading to

Figure 1. A murine model of vincristine-induced neuropathy re-
capitulates sensory and gait abnormalities. (A) Vincristine (black circles;
n = 6) causes a decrease of mechanical PWTs in C57BL/6J mice compared
with PBS-treated animals (white circles; n = 6). (B) Vincristine (black circles;
n = 6) causes gait abnormalities, evidenced by a decrease of paw print area
(cm2) relative to the contralateral control (PBS, white circles). Black arrows in
A and B indicate the time points of vincristine administration. Statistical
significance was determined by repeated measures two-way ANOVA with
Sidak’s multiple comparisons test; data are shown as mean ± SEM. *, P <
0.05.
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VIPN are not subject to temporal variances observed in Cx3cr1-
deficient mice (Old et al., 2014). We thus focused our behavioral
observations to 11 d after vincristine for subsequent in vivo
experiments. In keeping with key pathophysiological function
for NLRP3 in VIPN, C57BL6/J mice treated with the selective
NLRP3 inhibitor MCC950 (Coll et al., 2019) were protected from
both mechanical allodynia (Fig. 3 A and Table S2) and gait ab-
normalities (Fig. 3 B and Table S3) induced by vincristine.

Vincristine induces IL-1β release from human and murine
macrophages
Following exposure to priming signals that lead to transcrip-
tional upregulation of NLRP3, activation of the NLRP3 in-
flammasome drives the release of IL-1β, a pro-inflammatory
cytokine known to sensitize nociceptors (Binshtok et al., 2008).
We thus next examined IL-1β release in macrophages treated
with vincristine. In LPS-primed human monocyte–derived
macrophages, treatment with vincristine (4 h; 100 µM) caused
significant release of IL-1β (312.31 ± 169.14 pg/ml) comparedwith
control (11.70 ± 4.56 pg/ml), although this was modest compared
with the strong NLRP3 agonist, nigericin (5 µM; 2,759.45 ±
399.35 pg/ml, 45 min; Fig. 3 C). Similarly, vincristine caused a
modest but significant release of IL-1β in LPS-primed bone

marrow–derived macrophages (BMMs) from C57BL6/J mice
(control: 0 ± 0 pg/ml; vincristine: 231.50 ± 43.71 pg/ml; P < 0.05),
but not in unprimed macrophages (control: 0 ± 0 pg/ml; vin-
cristine: 0 ± 0 pg/ml; Fig. 3 D). To better understand the sig-
naling pathways that lead to vincristine-induced IL-1β release,
we also investigated the ability of vincristine to independently
prime the NLRP3 inflammasome. Interestingly, vincristine-
primed BMMs released negligible amounts of IL-1β in re-
sponse to the NLRP3 activator nigericin (5 µM; 30.42 ± 2.76 pg/
ml), while nigericin induced considerable IL-1β release in LPS-
primed BMMs (4,749.00 ± 194.50 pg/ml; Fig. 3 E). Similarly,
vincristine treatment did not lead to increased expression of
NLRP3 in macrophages (Fig. S2 A). Together, these results in-
dicate that vincristine does not prime the NLPR3 inflammasome,
but instead functions as a bona fide activation signal for NLRP3
signaling.

To determine whether vincristine-induced IL-1β release
could occur as a result of cell death and the subsequent release of
danger-associatedmolecular patterns (DAMPs), we also assessed
lactate dehydrogenase (LDH) release in LPS-primed and -un-
primed macrophages. However, marked LDH release was not
observed under conditions leading to robust IL-1β release (max
LDH release [% control]: negative control [+LPS]: 7.164 ± 0.28%;

Figure 2. VIPN is driven by infiltrating macrophages. (A–I) Vincristine (vinc) causes infiltration of F4/80+ cells (arrows; brown due to diaminobenzidine
chromogen) into the sciatic nerve (A–C) and DRGs (D–F), but not spinal cord (G–I). Representative IHC images of sciatic nerve (A and B), DRG (D and E), and
spinal cord (G and H) sections from C57BL/6J mice. Scale bar: 50 µm. (J–L) Depletion of macrophages by liposomal clodronate was confirmed by quantitative
anti-F4/80+ staining of spleen (J and K, representative IHC images; scale bar: 200 µm). The inset in J and K is a magnified view showing F4/80+ cells.
(M) Compared with PBS-treated animals, treatment with liposomal clodronate (lip. clodronate; 50 µg/g i.p.; 24 h) significantly decreased the number of F4/80+

cells infiltrating the sciatic nerve of animals after vincristine administration. (N) Depletion of granulocytes in circulating blood after treatment with anti-Ly6G
antibody (200 µg i.p.) compared with the isotype control antibody (200 µg); confirmed by flow cytometry. (O) Depletion of macrophages with liposomal
clodronate (black bars), but not granulocytes (light gray bars), reverses development of vincristine-induced mechanical allodynia compared with vehicle (white
bars) and isotype antibody control (dark gray bars). Statistical significance was determined by unpaired two-tailed t test (C, F, I, L, M, and N) and two-way
ANOVA with Tukey’s multiple comparisons test (O). Data are shown as mean ± SEM; n = 3–7 for all groups as indicated. *, P < 0.05; **, P < 0.01.
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vincristine: 12.09 ± 0.28%, positive control [+LPS + nigericin
5 µM]: 85.00 ± 3.58%; Fig. 3 F), suggesting that vincristine-
induced NLRP3 signaling is not a result of cell death–induced
release of DAMPs and subsequent NLRP3 activation.

The NLRP3 inflammasome signals via caspase-1 to cleave and
activate the pyroptotic effector gasdermin-D (GSDMD). NLRP3
can be activated directly via the canonical signaling pathway or
indirectly via a noncanonical pathway that requires caspase-11
(for review, see Kelley et al., 2019). We thus next assessed IL-1β
release in BMMs derived from wt, Nlrp3−/−, Ice−/− (Casp1−/−/
Casp11null/null; Kayagaki et al., 2011), Casp11−/−, or Gsdmd−/− ani-
mals. In WT BMMs, vincristine induced IL-1β release (106.8 ±
22.2 pg/ml; Fig. 3 G) and cleavage of pro–IL-1β, caspase-1, and
GSDMD (Fig. 3 H). Consistent with the crucial contribution of
NLRP3 to vincristine-induced gait abnormalities andmechanical
allodynia, vincristine-induced IL-1β cleavage and release was
abolished in BMMs isolated from Nlrp3−/− animals (10.09 ± 3.37
pg/ml; Fig. 3, G and H) and after treatment with the NLRP3

inhibitor MCC950 (1.14 ± 1.14 pg/ml). Indeed, IL-1β release was
also decreased in BMMs from Ice−/− animals (lacking caspase-1
and caspase-11; control: 2.46 ± 0.75 pg/ml; vincristine: 5.85 ± 2.65
pg/ml), but was not significantly affected by Casp11 deficiency
(control: 10.53 ± 3.52 pg/ml; vincristine: 83.59 ± 21.06) or Gsdmd
deficiency (control: 14.56 ± 7.29 pg/ml; vincristine: 62.01 ± 6.15;
Fig. 3 G). The profile of vincristine-induced IL-1β release is thus
reminiscent of canonical NLRP3 activation induced by the pro-
totypical agonist nigericin, which also caused cleavage of pro–IL-
1β, caspase-1, and GSDMD (Fig. 3 H), as well as release of mature
IL-1β that is dependent on caspase-1, but not caspase-11 (Fig.
S2 B).

To further demonstrate that NLRP3 activation in macro-
phages is a key contributor to vincristine-induced allodynia, we
next isolated BMMs from wt and Nlrp3−/− animals, and admin-
istered cells treated with vincristine in vitro into naive wt ani-
mals via local i.pl. injection (Fig. 4 A). Consistent with our results
showing IL-1β release in LPS-primed, vincristine-treated

Figure 3. Vincristine leads to activation of the NLRP3-inflammasome and IL-1β release. (A) Mechanical allodynia induced by vincristine (vinc or vincr;
0.5 mg/kg i.p.) does not develop in Nlrp3−/− animals (green symbols) and is attenuated by the NLRP3 antagonist MCC950 (blue symbols; 20 mg/kg i.p.)
compared with wt (dark gray symbols) and PBS-treated (black symbols) controls, respectively. Black arrows indicate vincristine administration schedule and
colored arrows indicate MCC950 treatment schedule. n = 6 for all groups. (B) The decrease in paw print area induced by vincristine (10 µg i.pl.) is abolished in
Nlrp3−/− animals (dark green) and after treatment with MCC950 (dark blue; 20 mg/kg i.p.) compared with wt (dark gray symbols) and PBS-treated (black
symbols) controls, respectively. Black arrows indicate vincristine administration schedule and colored arrows indicate MCC950 treatment schedule. Statistical
significance was determined by using two-way ANOVA with Tukey’s multiple comparisons test. All data are shown as mean ± SEM; n = 6 for all groups. *, P <
0.05. (C and D) Vincristine induces significant release of IL-1β in human (C) and mouse (D) LPS-primed macrophages. (E) Incubation of BMMs with vincristine
does not prime the NLRP3 inflammasome. Nigericin (5 µM) treatment leads to release of IL-1β in LPS-primed, but not vincristine-primed, macrophages.
(F) Vincristine treatment does not induce marked cell death, expressed as percentage of LDH release of 100% lysis control. (G) Vincristine-induced release of
IL-1β is abolished inNlrp3−/− and Ice−/−, but not in Casp11−/− or Gsdmd−/− LPS-primed BMMs. *, P < 0.05 cf. C57BL/6 (LPS); #, P < 0.05 cf. C57BL/6 (LPS + vincristine).
(H) Cleaved IL-1β (p17) and caspase-1 (p20) are found in supernatants of vincristine-treated C57BL6/J, but not Nlrp3−/−, LPS-primed BMMs. (C–G) Statistical sig-
nificance was determined using one-way ANOVA. All data are shown as mean ± SEM; n = 3 for all groups. *, P < 0.05. MW, molecular weight.
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macrophages (Fig. 3 C and D), local administration of LPS-primed
macrophages treated with vincristine or nigericin elicited me-
chanical allodynia (PWT: untreated control: 3.3 ± 0.1 g; LPS: 3.1 ±
0.2 g; LPS + vincristine: 1.0 ± 0.1 g; LPS + nigericin: 1.0 ± 0.1 g)
and unilateral paw swelling (% contralateral paw thickness: un-
treated control: 106 ± 2%; LPS: 104 ± 2%; LPS + vincristine: 163 ±
10%; LPS + nigericin: 139 ± 14%) lasting for 48 h (Fig. 4, B and C).
In contrast, administration of neither unprimed, vincristine-
treated macrophages nor LPS-primed, vincristine-treated
Nlrp3−/− macrophages caused paw swelling (% contralateral
paw thickness: unprimed + vincristine: 106 ± 3%; LPS + vin-
cristine Nlrp3−/−: 106 ± 4%) or mechanical allodynia (PWT: un-
primed + vincristine: 3.3 ± 0.1 g; LPS + vincristine Nlrp3−/−: 3.1 ±
0.1 g; Fig. 4, B and C).

Canonical NLRP3 signaling pathways contribute to vincristine-
induced mechanical allodynia
To further confirm the contribution of the NLRP3 pathway to
the development of mechanical hypersensitivity and gait dis-
turbances in vivo, we next investigated changes in PWT and paw
print area in Ice−/−, Casp11−/−, and Gsdmd−/− animals following
treatment with vincristine. Indeed, vincristine-induced me-
chanical allodynia was significantly reduced (P < 0.05, repeated
measures two-way ANOVA with Sidak’s multiple comparison
correction) in Ice−/− and Gsdmd−/− animals, but not in Casp11−/−,
compared with wt controls (Fig. 5, A–C; Table S4; and Table S5).
Specifically, the vincristine-induced decrease in PWT was at-
tenuated in Ice−/− animals for the first 7 d and PWT values were
significantly different (P < 0.05) from wt animals (dotted line,
cohort control as in Fig. 3 A) on days 1, 2, 4, and 7 (Fig. 5 A).
Similarly, mechanical allodynia was attenuated in Gsdmd−/−

animals, with PWT values significantly different from cohort
controls (Fig. 5 C, Table S4, and Table S5). In Casp11−/− animals,

PWTs were not significantly different from wt controls (Fig. 5 B,
Table S4, and Table S5).

To confirm that NLRP3-mediated IL-1β release contributes to
the phenotype of vincristine-induced neuropathy, we also
quantified mechanical allodynia in Il1b−/− and Il1r1−/− mice lack-
ing IL-1β and IL1R, respectively (Fig. 5, D and E). Strikingly,
Il1b−/− animals did not develop mechanical allodynia (P > 0.05;
repeated measures two-way ANOVA time factor comparison
with Dunnett’s multiple comparisons test) and PWTs oscillated
around baseline values. Accordingly, PWTs in Il1b−/− animals
were significantly (P < 0.05) different at all time points com-
pared with cohort littermate control (Fig. 5 D, Table S6, and
Table S7). Similarly, the PWTs of Il1r1−/− animals were signifi-
cantly (P < 0.05) higher than control at days 1, 2, and 4 (Fig. 5 E,
Table S6, and Table S7).

Sensory neurons can detect IL-1β, with this cytokine directly
activating and sensitizing nociceptors via modulation of
tetrotodoxin-resistant voltage-gated sodium channels (NaV;
Amaya et al., 2006; Binshtok et al., 2008). Specifically, NaV1.9−/−

animals display partially reducedmechanical allodynia after i.pl.
injection of IL-1β (Amaya et al., 2006), and we thus sought to
assess whether vincristine-induced mechanical sensitization
also involves NaV1.9. Indeed, consistent with the phenotype
observed after direct administration of IL-1β, NaV1.9−/− animals
were partially protected from vincristine-induced mechanical
allodynia, with PWTs significantly different from controls on
days 1 and 2 of vincristine treatment (Fig. 5 F, Table S6, and
Table S7).

NLRP3 signaling contributes to vincristine-induced gait
disturbances
To confirm that both mechanical allodynia and gait disturbances
induced by vincristine are driven by similar mechanisms, we

Figure 4. Intraplantar injection of vincristine-treated macrophages in naive animals causes mechanical allodynia. (A) Schematic illustrating the ex-
perimental design. BMMs isolated from WT or Nlrp3−/− animals were primed and treated in vitro, harvested, and administered to naive animals via i.pl. in-
jection. (B) Intraplantar injection of LPS-primedmacrophages treated with vincristine (purple) or nigericin (orange), but not untreated (blue), LPS-primed (red),
unprimed vincristine-treated (green), or Nlrp3−/− macrophages (dark gray bars) causes unilateral paw swelling. n = 6–10 animals/group. (C) Intraplantar in-
jection of LPS-primed macrophages treated with vincristine (purple) or nigericin (orange), but not untreated (blue), LPS-primed (red), or unprimed vincristine-
treated (green) cells causes mechanical allodynia. Intraplantar injection of macrophages from Nlrp3−/− animals does not cause mechanical allodynia,
irrespective of priming or treatment (dark gray bars). Dotted line indicates baseline PWT. n = 6–10 animals/group. Statistical significance was determined using
one-way ANOVA. *, P < 0.05.
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next assessed gait disturbances in Ice−/−, Casp11−/−, Gsdmd−/−,
Il1b−/−, Il1r1−/−, and NaV1.9−/− animals. Similar to our findings
with vincristine-induced mechanical allodynia, the decrease in
paw print area following vincristine treatment (10 µg i.pl.) was
partially inhibited in Ice−/− animals and significantly different
from cohort controls (dotted line, control data shown in Fig. 3 B)
on days 7 and 11 (Fig. 6 A and Table S8).

Consistent with the results shown in Fig. 5 C, vincristine-
induced gait abnormalities were also decreased in Gsdmd−/−

animals (Fig. 6 C and Table S8). Interestingly, Casp11−/− animals
were also partially protected from gait abnormalities (Fig. 6 B
and Table S8), implying that motoric symptoms involve addi-
tional signaling pathways or cell types. Compared with the

cohort control, paw print area values were significantly differ-
ent for both Gsdmd−/− and Casp11−/− animals on multiple days
(Fig. 6, B and C; and Table S8). Additionally, Il1b−/− animals were
protected from development of gait disturbances, with the paw
print area of Il1b−/− mice significantly (P < 0.05) increased
compared with cohort controls (Fig. 6 D and Table S9). Il1r1−/−

mice also only slowly developed a partial gait disturbance (Fig. 6
E and Table S9), with paw print area values significantly dif-
ferent from cohort control (dotted line, control data shown in
Fig. 6 D) on days 4 and 7. In contrast, NaV1.9−/− animals were not
protected from vincristine-induced gait disturbances, although
there was a nonsignificant trend toward increased paw print
areas on days 4 and 7 (Fig. 6 F and Table S9).

Figure 5. The canonical NLRP3 signaling
pathway contributes to vincristine-induced
mechanical allodynia. (A–E) Mechanical allo-
dynia induced by treatment with vincristine
(black arrows; 0.5 mg/kg i.p.) is attenuated in (A)
Ice−/− animals (orange symbols; dotted line and
light gray symbols are cohort controls also
shown in Fig. 3 A); not attenuated in (B)
Casp11−/− animals (purple symbols) relative to wt
controls (black symbols); attenuated in (C)
Gsdmd−/− animals (pink symbols; black symbols
are cohort controls); and attenuated in (D) Il1b−/−

animals relative to wt controls (black symbols)
and (E) Il1r1−/− animals (dotted line and light gray
symbols are cohort controls also shown in D).
(F) In NaV1.9−/− animals, mechanical allodynia
induced by vincristine (0.5 mg/kg; i.p.) is partially
attenuated; dotted line and light gray symbols
are cohort controls also shown in D. Statistical
significance was determined using repeated
measures two-way ANOVA with Sidak’s multiple
comparisons test. All data are shown as mean ±
SEM; n = 6 for all groups. *, P < 0.05.

Figure 6. NLRP3 signaling contributes to
vincristine-induced gait disturbances. (A–E)
Gait disturbances, evidenced by a decrease in
the ipsilateral paw print area (shown as per-
centage of contralateral), induced by treatment
with vincristine (black arrows; 10 µg i.pl.) are
attenuated in (A) Ice−/− animals (orange symbols;
dotted line and light gray symbols are cohort
controls also shown in Fig. 3 B); (B) Casp11−/−

animals (purple symbols) relative to wt controls
(black symbols); (C) Gsdmd−/− animals (pink
symbols; dotted line and light gray symbols are
cohort controls also shown in B); (D) Il1b−/− an-
imals relative to wt controls (black symbols); and
(E) Il1r1−/− animals (dotted line and light gray
symbols are cohort controls also shown in D).
(F) In NaV1.9−/− animals, gait disturbances in-
duced by vincristine are not significantly de-
creased; dotted line and light gray symbols are
cohort controls also shown in D. Statistical sig-
nificance was determined using repeated mea-
sures two-way ANOVA with Sidak’s multiple
comparisons test. All data are shown as mean ±
SEM; n = 6 for all groups. *, P < 0.05.
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The IL1R antagonist anakinra prevents development of
vincristine-inducedmechanical allodynia and gait disturbances
NLRP3-mediated diseases, such as familial cold auto-
inflammatory syndrome, are currently managed with biologics
targeting IL-1β signaling, such as the IL1R antagonist anakinra.
We thus sought to evaluate whether anakinra could suppress the
development of vincristine-induced mechanical allodynia and
gait disturbances. We first confirmed that anakinra doses that
have been used in rodent models of acute myocardial infarction,
osteosarcoma, and streptozotocin-induced diabetes (Abbate et al.,
2008; Baamonde et al., 2007; Vallejo et al., 2014) can effectively
prevent IL-1β–mediated pain in a murine model. As previously
reported, i.pl. administration of IL-1β in naive animals elicited
mechanical allodynia (PWT: baseline: 3.4 ± 0.2 g i.pl.; IL-1β: 1.0 ±
0.1; P < 0.05), which was reversed by treatment with anakinra
(100 mg/kg i.p.; PWT: 2.8 ± 0.2 g; P < 0.05; Fig. S2 C). We next
coadministered anakinra (100 mg/kg i.p.) with vincristine
(0.5 mg/kg i.p. or 10 µg i.pl.). Anakinra significantly decreased
mechanical hypersensitivity (Fig. 7 A and Table S10), with sig-
nificantly higher PWT values in the anakinra-treated group
relative to the vehicle-treated group at all time points. Similarly,
the development of gait abnormalities was delayed by treatment
with anakinra (100 mg/kg i.p) and was significantly different
from vehicle controls (PBS; i.p.; Fig. 7 B and Table S10).

Diverse signaling mechanisms underlie the pathobiology of
different types of neuropathic pain, including chemotherapy-induced
neuropathy caused by other agents. We thus sought to confirm the
effect of anakinra on mechanical allodynia induced by the chemo-
therapeutics oxaliplatin, cisplatin, and ixabepilone, and observed that
coadministration with anakinra (100 mg/kg i.p.) only reversed vin-
cristine- and ixabepilone-, but not oxaliplatin- or cisplatin-induced
symptoms (Fig. 7 C), suggesting that the above-described NLRP3
signaling mechanisms may be particularly important in neuropathy
induced by tubulin-targeting chemotherapeutics.

To determine the effects of vincristine and anakinra on the
function of peripheral nerve terminals, we also performed

single-fiber recordings from the murine skin-saphenous nerve
preparation. Interestingly, the predominant phenotype elicited
by administration of vincristine was a loss of functional myeli-
nated A fibers in the skin-nerve preparation (Fig. S3 A), al-
though intraepidermal nerve fiber density, determined by
PGP9.5 immunofluorescence, remained unaffected (Fig. S3, B
and C). Crucially, treatment with anakinra prevented this phe-
notype (Fig. S3 A), confirming previous observations that
vincristine-induced functional changes can occur independently
of nerve degeneration (Chen et al., 2020).

Treatment with anakinra does not adversely affect tumor
progression or vincristine efficacy in medulloblastoma
PDX models
The above data demonstrate that NLRP3-dependent IL-1β sig-
naling mediates the symptoms of VIPN, including mechanical
allodynia and gait disturbances, and that the IL1R antagonist
anakinra can prevent these adverse effects. However, a key
consideration of putative antiallodynic treatments is their effect
on tumor progression and chemotherapy efficacy. As vincristine
is commonly used for the treatment of childhood medulloblas-
tomas, we thus sought to investigate the effect of anakinra in
medulloblastoma PDX models. We first confirmed that niger-
icin- and vincristine-induced IL-1β release was conserved in
macrophages from NSG (NOD scid γ) mice (Fig. S4). We then
examined this pathway in vivo, with the detailed drug injection
schedule shown in Fig. 8 A. Anakinra (100 mg/kg i.p.) indeed
protected tumor-bearing NSGmice from developing vincristine-
induced allodynia, with anakinra reversing the vincristine-
induced decrease in PWTs to values indistinguishable from
healthy controls (PWT control: 3.5 ± 0.2 g; PWT anakinra: 3.4 ±
0.2 g; PWT vincristine: 1.1 ± 0.2 g; PWT vincristine + anakinra:
3.2 ± 0.5 g; Fig. 8 B).

For tumor growth in these animals, no significant difference
was observed between the groups treated with saline (i.p.) or
anakinra (i.p., 100 mg/kg) in the number of days required for

Figure 7. Anakinra treatment prevents the development of VIPN. (A) In animals receiving vincristine (vinc; 0.5 mg/kg i.p.), coadministration of anakinra
(purple symbols; 100 mg/kg i.p.) fully prevents development of mechanical allodynia compared with animals treated with vehicle (black symbols; PBS i.p.). n =
6 animals/group. (B) Gait disturbances induced by vincristine are significantly (P < 0.05) delayed in animals treated with anakinra (purple symbols; 100 mg/kg
i.p.) compared with animals treated with vehicle (black symbols; PBS i.p.). Black arrows indicate vincristine administration, and purple arrows indicate
anakinra/PBS administration schedule. n = 6 animals/group. (C) Anakinra (100 mg/kg i.p., purple bars) reverses vincristine- and ixabepilone-, but not ox-
aliplatin- or cisplatin-induced mechanical allodynia. n = 6 animals/group. Statistical significance was determined using one-way (C) and repeated measures
two-way ANOVA with Sidak’s multiple comparisons test (A and B). All data are shown as mean ± SEM. *, P < 0.05.
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Med-211FH and Med-411FH tumors to reach maximum tumor
size (2,000 mm3; days to reach maximum volume: Med-211FH
saline: 13.0 ± 1.9 d; Med-211FH anakinra: 15.3 ± 1.7 d; Med-411FH
saline: 26.6 ± 0.9 d; Med-411FH anakinra: 23.3 ± 1.3 d; Fig. 8, C, F,
D, and H). Similarly, the slowly growing Med-1712FH tumors
progressed at rates indistinguishable from control during pro-
longed (28 d) anakinra administration (Fig. 8 E). While tumors

in Med-211FH and Med-411FH tumor-bearing animals that were
treated either with vehicle only or anakinra reached maximum
tumor size (2,000 mm3) within 10–28 d (Fig. 8, F and H), tumor
volume rapidly decreased in all animals receiving vincristine
(Fig. 8, C–E and G–J). Specifically, all animals in the Med-211FH
group showed complete tumor regression (0mm3) within 11–17 d
of vincristine treatment, whileMed-411FH andMed-1712FH tumors

Figure 8. Anakinra treatment does not affect tumor progression or chemotherapy efficacy. (A) Detailed time schedule of drug administration in Med-
211FH, Med-411FH, and Med-1712FH medulloblastoma PDX models. Mice were injected with Med-211FH, Med-411FH, and Med-1712FH medulloblastoma cells
and tumor volume measurements were taken biweekly. Anakinra (light purple) or saline (light orange) treatment commenced when s.c. tumors reached
100 mm3 in size (stage 1). Vincristine (dark orange), anakinra (light purple), saline (light orange), or anakinra + vincristine (dark purple) injections commenced
when s.c. tumors reached 300 mm3 in size (stage 2) and treatment was administered for 4 wk daily or until maximum tumor size was reached (2,000 mm3).
(B) Anakinra (100 mg/kg i.p., purple bars) reverses vincristine-induced mechanical allodynia in tumor-bearing NSG mice. (C–J) Effect of anakinra on tumor
growth and vincristine-induced complete tumor regression in Med-211FH, Med-411FH, and Med-1712FH medulloblastoma PDX models. (C–F and H) Daily
treatment with anakinra (light purple) had no effect on time to reachmaximum tumor size (2,000mm3) or tumor growth in animals with an s.c. implanted Med-
211FH or Med-411FH tumor compared with controls (light orange symbols). There was also no effect on tumor growth in animals bearing Med-1712FH tumors.
(C–E) Effect of anakinra on vincristine-induced complete tumor regression in Med-211FH, Med-411FH, and Med-1712FHmedulloblastoma PDXmodels. (C, D, E, G, I,
and J) Daily treatment with anakinra (dark purple symbols) had no effect on the ability of vincristine to induce regression of Med-211FH (G), Med-411FH (I), or Med-
1712FH (J) tumors compared with control animals treated only with vincristine (dark orange symbols). All data are shown as mean ± SEM; n ≥ 4 animals/group as
indicated. *, P < 0.05.

Starobova et al. Journal of Experimental Medicine 8 of 16

Inhibition of IL-1β release prevents VIPN https://doi.org/10.1084/jem.20201452

https://doi.org/10.1084/jem.20201452


completely regressed within 21–28 and 18–35 d of vincristine
treatment, respectively (Fig. 8, G, I, and J).

Importantly, treatment with anakinra did not affect the
ability of vincristine to induce complete tumor regression, with
quantitative analysis of mice that were cotreated with anakinra
and vincristine revealing no significant difference in the num-
ber of days for vincristine to induce complete tumor regression
(days to tumor regression: Med-211FH vincristine: 13.3 ± 1.4 d;
Med-211FH vincristine + anakinra: 14.0 ± 1.3 d; Med-411FH
vincristine: 18.8 ± 2.9 d; Med-411FH vincristine + anakinra:
19.8 ± 1.0 d; Med-1712FH vincristine: 24.3 ± 1.9 d; Med-1712FH
vincristine + anakinra: 25.8 ± 2.4 d; Fig. 8, G, I, and J). Overall,
these results demonstrate that anakinra reduces vincristine-
induced neuropathy without adversely affecting cancer pro-
gression or chemotherapy efficacy, and indicate that anakinra
may be an attractive analgesic cotherapy to vincristine chemo-
therapeutic regimens.

Discussion
The vinca alkaloids are typically considered cytotoxic anticancer
drugs that act during cellular mitosis due to their effects on
microtubules. These effects have also been postulated to con-
tribute to neurotoxicity due to effects on the anterograde
transport of neuronal proteins (LaPointe et al., 2013). However,
in recent years, it has become increasingly clear that vincristine-
induced neuropathy is not simply a cell type–specific conse-
quence of the known pharmacological activity of vincristine, but
a complex symptom involving considerable neuro-inflammatory
components. Specifically, vincristine was shown to induce in-
filtration of circulating monocytes into peripheral nerves, with
CX3CR1-positive cells contributing to initiation and CCR2-posi-
tive cells contributing to maintenance of vincristine-induced
neuropathy (Montague et al., 2018; Old et al., 2014). Similarly,
vincristine treatment leads to a striking upregulation of genes
related to immune cell recruitment and inflammatory processes
in DRG, consistent with a functional contribution of infiltrat-
ing immune cells to vincristine-induced neuronal dysfunction
(Starobova et al., 2019b); however, the molecular signaling
pathways underpinning these processes have remained elusive.
As a major molecular complex mediating macrophage-induced
inflammation, we thus investigated whether the NLRP3 in-
flammasome drives vincristine-induced neuropathy.

NLRP3 is an innate immune sensor for microbial infections
and host-derived DAMPs that signal cell damage or stress under
sterile inflammatory conditions (Lu et al., 2020). Activation of
NLRP3 and its signaling adaptor (ASC) leads to recruitment of
the cysteine protease caspase-1, forming a complex termed the
inflammasome (Lu et al., 2020). This unleashes caspase-1 pro-
tease activity, which, in turn, cleaves and activates the pro-
inflammatory cytokines IL-1β and IL-18, as well as the cell
executioner GSDMD (Evavold et al., 2018; Mulvihill et al., 2018).
Collectively, these so-called canonical NLRP3 signaling processes
result in secretion of pro-inflammatory cytokines (Chan and
Schroder, 2020).

Release of cytokines after treatment with vincristine has
been reported clinically as well as in a range of animal models

(Weintraub et al., 1996). Notably, our results show for the first
time that vincristine directly causes NLRP3-dependent IL-1β re-
lease, paralleled by cleavage of pro-GSDMD and caspase-1, in
mouse macrophages. Although IL-1β release was modest com-
pared with the strong NLRP3 activator nigericin, this is perhaps
not surprising given that vincristine causes predominantly
symptoms of peripheral neuropathy, but not systemic inflam-
mation, such as fever, which is apparent in sepsis or NLRP3-
mediated conditions, such as cryopyrin-associated periodic
syndrome (Chan and Schroder, 2020). Nonetheless, vincristine-
induced allodynia and gait disturbances were significantly re-
duced in Nlrp3−/−, Ice−/−, Gsdmd−/−, Il1b−/−, and Il1r1−/− mice
(Fig. 3, Fig. 5, and Fig. 6), suggesting that inflammasome acti-
vation and cytokine release likely occurs in immune cells in
close proximity to sensory neurons and that these processes are
crucial for development of neuropathy. Indeed, we also observed
a number of IL-1β–positive cells in the DRG of vincristine-
treated animals, although it is not possible to distinguish
pro–IL-1β from full-length processed and secreted mature IL-1β
using antibodies (Fig. S3). While macrophages infiltrating DRG
can certainly contribute to neuropathic pain (Yu et al., 2020),
our data suggest that macrophages interacting with peripheral
nerves may be sufficient to initiate the development of pain.
However, additional studies are required to determine the rel-
ative contribution of DRG- and nerve-located macrophages to
vincristine-induced neuropathy.

Inflammasome activation typically requires a priming signal,
such as ligands for Toll-like receptors or cytokine receptors, that
first increase expression of NLRP3 and pro–IL-1β via NF-κB
signaling. Interestingly, vincristine-induced IL-1β release was
only apparent in primed macrophages, but vincristine was un-
able to prime the inflammasome, with no IL-1β release apparent
in macrophages cotreated with vincristine and nigericin (Fig. 3).
The mechanisms leading to vincristine-mediated NLRP3 acti-
vation thus seem to differ from the microtubule-stabilizing
chemotherapeutic paclitaxel, which does not cause IL-1β release
in LPS-primedmacrophages, but can directly primemacrophages,
leading to activation of caspase-1 by inflammasome-activating
signals such as nigericin or ATP (Son et al., 2019). These results
are consistent with our previous observation that vincristine-
induced neuropathy is reduced in Tlr4−/− mice (Starobova et al.,
2019a), although the endogenous signals leading to macrophage
priming and NLRP3 activation in vivo in response to vincristine
treatment remain unclear. Interestingly, paclitaxel-induced neu-
ropathy was also reversed by anakinra treatment in rats
(Kuyrukluyildiz et al., 2016), as was ixabepilone-induced neu-
ropathy in this study (Fig. 7 C), suggesting that NLRP3-driven
pathological mechanisms are particularly important formicrotubule-
targeting agents.

In addition to IL-1β, activation of the NLRP3 inflammasome
can also lead to maturation and release of IL-18, which may
contribute to the development of pain via activity at the IL-18
receptor (Pilat et al., 2016). Indeed, while we did not specifically
assess the effects of vincristine on IL-18 release, contributions of
cytokines other than IL-1β to vincristine-induced neuropathy
cannot be excluded, although several lines of evidence, including
significant reductions in both mechanical allodynia and gait
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disturbances in Il1b−/− mice and Il1r1−/− mice and after treatment
with anakinra, support a major role for IL-1β signaling. Inter-
estingly, anakinra and vincristine are both relatively poorly
blood–brain barrier permeant, suggesting that vincristine-
induced neuropathy is predominantly a peripherally driven
pathology, despite previous reports of vincristine-induced in-
flammatory changes in the spinal cord (Qin et al., 2020). This
hypothesis is further supported by our observation that i.pl.
administration of vincristine-treated macrophages led to
symptoms of mechanical allodynia (Fig. 4). IL-1β is well known
to elicit sensory neuron sensitization via post-translational
modification of a range of ion channels, including transient re-
ceptor potential channels TRPA1 and TRPV1, N-methyl-D-as-
partic acid, and γ-aminobutyric acid receptors, as well as
voltage-gated K+, Ca2+, and Na+ channels (Binshtok et al.,
2008; Ren and Torres, 2009; Schäfers and Sorkin, 2008;
Stemkowski et al., 2015). In addition, secondary production of
nitric oxide, bradykinin, or prostaglandins, which also modulate
neuronal excitability, further contributes to IL-1β–mediated
pain (Ren and Torres, 2009; Schäfers and Sorkin, 2008). Nota-
bly, intradermal injection of IL-1β causes pain hypersensitivity
that is reduced, although not entirely abrogated, in NaV1.9−/−

animals (Amaya et al., 2006), a phenotype that was mirrored in
vincristine-treated animals. While the modest reduction in
vincristine-induced allodynia in NaV1.9−/− animals could be
considered disappointing, this observation is perhaps consistent
with that of IL-1β enhancing neuronal excitability through
multiple effectors. Indeed, NaV1.6 was recently shown to con-
tribute to the functional changes of DRG neurons following
vincristine treatment (Chen et al., 2020). These mechanisms
might explain why a range of conventional and adjuvant an-
algesics targeting these neuronal signaling pathways have failed
to show efficacy in vincristine-induced neuropathy, and suggest
that targeting NLRP3 or IL-1β signaling may be a more prom-
ising analgesic strategy.

Involvement of NLRP3 signaling has also been reported in
several other painful conditions, including gout, postsurgical
pain, migraine, and cancer-induced bone pain (Chen et al., 2019;
Cowie et al., 2019; He et al., 2019; Starobova et al., 2020; Yin
et al., 2020); however, only a few studies have used Nlrp3−/−

animals or the specific NLRP3 inhibitor MCC950 (Chen et al.,
2019; Cowie et al., 2019; Curto-Reyes et al., 2015; Deuis et al.,
2017; He et al., 2016; Khan et al., 2018), and the contribution of
canonical and noncanonical NLRP3 signaling pathways to pain
has not been previously assessed. In postsurgical pain, me-
chanical allodynia was significantly attenuated in male Nlrp3−/−

mice, but less so in female Nlrp3−/− mice, in which sensory
neuron–specific NLRP3 contributed to allodynia (Cowie et al.,
2019). In contrast, we observed no sex-specific differences in
vincristine-induced neuropathy (Starobova et al., 2019a), and
both male and female Nlrp3−/− animals were protected equally
(Fig. S5). Future studies assessing the development of vincristine-
induced neuropathy in sensory neuron–specific Nlrp3−/− ani-
mals would be of great interest, although our observation that
depletion of macrophages with liposomal clodronate prevents
allodynia would suggest only a minor role for NLRP3 expressed
in other cell types.

Other types of immune-mediated neuropathies, such as
Guillain-Barré syndrome and chronic inflammatory demyelin-
ating polyradiculoneuropathy, are believed to arise from acti-
vation and proliferation of autoreactive T cells and other
components of the adaptive immune system that ultimately
cause destruction of peripheral nerves (Kieseier et al., 2018; Xu
et al., 2020). In contrast, vincristine-induced neuropathy ap-
pears to predominantly involve components of the innate im-
mune system, in particular the NLRP3 inflammasome.While our
findings with the NLRP3 inhibitor MCC950 show promise for
the development of vincristine-induced neuropathy, NLRP3 in-
hibitors are not currently approved for clinical use. In contrast,
IL-1β–targeting biologics have been used extensively in both
adult and pediatric populations and may thus represent an at-
tractive, immediately available alternative, although enhanced
infection risk associated with these agentsmay be undesirable in
patients undergoing chemotherapy (Rider et al., 2016). Accord-
ingly, additional studies are needed to evaluate the comparative
efficacy of different NLRP3- and IL-1β–targeting agents to in-
form future clinical trials. While our data also suggest that
vincristine-induced gait disturbances occur via comparable
mechanisms, these are more difficult to detect in quadrupedal
model organisms, and the effect of NLRP3- and IL-1β–targeting
agents on foot- and wrist-drop syndrome in patients remains to
be determined.

A major consideration for any treatment aimed at amelio-
rating chemotherapy-induced adverse effects must necessarily
be the effect on tumor progression and chemotherapy efficacy,
particularly in the case of inflammasome-targeting treatments
where emerging evidence suggests varied disease-modifying
effects. For example, tumor progression and metastasis of mel-
anoma, gastric, and colon cancer were shown to be driven by
IL-1β (Krelin et al., 2007; Li et al., 2012) and, thus, inhibition of
IL1β signaling might be beneficial. On the other hand, IL-1β was
also shown to contribute to the regression of murine B16 mel-
anoma hepatic metastases (Vidal-Vanaclocha et al., 1994). In the
context of the most common oncology indications for vincristine
treatment, such as medulloblastomas, the role of NLRP3 and
IL-1β signaling is less clear. Our results show for the first time
that anakinra has, at a minimum, no clear detrimental effects
on patient-derived medulloblastoma growth or vincristine-
mediated tumor regression. Our studies thus suggest that ad-
dition of anakinra to chemotherapy regimens may be a viable
treatment approach for the prevention of vincristine-induced
neuropathy.

Although selective NLRP3 inhibitors are not yet available
clinically, several compounds are currently being developed,
including peripherally restricted compounds, such as somalix,
which has completed phase I studies, and inzomelid, a potent,
selective, central nervous system–penetrant NLRP3 inhibitor
that is currently in phase Ib trials. Although selective NLRP3
inhibitors may provide favorable side effect profiles and supe-
rior efficacy (Mangan et al., 2018; Swanson et al., 2019), the
translational potential for anakinra is more immediately ap-
parent given that this biological is already in clinical use, in-
cluding in children. Ultimately, the treatment approach of
coadministering anakinra alongside vincristine aims to reduce
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suffering of patients treated with vincristine and will enable
patients to carry through with chemotherapy, which, in turn,
will lead to better outcomes for cancer patients who are un-
dergoing treatment with vincristine.

Conclusion
In summary, our study is the first to define the contribution of
canonical and noncanonical NLRP3 signaling pathways to
vincristine-induced IL-1β release in macrophages, and shows
that inhibition of NLRP3 or IL-1β signaling in vivo prevents
development of vincristine-induced mechanical hypersensitiv-
ity and gait abnormalities. Moreover, we have delineated novel
contributions of inflammasome pathway members, including
caspase-1 and the downstream effector GSDMD, to pain-like
symptoms, and suggest that based on the mechanistic insights
described herein, repurposing of biologics targeting IL-1β sig-
naling is a highly promising approach to improve the thera-
peutic window of vincristine.

Materials and methods
Animals and ethical approvals
All behavioral experiments were performed with 8–10-wk old
adult WT (C57BL/6J) mice sourced from the Animal Resource
Centre or with Nlrp3−/−, Ice−/− (Casp1−/−/Casp11null/null; Kayagaki
et al., 2011), Casp11−/−, Gsdmd−/−, Il1r1−/−, Il1b−/−, and NaV1.9 −/−

mice, backcrossed to C57BL/6J mice for at least five generations,
of mixed sex, noting that no significant differences in VIPNwere
observed between sexes as reported previously (Starobova et al.,
2019a) and here (Fig. S5). Animals were housed with rodent
chow and water ad libitum in groups of three to five per cage
under 12-h light-dark cycles and acclimatized to experiments as
described previously (Starobova et al., 2019a). All experiments
were performed in accordance with the 2012 Animal Care and
Protection Regulation Qld; the 2013 Australian Code of Practice
for the Care and Use of Animals for Scientific Purposes, eighth
edition; and the International Association for the Study of Pain
Guidelines for the Use of Animals in Research. Ethical approval
was obtained from the University of Queensland animal ethics
committee. All behavioral assessments were performed by a
blinded observer, unaware of the treatment and genotype of
each mouse, with animals randomized to treatment groups.
Appropriate sample sizes were determined by power calculation
as a minimum of n = 4 based on an 80% power to detect an
expected 60% difference relative to baseline readingswith a 20%
interindividual variability between animals and a statistical
significance criterion of P < 0.05. All animals were monitored
for weight loss, general well being, and adverse effects
throughout the study and were scored for the following mea-
sures: eating (score 0: drinking and eating well; score 1: change in
eating or drinking habit; score 2: inappetence; score 3: not eating/
drinking, severely dehydrated); locomotion (score 0: walking
normally; score 1: limping, stiffness; score 2: swollen limbs; score
3: severely restricted mobility); behavior (score 0: normal be-
havior; score 1: away from littermates; score 2: aggressive or
huddled in corner; score 3: severe distress); and appearance
(score 0: normal; score 1: ruffled fur; score 2: animal appears

depressed, hunched, reluctant to move; score 3: animal appears
severely depressed). Scores of 3 in any category or ≥10 were
defined as requiring immediate euthanasia. No animals showed
ill health effects due to vincristine or drug treatment and geno-
type, with all experimental animals scoring 0 across all measures
and nomore than 1 for locomotion (data not shown).Weight gain
was also indistinguishable from healthy animals (Fig. S1). All
behavioral experiments were conducted in cohorts with WT or
vehicle controls assessed at the same time, and only cohort-
specific control animals were used for statistical analysis of each
treatment or genotype. Therefore, controls for Nlrp3−/− and Ice−/−

animals mechanical allodynia are shown in Fig. 3 A and Fig. 5 A,
controls for Casp11−/− mechanical allodynia are shown in Fig. 5 B,
controls for Gsdmd−/− mechanical allodynia are shown in Fig. 5 C,
and controls for Il1r1−/−, Il1b−/−, and NaV1.9 −/− mechanical allodynia
are shown in Fig. 5, D–F. Controls forNlrp3−/− and Ice−/− animals gait
are shown in Fig. 3 B and Fig. 6 A, controls for Casp11−/− and
Gsdmd−/− gait are shown in Fig. 6, B and C, and controls for Il1r1−/−,
Il1b−/−, and NaV1.9 −/− gait are shown in Fig. 6, D–F.

Drug administration for neuropathy studies
Vincristine sulfate (Sapphire Bioscience) was dissolved in sterile
Dulbecco’s PBS for i.p. (0.5 mg/kg) injection or in sterile-
filtrated 5% glucose solution for i.pl. (10 µg; cumulative dose:
60 µg) injection. In vivo doses of vincristine were based on
previous studies using well-validated murine models of
vincristine-induced neuropathy (Montague et al., 2018; Old
et al., 2014; Starobova et al., 2019a). Based on established con-
version between murine and human doses based on body
surface area, a dose of 0.5 mg/kg i.p. would be equivalent to
∼1.4 mg/m2, which is close to human doses ranging from 0.5 to
2.0 mg/m2, particularly considering that t1/2 is typically shorter
in mice relative to humans (Nair and Jacob, 2016). For studies
assessing tumor progression and chemotherapy efficacy, we
used a vincristine dose of 0.25 mg/kg three times a week (days
1, 3, and 5, repeated weekly for 4 wk), as described below, due
to weight loss of NSG mice at higher doses. For the assessment
of mechanical allodynia, vincristine or vehicle (PBS) solution was
administered via i.p. injection (10 µl/g) as described previously (Old
et al., 2014); the injection schedule is displayed by black arrows in all
figure panels. For the assessment of gait abnormalities, vincristine
or vehicle (5% glucose) solution was administered via i.pl. injection
(10 µg/10 µl per paw) as described previously (Starobova et al.,
2019a); the injection schedule is displayed by black arrows in all
figure panels. Oxaliplatin and cisplatin were administered as pre-
viously described (Starobova et al., 2019b). Briefly, oxaliplatin and
cisplatin were dissolved in sterile-filtrated 5% glucose solution and
administered by i.pl. injection at a dose of 40 µg/mouse. Behavioral
assessmentswere conducted 24 h after administration of oxaliplatin
and cisplatin, as described below. The microtubule-targeting epo-
thilone chemotherapeutic ixabepilone was administered by i.p.
injection (4 mg/kg) twice weekly for up to 8 wk. Behavioral as-
sessments were conducted on day 35.

Drug treatment
Anakinra (Kineret; Sobi) or MCC950 (Coll et al., 2019) were
diluted in PBS. Anakinra is a recombinant modified human IL1R
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antagonist protein with relatively small molecular weight (17
kD) and a short (4–6 h) half-life that is administered by once or
twice daily s.c. injection in patients (Akash et al., 2013;
Calabrese, 2002). We based our doses of anakinra on previously
published administration in mouse models (Abbate et al., 2008;
Baamonde et al., 2007; Vallejo et al., 2014). Anakinra (100 mg/kg),
MCC950 (20 mg/kg), or PBS was administered by i.p. injection
once daily, together with vincristine (i.p. 0.5 mg/kg, or i.pl. 10 µg)
injection, as indicated by colored arrows in corresponding figures.
To validate the ability of anakinra to inhibit IL-1β signaling in vivo,
recombinant mouse IL-1β (2 ng in PBS; R&D Systems) was ad-
ministered in a volume of 10 µl into the right hind paw 24 h after
treatment with vehicle (control; PBS; 10 µl/g i.p.) or anakinra
(100 mg/kg i.p.).

Single-fiber experiments from skin-saphenous nerves
To assess the integrity of nerve terminals after vincristine
treatment, we used the skin-saphenous nerve preparation to
assess excitability of peripheral afferents (Israel et al., 2019). The
glabrous hind paw skins of vincristine- and vehicle-treated an-
imals was dissected with the saphenous nerve attached, placed
in a recording chamber, secured hairy side down with petrole-
um jelly and continuously perfused with carbogenated synthetic
interstitial fluid composed of (in mM): 107.8 NaCl, 3.5 KCl, 0.69
MgSO4·2H2O, 26.2 NaHCO3, 1.67 NaH2PO4·2H2O, 9.64 gluconic
acid, 5.55 glucose, 7.6 sucrose, and 1.53 CaCl2·2H2O, pH 7.3. The
second skin of the animal was kept at 4°C until ready for ex-
perimentation (up to 6 h postdissection). The saphenous nerve
bundle of the skin was placed on amirror in a separate recording
chamber filled with paraffin oil, desheathed, and teased to
smaller filaments that were placed on a platinum recording
electrode. The corium of the skin was then manually probed
with a blunt glass rod until single, mechanically sensitive re-
ceptive fields could be identified and subsequently classified by
conduction velocity (C < 1 m/s; A > 1.6–12 m/s) after stimulation
by bipolar Teflon-coated steel microelectrode (impedance
1\MΩ). Electrophysiological recordings were made with Dapsys
software and the number of excitable C- and A-fiber neurons
determined from n = 3 vincristine- and vincristine + anakinra–
treated animals (n = 6 hind paw skins) and n = 5 untreated
control animals (n = 10 hind paw skins).

Depletion of monocytes/macrophages and granulocytes
For depletion of granulocytes, mice were injected i.p. with
200 µg anti-Ly6G antibody or control antibody (Bio X Cell) 3 d
before the first vincristine administration and then together
with vincristine (i.p.; 0.5 mg/kg) injection as described previ-
ously (Daley et al., 2008; Starobova et al., 2019a). For depletion
of monocytes, clodronate liposomes (10 µl/g of a 5-mg/ml solu-
tion) or control liposome-encapsulated PBS (Liposoma Research)
were injected i.p. 3 d before the first vincristine administration
and then together with vincristine (i.p.; 0.5 mg/kg) injection as
described previously (Barclay et al., 2007; Old et al., 2014;
Starobova et al., 2019a; Van Rooijen and Sanders, 1994). To
confirm depletion of monocytes or granulocytes, the spleen or
blood were collected after two doses of clodronate or Ly6G and/
or 24 h after first vincristine (i.p.; 0.5 mg/kg) injection.

Human and murine macrophages inflammasome assays
Human monocyte-derived macrophages were prepared as de-
scribed previously (Bierschenk et al., 2019). Murine BMMswere
prepared as described previously (Schroder et al., 2012). Dif-
ferentiated macrophages (day 6) were plated at a density of 106

cells/ml in RPMI 1640 (Gibco) supplemented with 10% heat-
inactivated fetal calf serum, GlutaMAX (Life Technologies),
and recombinant human CSF-1 (150 ng/ml; endotoxin free,
produced in insect cells by the University of Queensland Protein
Expression Facility). For inflammasome assays, on day 7 of cell
differentiation, culture media was replaced with OptiMEM
(Gibco BRL plus CSF-1) containing or not ultra-pure LPS (100 ng/
ml; Escherichia coli K12 tlrl-peklps; InvivoGen) for 3 h, followed
by treatment with vincristine (100 µM) for 4 h. Nigericin (5 µM;
Sigma-Aldrich) was added 45 min before supernatant collection.

For in vivo experiments assessing the effects of i.pl. admin-
istration of macrophages, cells derived from wt or Nlrp3−/− an-
imals were primed with LPS and treated with vincristine or
nigericin as described above. Cells were then rinsed with ice-
cold PBS, mechanically detached from the dish by washing with
PBS through a blunt-needle syringe, centrifuged for 5 min at
300 g, rinsed with ice-cold PBS again, and resuspended to 5,000
cells/25 µl in PBS. Cells were then administered by i.pl. injection
into the right hind paw of naive animals and behaviors were
quantified as described below.

IL-1β ELISA
IL-1β secretion was quantified by ELISA (IL-1β Ready-SET-Go!;
eBioscience), according to the manufacturer’s protocol. The re-
lease of LDHwas quantified using the CytoTox96 nonradioactive
cytotoxicity assay (Promega) and plotted as a percentage of total
cellular LDH (100% lysis control). Cell lysates and cell-free
methanol/chloroform-precipitated supernatants were analyzed
byWestern blot using standard methods (Gross et al., 2011) with
antibodies against IL-1β (AF-401-NA, 1:1,000; R&D Systems),
caspase-1 (casper-1, 1:1,000; AdipoGen), GSDMD (EPR19828;
Abcam), and GAPDH (polyclonal rabbit antibody, 1:5,000;
BioScientific).

Flow cytometry
Cell suspensions were generated with 2% FCS in PBS and then
incubated with the appropriate antibody cocktail for 40 min in
the dark and on ice with agitation. Themyeloid antibody cocktail
was made in Fc (fragment crystallizable antibody region) block
and contained anti-F4/80-Alexa Fluor 647 (clone BM8; AbD
Serotec), anti-CD115-PE (clone AFS98; BioLegend), anti-Ly6G
PE/Cy7 (clone 1A8; BioLegend), anti-Ly6C APC/Fire 750 (clone
HK1.4; BioLegend), and anti-CD11b BV510 (M1/70; BioLegend).
Cells were washed and resuspended in 100 µl 2% FCS in PBS.
Specificity of staining was determined by comparison to un-
stained cells and appropriate isotype control cocktail. Five mi-
nutes before analysis, 5 µg/ml 7-amino actinomycin D (Life
Technologies) was added to each tube to allow for the exclusion
of dead cells. Cells were examined via flow cytometry on a
Cytoflex flow cytometer (Beckman Coulter), and data were an-
alyzed using FlowJo version 10 (Tree Star Data Analysis Soft-
ware). Analyses were performed on live (7-amino actinomycin D
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negative) cells after cell aggregate exclusion. Granulocytes were
gated as CD11b+Ly6G+.

Immunohistochemistry (IHC) and histomorphometric methods
Vincristine-induced neuropathy is a peripheral neuropathy that
develops in the longest axons first in a stocking or glove dis-
tribution (Starobova and Vetter, 2017). We therefore focused on
examining macrophage infiltration in the most distal part of the
peripheral nervous system, and assessed the sciatic nerve given
that this is the longest nerve. Macrophage depletion was con-
firmed by IHC of spleen. IHC of spleen, sciatic nerve, DRG, and
spinal cord tissues was performed on deparaffinized and rehy-
drated sections with unconjugated primary antibody against F4/
80 (clone Cl:A3-1; rat anti-mouse; Novus Biological) or relevant
isotype control antibody (normal rat IgG2b; BioLegend) as pre-
viously described (Batoon et al., 2019). Staining was imaged
using either an Olympus BX50 microscope (Olympus) or VS120
slide scanner (Olympus) and analyzed using Visiopharm
software.

All sections were deidentified and assessed in a blinded
manner. Percent F4/80 staining area in spleen sections was
quantified using an automated software-based approach to re-
duce or eliminate human bias. An algorithm was generated us-
ing the iterative training process within Visiopharm software to
detect the distribution of diaminobenzidine chromogen (F4/80),
hematoxylin (nuclei), and unstained areas which include blood
vessels and extracellular matrix. A similar algorithm was ap-
plied to all spleen sections within an experiment. The number of
F4/80+ cells in nerve tissues was quantified by manual counting
of positive cells in 1.7 ± 0.52 mm2 of tissue. For both histology-
based quantification methods described above, each data point
represents the mean of analyses at three sectional depths/sam-
ple that were at least 50 µm apart.

Statistically significant differences were determined using a
two-tailed unpaired t test or ordinary one-way ANOVA with
Holm-Sidak’s multiple comparisons test in PRISM 8 (GraphPad
Software). A value of P < 0.05 was considered statistically
significant.

Immunofluorescence microscopy of murine DRG and skin
For immunofluorescence studies, tissues from vehicle- and
vincristine-treated animals were collected on day 1 (DRGs) or
day 3 (skin) of treatment, fixed for 24 h (skin) or 1 h (DRG) in
fresh 4% paraformaldehyde, cryoprotected overnight in 30%
sucrose, followed by incubation in 50/50 30% sucrose/optimum
cutting temperature compound (Tissue-Tek). Tissues were
snap-frozen in optimum cutting temperature compound and
cryosectioned with a Leica cryostat CM1950 (Leica Biosystems)
into four to eight nonconsecutive 10-µm sections (DRGs) or 50-
µm sections (skin) from n = 4 animals/group, as indicated, and
stored at −80°C before staining. Slides were washed in physio-
logical salt solution (PSS; composition [in mM]: 140 NaCl, 11.5
glucose, 5.9 KCl, 1.4 MgCl2, 1.2 NaH2PO4, 5 NaHCO3, 1.8 CaCl2, 10
Hepes) before being blocked in blocking solution (1% BSA, PSS,
and 0.2% Triton X-100; Sigma-Aldrich) for 30 min. Following
three additional washes in PSS, sections were incubated with
the following primary antibodies in blocking solution at the

indicated dilution in a humidified box overnight at 4°C: primary
antibodies: polyclonal goat anti-mouse IL-1B (1:100; AF-401-NA;
R&D Systems) and rabbit anti-PGP9.5 (1:500; Z5116; Dako).
Secondary antibodies at the indicated dilutions in blocking so-
lution were applied in darkness following three additional wash
steps in PSS for 2 h at room temperature: secondary antibodies:
goat anti-mouse IgG Alexa Fluor647 (1:1,000; A-21235; Thermo
Fisher Scientific) and goat-anti-rabbit IgG Alexa Fluor 555
(1:1,000; Invitrogen). The samples were mounted in Fluoroshield
solution containing DAPI (Sigma–Aldrich) and observed under a
Fluoro 2 Upright Zeiss AxioImager (camera: Axiocam 506 camera
with a CoolLED pE-4000 broad-spectrum light source; software:
Zeiss Zen 2 with Tiling and EDF modules; magnification: 10× air
Plan Apochromat, 20× air Plan Apochromat, and 40× oil Plan
Neofluar). To quantify intraepidermal nerve fiber density, image
analysis was conducted using FIJI software (ImageJ 1.53c) as pre-
viously described (Chen et al., 2020). Specifically, images—four to
eight per animal—were converted to 8-bit (Image>Type>8-bit)
before threshold adjustment using the Image>Adjust>Threshold
function. PGP9.5-positive pixels in the epidermis (Ana-
lyze>Measure area) were then quantified by particle analysis
(Analyze>Analyze Particles>Particles>Size >0.5 µm2; Circularity
0.2–1.0) and the area of PGP9.5-positive pixels (µm2) was ex-
pressed as a percentage of epidermis area.

Mechanical threshold measurements
Mechanical PWTs were assessed using an electronic von Frey
apparatus (MouseMet; Topcat Metrology) as previously de-
scribed (Deuis et al., 2014; Deuis et al., 2017; Starobova et al.,
2019a). Prior to testing, animals were acclimatized (30 min) to
the MouseMet test enclosures containing a bar bottom to permit
access to the plantar hind paw. To determine the ipsilateral
(right, for i.pl. and i.p. administration) hind PWT, a soft-tipped
von Frey filament was placed on the plantar surface of the hind
paw and pressure was increased linearly by rotating the handle
of the device. Only tests falling within the predetermined linear
parameter were included for analysis. The PWT was automati-
cally determined by the TopCat von Frey apparatus software and
recorded as the paw withdrawal force (g). The average of three
measurements per mouse, at least 5 min apart, was computed as
one biological replicate.

Motor performance assessment
Gross motor performance was assessed using the Parallel Rod
Floor Test and analyzed using ANY-Maze software (version 4.70;
Stoelting). Animals were placed in the Parallel Rod Floor Test
apparatus and allowed to freely explore the enclosure. The dis-
tance traveled (m) and number of foot slips were recorded over
1 min using ANY-Maze software. The ataxia index was calcu-
lated by dividing the number of foot slips by the distance
traveled (m).

Thermal threshold measurements
Thermal threshold measurements were conducted using a
MouseMet thermal device (Topcat Metrology) as previously
described (Deuis and Vetter, 2016). Animals were acclimatized
to individual elevated enclosures with a bar bottom for 30 min.
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The thermal probe was preheated to 37°C before applying it to
the plantar surface of the ipsilateral (right, for i.pl. and i.p. ad-
ministration) hind paw. Heating of the probe was initiated by
rotation of the handle, with the heat rate set to 2.5°C/sec. A
temperature cutoff was set at 55°C to prevent tissue damage. The
temperature that elicited paw withdrawal was recorded from
the TopCat Metrology, and the average of three measurements
per mouse at least 5 min apart constituted one replicate.

Gait analysis
Examination of motoric disturbances was performed using the
CatwalkXT (Noldus Information Technology) as described pre-
viously (Parvathy and Masocha, 2013). Mice were placed indi-
vidually at one of the elevated enclosed glass walkways and
allowed to walk freely to the other end, with a high-speed
camera located below to record illuminated paw prints. The
camera gain was set at 20.00 and the green intensity of the
walkway at 0.10. Only runs of 3–12-s duration with speed var-
iances below 80%were considered for analysis. Three successful
runs were recorded for each animal at each time point. Data
analysis was performed using CatwalkXT software.

Generation of s.c. xenografts
Studies were conducted using Group 3 MB PDX models (Med-
211FH and Med-411FH) and an Shh MB PDX model (Med-1712FH),
generated in the Olson laboratory (Seattle, WA), by implanting pe-
diatric patient tumor tissue directly into the cerebellum of immu-
nocompromised mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/Szj [NSG])
and propagating themexclusively via orthotopic transplantation into
mice as previously described (Brabetz et al., 2018).Med-211FH,Med-
411FH, and Med1712FH PDX tumor cells were harvested from in-
tracranial tumors of symptomatic donor mice. Tumor tissue was
triturated through a 21-G needle in serum-free DMEM to generate a
single-cell suspension. Cells were filtered, centrifuged, and re-
suspended in serum-free DMEM 1:1 withMatrigel to a concentration
of 20,000 cells/µl. 100 µl of the tumor cell suspension (2 × 106 cells)
was injected s.c. into each flank of NSG mice.

PDX drug efficacy studies
Mice were randomly assigned to therapeutic treatment groups
via rolling enrolment. Mice were enrolled when s.c. tumors mea-
sured 200–300 mm3 in size and treatment was administered for
4 wk or until maximum tumor size was reached (2,000 mm3),
requiring ethical collection. Vincristine treatmentwas administered
via a single i.p. dose of 0.25 mg/kg (on days 1, 3, and 5/wk × 4 wk).
Anakinra treatment commenced when s.c. tumors reached 100 mm3

in size, allowing for a period of pretreatment before vincristine
administration to maximize opportunities to observe effects on
tumor progression. Anakinra was administered daily via a single
i.p. dose of 100mg/kg. Tumor volumemeasurements were taken
biweekly andmouse weights weremeasured daily. Tumors were
measured with calipers and tumor volume was calculated using
the equation: (Length × Width2)/2.

Data and statistical analyses
Data and statistical analyseswere performed using GraphPad PRISM
version 7.00. Unless otherwise specified, statistical significance was

determined as adjusted P value < 0.05 andwas calculated using two-
way ANOVA with Tukey’s multiple comparisons test or with re-
peated measures two-way ANOVA with Sidak’s multiple compar-
isons test for behavioral data. All data are shown asmean ± SEM; n ≥
6 for all groups (three or more females and three males), and all
experimental groupswere comparedwith vehicle group (control) or
baseline as indicated.

Online supplemental material
Fig. S1 describes the effect of vincristine on weight gain, motor
performance, or heat sensitivity in C57BL6 mice. Fig. S2 de-
scribes the effect of vincristine and nigericin on the NLRP3 in-
flammasome in BMMs and effects of anakinra on IL-1β–induced
allodynia. Fig. S3 describes the effects of vincristine on periph-
eral nerve excitability, intraepidermal nerve fiber density, and
IL-1β immunofluorescence in DRG. Fig. S4 describes the acti-
vation of the NLRP3 inflammasome in macrophages from NSG
mice. Fig. S5 describes vincristine-induced neuropathy in male
and female C57BL/6 and Nlrp3−/− mice. Table S1 lists individual
values of measurements of mechanical PWT and gait dis-
turbances for each time point of systemic or local administration
of vincristine. Table S2 lists individual values of measurements
of mechanical PWT for each time point of Nlrp3−/− or animals
cotreated with MCC950 following systemic or local adminis-
tration of vincristine. Table S3 lists individual values of meas-
urements of gait disturbances for each time point of Nlrp3−/− or
animals cotreated with MCC950 following local administration
of vincristine. Table S4 lists individual values of measurements
of mechanical PWT for each time point of Ice−/−, Gsdmd−/−, and
Casp11−/− animals following systemic administration of vincris-
tine. Table S5 lists individual values of measurements of me-
chanical PWT for each time point of Ice−/−, Gsdmd−/−, and
Casp11−/− animals following local administration of vincristine.
Table S6 lists individual values of measurements of mechanical
PWT for each time point of Il1b−/−, Il1r1−/−, and NaV1.9−/− animals
following systemic administration of vincristine. Table S7 lists
individual values of measurements of mechanical PWT for each
time point of Il1b−/−, Il1r1−/−, andNaV1.9−/− animals following local
administration of vincristine. Table S8 lists individual values of
measurements of gait disturbances for each time point of Ice−/−,
Gsdmd−/−, and Casp11−/− animals following local administration of
vincristine. Table S9 lists individual values of measurements of
gait disturbances for each time point of Il1b−/−, Il1r1−/−, and
NaV1.9−/− animals following local administration of vincristine.
Table S10 lists individual values of measurements of mechanical
PWT and gait disturbances for each time point of C57BL6 mice
cotreated with anakinra and systemic or local administration of
vincristine.
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Supplemental material

Figure S1. Effect of vincristine on weight gain, motor performance, and heat sensitivity in C57BL/6 mice. (A–C) Vincristine (0.5 mg/kg i.p.) does not
affect weight gain (P > 0.05 by two-way repeated measures ANOVA) in either males or females (A), and does not affect motor performance (B and C), assessed
using the parallel rod floor apparatus. Both distance traveled (m; B) and foot slips/m (C) were unchanged (P > 0.05 by unpaired t test) in vincristine-treated
animals compared with control. (D) Vincristine (0.5 mg/kg i.p.) does not cause heat allodynia, with PWTs unchanged compared with PBS-treated animals (P >
0.05 by two-way repeated measures ANOVA). All data are shown as mean ± SEM; n ≥5 for all groups as indicated.

Figure S2. Effect of vincristine and nigericin on the NLRP3 inflammasome in BMMs, and effects of anakinra on IL-1β-induced allodynia. (A) Vincristine
treatment does not increase NLRP3 expression in macrophages, assessed by Western blotting using two anti-NLRP3 antibodies (Cryo2 and D4D8T). MW,
molecular weight. (B) Nigericin-induced IL-1β release in LPS-primed C57BL6/J, Nlrp3−/−, Ice−/−, Casp11−/−, and Gsdmd−/− BMMs. Incubation time of Nigericin:
45 min. Statistical significance was determined using ordinary one-way ANOVA with multiple comparison. n = 3 independent experiments for all groups.
(C) Decreased PWT induced by i.pl. injection of IL-1β (black bars) is prevented by treatment with anakinra (100 mg/kg i.p., green bars). n = 6 animals/group.
Statistical significance was determined using ordinary two-way ANOVA with multiple comparison. All data are shown as mean ± SEM; *, P < 0.05. MW,
molecular weight.
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Figure S3. Effects of vincristine on peripheral nerve excitability, intraepidermal nerve fiber density, and IL-1β immunofluorescence in dorsal root
ganglia. (A) The proportion of excitable myelinated A-fibers is reduced from 31/74 fibers in control animals (recordings from n = 5 animals) to 1/20 fibers after
treatment with vincristine (vinc; recordings from n = 3 animals), and rescued (to 14/33 fibers) by anakinra (100 mg/kg i.p.; recordings from n = 3 animals).
Excitable A- and C-fibers were classified by conduction velocity and quantified from single-fiber recordings using the murine skin-saphenous nerve preparation.
(B and C) Vincristine treatment does not reduce the density of intraepidermal nerve fibers (IENFs; P > 0.05 by one-way ANOVA). (B) Area of pan-neuronal
PGP9.5-positive immunofluorescence (percent epidermal area) from four to six nonconsecutive 50-µm skin sections taken from animals (n = 4/group) treated
with PBS (control), vincristine (0.5 mg/kg i.p.), and vincristine + anakinra (0.5 mg/kg i.p./100 mg/kg i.p.) for 72 h. (C) Representative apotome images of IENFs
in hind paw skin samples from control, vincristine-, and vincristine + anakinra-treated mice. Scale bar: 50 µm. (D) Representative immunofluorescence images
of DRG sections (10 µm) from vehicle- and vincristine-treated mice stained with the pan-neuronal marker PGP9.5 (green) and anti–IL-1β (red; AF-401NA; R&D
Systems). Arrowheads: IL-1β–positive cells are observed in close proximity to PGP9.5-positive DRG neuron cell bodies. Scale bar: 50 µm. (E and F) Anti–IL-1β
antibody AF-401NA detects uncleaved pro–IL-1β in cell lysates from LPS-primed macrophages (E), as well as cleaved, mature IL-1β secreted into cell su-
pernatants by LPS-primed, nigericin-treated macrophages (F). MW, molecular weight.
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Provided online are ten tables. Table S1 lists individual values of measurements of mechanical PWT and gait disturbances for each
time point of systemic or local administration of vincristine. Table S2 lists individual values of measurements of mechanical PWT
for each time point of Nlrp3−/− or animals cotreated withMCC950 following systemic or local administration of vincristine. Table S3
lists individual values of measurements of gait disturbances for each time point of Nlrp3−/− or animals cotreated with MCC950
following local administration of vincristine. Table S4 lists individual values of measurements of mechanical PWT for each time
point of Ice−/−, Gsdmd−/−, and Casp11−/− animals following systemic administration of vincristine. Table S5 lists individual values of
measurements of mechanical PWT for each time point of Ice−/−, Gsdmd−/−, and Casp11−/− animals following local administration of
vincristine. Table S6 lists individual values of measurements of mechanical PWT for each time point of Il1b−/−, Il1r1−/−, and NaV1.9−/−

animals following systemic administration of vincristine. Table S7 lists individual values of measurements of mechanical PWT for
each time point of Il1b−/−, Il1r1−/−, and NaV1.9−/− animals following local administration of vincristine. Table S8 lists individual values
of measurements of gait disturbances for each time point of Ice−/−, Gsdmd−/−, and Casp11−/− animals following local administration

Figure S4. Activation of the NLRP3 inflammasome in macrophages from NSG mice. (A) LPS-primed, but not unprimed, macrophages isolated from NSG
mice respond to both vincristine and nigericin with an increase in secreted IL-1β that is reversed by treatment with the NLRP3 inhibitor MCC950. (B) Nigericin
treatment induced pyroptosis, evidenced by an increase in LDH release, in LPS-primed macrophages from NSG mice. All data are shown as mean ± SEM; n = 6
replicates for all groups. Statistical significance was determined by one-way ANOVA. *, P < 0.05.

Figure S5. Vincristine-induced neuropathy in male and female C57BL/6 and Nlrp3−/− mice. (A and B) Vincristine (vinc)-induced mechanical allodynia (A)
and gait disturbances (B) develop in both male (blue) and female (pink) animals. Both male and female Nlrp3−/− animals are protected from vincristine-induced
mechanical allodynia (A) and gait disturbances (B). All data are shown as mean ± SEM; n ≥5 for all groups. Statistical significance was determined by one-way
ANOVA with Sidak’s post-test. *, P < 0.05.
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of vincristine. Table S9 lists individual values of measurements of gait disturbances for each time point of Il1b−/−, Il1r1−/−, and
NaV1.9−/− animals following local administration of vincristine. Table S10 lists individual values of measurements of mechanical
PWT and gait disturbances for each time point of C57BL6 mice cotreated with anakinra and systemic or local administration of
vincristine.
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