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ABSTRACT: Several FDA-approved adjuvants signal through the
NLRP3 inflammasome and IL-1β release. Identifying small
molecules that induce IL-1β release could allow targeted delivery
and structure−function optimization, thereby improving safety and
efficacy of next-generation adjuvants. In this work, we leverage our
existing high throughput data set to identify small molecules that
induce IL-1β release. We find that ribociclib induces IL-1β release
when coadministered with a TLR4 agonist in an NLRP3- and
caspase-dependent fashion. Ribociclib was formulated with a TLR4
agonist into liposomes, which were used as an adjuvant in an
ovalbumin prophylactic vaccine model. The liposomes induced
antigen-specific immunity in an IL-1 receptor-dependent fashion.
Furthermore, the liposomes were coadministered with a tumor
antigen and used in a therapeutic cancer vaccine, where they facilitated rejection of E.G7-OVA tumors. While further chemical
optimization of the ribociclib scaffold is needed, this study provides proof-of-concept for its use as an IL-1 producing adjuvant in
various immunotherapeutic contexts.

■ INTRODUCTION
Despite progress in developing novel platforms for vaccination,
new adjuvants that can safely and robustly stimulate adaptive
immune responses are still needed.1 Some of the most potent
FDA-approved adjuvants, saponins, mediate their adjuvanticity
in part via activation of inflammasomes and subsequent
secretion of IL-1 cytokines (IL-1α, IL-1β, IL-18, and others).1−4

Inflammasomes are innate immune danger sensors that, when
activated, form polyprotein complexes that catalyze the
activation of caspase 1 (Casp1).5 Casp1, in the presence of a
priming signal such as a Toll-like receptor 4 (TLR4) agonist,
cleaves pro-IL-1 cytokines to their active form to induce potent
inflammatory signaling. Casp1 also induces a regulated form of
inflammatory cell death, termed pyroptosis, through gasdermin
D (GSDMD) N-terminal cleavage.5 Chronic IL-1 secretion is
associated with various disease pathologies,6−9 but acute
production promotes a TH1-biased immune response to afford
pathogen clearance in the context of both infection and
prophylaxis.5,10 Saponin-containing adjuvant formulations,
such as AS01B, ALF-Q, and Matrix-M, are used in an increasing

number of vaccines despite reactogenicity in many individu-
als.11−14 Furthermore, saponins are chemically complex and
require extraction from the bark of Quillaja saponaria, a limited
natural resource, limiting scalable production.15,16 As such, it is
desirable to identify new IL-1 producing adjuvants with greater
safety, scalable synthesis, and chemical tunability for use in
vaccination.
Many novel adjuvants have been identified via high

throughput screening.17−19 The Esser-Kahn group recently
generated a high throughput data set wherein two functional
outputs, transcription factor activation and cytokine production,
were assayed in vitro following coadministration of >10,000
drug-like small molecules with PRR agonists.20 One surprising
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result from this screen was that many of the tested compounds
induced high levels of IL-1β secretion when coadministered with
LPS (a TLR4 agonist), suggestive of small molecule drug-like

compounds that may activate inflammasomes and serve as
alternatives to saponin adjuvants. In this study, we conduct
further immunological characterization of these compounds to

Figure 1. (A) IL-1β secretion and (B) toxicity of compounds in BMDMs. LPS-primed or -unprimed BMDMs were treated overnight with the 17
analytes and Quil A as a positive control. IL-1β secretion was assayed using ELISA and quantified using recombinant protein standards. Toxicity was
assayed using a secreted lactate dehydrogenase (LDH) assay and quantified as the fraction of positive (nigericin-treated) or negative (untreated)
controls (1.0 = 100% LDH release relative to nigericin).
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identify and formulate IL-1β-producing small molecules as novel
adjuvants. These compounds would have advantages over
saponins in terms of scalable synthesis and tunable structures,
possibly allowing for the optimization and development of next
generation inflammasome activating adjuvants.

■ RESULTS AND DISCUSSION
Small molecule immunomodulators that enhance IL-1β
secretion in concert with TLR4 agonist signaling are desirable
as low-cost and tunable alternatives to saponin adjuvant systems,
such as AS01B.

16 From our recent high throughput screen, 18
compounds that maximized fold-change increases in IL-1β
secretion when administered to LPS-primed THP-1 monocytes
were identified (Supporting Information (SI), Table S1).20

Seven compounds with low solubility or known toxicity
concerns were excluded from this initial library, while six
additional compounds that target similar signaling pathways as
the top-performing compounds were included to obtain a total
of 17 initial compounds (SI, Table S1). The compounds
selected predominantly included statins, cell cycle modulators,
and kinase inhibitors, suggesting similar mechanisms of action.
Among these compounds, some had been reported previously to
induce IL-1 secretion (see SI, Table S2, for a summary of
previous literature), though we did not identify any studies
where these compounds were used as vaccine adjuvants.
With a library of 17 candidates in hand, we first validated the

activity of these compounds in bone marrow-derived macro-
phages (BMDMs) derived from C57Bl/6J mice. Macrophages
were selected for these pilot studies as they (along with dendritic
cells) are key mediators of the innate immune response in
vaccination. LPS-primed or -unprimed BMDMs were treated
with each compound in serial 2-fold dilutions of 1.9−500 μM to
identify the concentration where maximum LPS-dependent IL-
1β secretion was observed. Toxicity was assayed using secreted
lactate dehydrogenase (LDH) relative to the nigericin control

(SI, Figure S1), while IL-1β secretion was assayed using ELISA
(Figure 1). Statins identified during the primary screen did not
induce high levels of IL-1β secretion in BMDMs, possibly due to
cell type or species-specific differences. Others have reported
that statins can both induce or inhibit inflammasome activation
in a context dependent fashion,21−23 though further study is
warranted. Meanwhile, many of the tested cell cycle modulators
and kinase inhibitors resulted in robust LPS priming- and
concentration-dependent IL-1β secretion in our treatment
regime. Peak IL-1β secretion was concomitant with cell death
for all candidate compounds tested, a common feature of
inflammasome activation and pyroptotic cell death.5 One
compound, dabrafenib, induced IL-1β secretion independently
of LPS priming, a result which has been reported by others24 and
which we hypothesize may result from the activation of
alternative caspases and/or signaling pathways outside the
scope of this manuscript. We also characterized the production
of other pro-inflammatory cytokines when LPS-primed or
-unprimed bone marrow-derived dendritic cells (BMDCs) were
treated with our candidate compounds at 100 μM (SI, Figure
S2). For this assay and all subsequent assays, BMDCs were used
as an alternative to BMDMs, as they can be isolated in higher
yield and were found to exhibit less variability between
experiments. 100 μM was identified as the concentration of
peak activity for many compounds in our preliminary IL-1β
screen and used for all compounds in this cytokine panel. Again,
many cell cycle modulators and kinase inhibitors induced LPS-
dependent secretion of IL-1α, IL-1β, IL-6, and TNF-α, pro-
inflammatory cytokines associated with inflammasome activa-
tion and immunogenic cell death.
Based on the results of this initial screen, the Cyclin-

Dependent Kinase (CDK) inhibitors, ribociclib, palbociclib,
flavopiridol, and CDKI-73, were identified as potent inducers of
IL-1β when coadministered with a TLR4 agonist. CDK
inhibitors are FDA-approved cancer therapeutics that interrupt
cell cycle progression, resulting in senescence and apopto-

Figure 2. Identification of ribociclib as a potent, IL-1 producing adjuvant. (A) IL-1β and (B) LDH release when LPS-primed or -unprimed BMDCs
were treated with ribociclib at various concentrations. (C) LPS-primed or -unprimed BMDCs were treated with ribociclib at 125 μM, which was found
to be a concentration of maximum activity. Cytokine production was assayed using LegendplexMouse Inflammation 13-plex, and unpaired t tests were
used to determine differences between groups. IL-17 and GM-CSF are not shown, these cytokines were below the limit of detection for all treatment
conditions.
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sis.25−27 In addition to their senescence-inducing properties,
CDK inhibitors have been well-reported to induce a Senescence
Associated Secretory Phenotype (SASP) characterized by the
release of pro-inflammatory cytokines (canonically IL-1α and
IL-6).28,29 At least one study has shown that SASP-mediated IL-
1 secretion is mediated at least partially by inflammasomes.28

The CDK4/6 inhibitors, palbociclib and ribociclib, have also
been reported to enhance CD8+ T cell responses through, as
yet, poorly defined mechanisms.26,30−35 We hypothesized that
this immunostimulatory activity could stem partly from the
activation of inflammasomes and be enhanced through
synergistic codelivery of TLR agonists to facilitate an adjuvant
effect. We selected ribociclib for further development as a
potential adjuvant candidate. To ensure no differences between
our pilot screen in BMDMs and subsequent studies with
BMDCs, ribociclib activity was rescreened in LPS-primed or
-unprimed BMDCs at 1.9−500 μM, and a peak concentration of
secreted IL-1β (>3,000 pg/mL) was again observed at 125 μM
(Figure 2A,B). While cell death was observed in both LPS-
unprimed and -primed cells treated with ribociclib, high levels of
pro-inflammatory cytokines only occurred with LPS priming
(Figure 2C). Finally, ribociclib induced IL-1β secretion in LPS-
primed THP-1 human monocytes, though priming with
adjuvants targeting other PRRs induced low or undetectable
levels of IL-1β secretion (SI, Figure S3). Some studies have
reported that other PRRs can serve as a priming signal, though
TLR4 agonists are themost potent as they generate unique post-

translational modifications that support NLRP3 inflammasome
activation.36 It is possible that other PRR agonists did not
provide a sufficient priming stimulus in this model system to
generate detectable levels of IL-1β secretion following treatment
with ribociclib. These data encouraged further study into the
mechanism of ribociclib-mediated IL-1β secretion.
Having identified ribociclib as a promising target compound,

we next probed whether IL-1β secretion resulted from activation
of known inflammasome pathways. We first repeated IL-1β
secretion studies in BMDCs with various chemical inhibitors.
The NLR family pyrin domain-containing protein 3 (NLRP3)
inflammasome is the most common and well-studied inflam-
masome. However, a host of other inflammasomes with similar
effector functions and roles in adaptive immunity have been
reported.5 NLRP3 is activated by various signals that disrupt
homeostasis, such as lysosomal destabilization, cathepsin
release, cellular ion fluxes, or intracellular reactive oxygen,
which all result in NLRP3 conformational changes and
downstream effector functions.37 A library of chemical inhibitors
blocking various aspects of NLRP3 activation, cell cycle
progression, and inflammatory cell death were purchased to
probe the mechanism of ribociclib-mediated IL-1β secretion.
When BMDCs were pretreated with Ca-074 (a Cathepsin B
inhibitor), DPI (a reactive oxygen quencher), NSA (a MLKL
inhibitor), K777 (a pan-Cathepsin inhibitor), or Pifithrin-α (a
p53 inhibitor) before the addition of our target compounds, few
changes in IL-1β secretion were observed, indicating that the

Figure 3. Evaluation of ribociclib’s mechanism of IL-1 cytokine production. (A) LPS-primed BMDCs were pretreated with the indicated inhibitor
compounds for 30 min, then treated with 125 μM ribociclib (or 15.6 μM, in the case of DPI). IL-1β was measured in the supernatant via ELISA. (B)
LPS-primed BMDCs isolated from the indicated KOmice were treated with 125 μM ribociclib, and IL-1βwas measured in the supernatant via ELISA.
(C) LPS-primed or -unprimed BMDCs were treated with 125 μM ribociclib or a control, 5 μMNigericin (N), for the indicated time points, then lysed
and analyzed viaWestern blot in the supernatant (S) or lysate (L). Full immunoblots and conditions for antibody staining are provided in SI, Figure S4.
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inhibited components of inflammasomemachinery do not play a
role in ribociclib-mediated IL-1β secretion (Figure 3A). In
contrast, treatment with direct inhibitors of NLRP3 or caspases
-1, -8, and -11 dramatically reduced IL-1β secretion, suggesting
that ribociclib activates inflammasomes downstream of these
common signaling modalities (Figure 3A). Finally, treatment
with BAPTA-AM (a calcium chelator) or Nec-1 (a necroptosis
inhibitor) surprisingly increased IL-1β secretion relative to the
control, indicating that these compounds do not block
ribociclib-mediated IL-1β secretion but may prolong the
duration of secretion prior to cell death (Figure 3A). To query
the role of NLRP3 more definitively, we repeated assays in
BMDC-KOs lacking components of inflammasome machinery:
NLRP3, caspase-1 (Casp1), and gasdermin D (GSDMD)
(Figure 3B). Knockout of these inflammasome components
reduced IL-1β secretion, though 10−50% of the measured IL-1β
was still observed depending on the knocked-out component,
suggesting a partial role for a second, contributing cell death
pathway. In contrast, knocking out IL-1R as a control treatment
did not affect IL-1β secretion, as these cells should secrete
comparable levels of IL-1β as wild-type mice despite their lack of
a cognate receptor (Figure 3B). Finally, we conducted Western
blot studies to directly confirm LPS-dependent activation of
inflammasomes by ribociclib in BMDCs. Western blots of
lysates and supernatants for cleavage products of active
inflammasome machinery show that treatment with ribociclib

induced active Casp1 production followed by cleavage of
GSDMD and IL-1β to their active form after 2−4 h (Figure 3C,
and SI, Figure S4). Additional Western blots for phosphorylated
MLKL (a marker of necroptosis)38 or phosphorylated Rb
protein (a protein which is inhibited during CDK-induced
senescence)34 were negative and did not indicate activation of
alternative cell death pathways. These data, in total, provide
evidence that ribociclib and other CDK4/6 inhibitors activate
inflammasomes tomediate IL-1β secretion.We hypothesize that
CDK4/6 inhibitors may activate inflammasomes and generate
IL-1 responses by inducing DNA damage responses and
activation of pro-inflammatory transcriptional programs (such
as NF-kB) associated with senescence,39 though further work
beyond the scope of this study is needed to validate this
hypothesis.
Having generated strong evidence of inflammasome activa-

tion in vitro, ribociclib was formulated for vaccination in C57Bl/
6J mice using a prophylactic ovalbumin (OVA) model. As
inflammasome-activating adjuvants typically require both a TLR
agonist signal and an activating signal, ribociclib (50 nmol/
dose) was codelivered with a TLR4 agonist, MPLA (5 μg/dose),
which has improved safety relative to LPS and is approved for
use in humans.12,40 A saponin adjuvant, Quil-A, that is related to
the QS-21 component of GSK’s AS01 formulation,16 was
similarly coformulated with MPLA and used as a best-in-class
benchmark standard. In a pilot study, the indicated adjuvant

Figure 4. Synthesis, formulation, and in vivo responses of ribociclib lipid derivatives. (A) Synthetic scheme for the preparation of Ribo-L in two steps
from commercially available ribociclib. (B) TEM image of Ribo-L formulated at 40 μg/mLwithin DSPC andMPLA containing liposomes (scale bar =
250 nm). (C) Representative DLS of monodisperse liposome formulation. (D) Vaccination schedule for the characterization of ribociclib-containing
formulations in vivo. (E) Splenic, antigen specific CD8+ and (F) CD4+T cell responses 28 d after vaccination. (G) Anti-OVA IgG titer 27 d after initial
vaccination.
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formulations were injected intramuscularly with 50 μg OVA,
mice were boosted at day 13, and experiments were terminated
at day 26 (SI, Figure S5A). Here, ribociclib-adjuvanted vaccines
enhanced early IFN-γ production at 24 h relative to Quil-A,
though IL-6 and MCP-1 levels were reduced relative to Quil-A
(SI, Figure S5B). Evaluation of the adaptive response revealed
that ribociclib induced minor increases in OVA-specific
antibody and CD8+ T cell responses relative to MPLA alone
(SI, Figure S5C−E). In a follow-up study, ribociclib
formulations containing 10, 100, or 1000 nmol/dose were
employed (SI, Figure S6). Here, ribociclib induced a modest
increase in splenic, antigen specific CD8+ T cell production at
10 and 100 nmol relative to MPLA alone. In both studies, the
adaptive immune response paled in comparison to an AS01-like
formulation containing Quil-A andMPLA, suggesting a need for
formulation optimization. To this end, we hypothesized that the
high bioavailability of ribociclib, which was originally synthe-
sized as an orally available drug, resulted in poor retention at the
injection site. This would limit its immunogenic effects during
intramuscular injection. With this limitation in mind, we sought
to improve the formulation of ribociclib for vaccination by
encapsulating it into liposomes.
Liposomal formulations have become common tools to

modify the physicochemical properties of active pharmaceutical
ingredients (APIs) and control their delivery to specific cell and
organelle subsets. In liposomes, hydrophilic APIs can be loaded
into the aqueous core or lipid bilayer of the lipid-based
nanoparticle. The resulting nanoparticles have desirable size and
physicochemical properties for endocytosis and delivery to the
endosome, where they can activate endo/lysosomal receptors to
facilitate a desired response−in the case of vaccination,

immunogenic cytokine release.41 Still, poor loading of aqueous
APIs hinders control over the loading and delivery of large
quantities of payload.42 To better control the loading and
delivery of ribociclib to the endosomal compartment of antigen
presenting cells, where it could activate inflammasomes and
initiate targeted IL-1β secretion, a lipid-modified version of
ribociclib containing a 1,2-dipalmitoyl-sn-glycero-3-phosphoe-
thanolamine (DPPE) tail was prepared from ribociclib in two
steps (Ribo-L, Figure 4A, and SI, Figure S7). DPPE may be
cleaved by lysosomal phospholipases43 to release ribociclib with
a four-atom modification at the piperazine terminus, a site
amenable to modification in previous structure−activity
studies.44 Lipid functionalization reduced IL-1β secretion from
∼3000 pg/mL to ∼1000 pg/mL at 125 μM (SI, Figure S8). It
was reasoned that the enhanced delivery of Ribo-L would benefit
in vivo delivery despite the reduction in activity in vitro. Future
efforts will focus on the structure activity relationship of Ribo-L
derivatives. Ribo-L was then incorporated alongside MPLA into
1,2-distearoyl-sn-glycero-3-phosphatidylcholine (DSPC)-com-
prised liposomes, prepared via thin film rehydration and
extrusion through a 200 nm filter.42 Liposomes loaded with
40, 200, or 1,000 μg/mL of Ribo-L and 100 μg/mLMPLA were
found to have similar size, charge, and shape as MPLA-only
control liposomes as well as high loading efficiencies (Figure
4B,C, and SI, Figures S9−S12), demonstrating successful
implementation of this formulation strategy.
Having successfully prepared Ribo-L loaded liposomes,

prime-boost vaccination studies were repeated to evaluate if
these formulations could enhance vaccine efficacy relative to
soluble formulations. Liposomes prepared with 200 μg/mL of
Ribo-L or free ribociclib (Ribo-F) and 10 μg/mL MPLA were

Figure 5. In vivomechanism of ribociclib-mediated immunity. (A) Upregulation of the cell surface marker, CD86, and (B) enhanced presentation of
MHC-I restricted antigen on dendritic cells in the draining inguinal lymph node of mice injected intramuscularly with the indicated formulations. (C)
Vaccination schedule for a comparative study between wild-type (WT) and IL-1R deficient (KO) C57Bl/6J mice. (D) Systemic IL-6 in the serum of
WT or KO mice vaccinated with the indicated formulations after 2 or 24 h. (E) Splenic, antigen-specific CD8+ T cell responses. (F) Total IgG titers
generated in response to the indicated formulations. One-way ANOVA with Sidak’s multiple comparisons test is shown in E-F.
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used for vaccination as shown in Figure 4. AS01B, which is an
FDA approved adjuvant comprised of a Quil-A isolate, QS-21,
and MPLA coformulated in liposomes, was used as a positive
control in these studies. Mice vaccinated with the liposomes
containing a reduced MPLA dose and Ribo-L or Ribo-F did not
show differences in systemic cytokine release relative to MPLA
only at 2 or 24 h after injection (SI, Figure S13). The Ribo-L and
Ribo-F liposomes, however, did afford a statistically significant
increase in splenic, antigen-specific CD4+ and CD8+ T cell
responses relative to MPLA-only liposomes as measured by
tetramer staining (Figure 4E,F, and SI, Figure S14). No
differences in the antibody response were observed (Figure
4G). Both antibody and T cell responses were inferior to AS01B,
highlighting the desirability of further optimizing this platform.
Nevertheless, these data supported our hypothesis that
ribociclib enhances adaptive immune responses in vaccination.
Having successfully developed a ribociclib-containing for-

mulation for vaccination, further efforts were undertaken to
understand the behavior of Ribo-L liposomes in vivo. First, we
asked whether these liposomes enhance the activation of
dendritic cells in the draining lymph node. Mice were injected
with vaccines containing OVA formulated with liposomal or free
ribociclib, AS01B, or PBS, and the draining inguinal lymph node
was dissected 5 d later (modeling a study by Li et al.45) for

immunophenotypic analysis. Ribo-L containing liposomes
upregulated surface expression of CD86 and MHC-I on
dendritic cells in the draining lymph node (Figure 5A,B). This
phenotype is indicative of dendritic cell activation and antigen
presentation, both hallmarks of a productive innate immune
response. We then asked whether adjuvant effects generated
from Ribo-L formulations were dependent on IL-1 receptor (IL-
1R) signaling in vivo (analogous to the in vitro data presented in
Figure 3). IL-1R-deficient mice or wild-type (WT) controls
were vaccinated with OVA-containing Ribo-L liposomes,
MPLA-only liposomes, or a control PBS formulation (Figure
5C). No difference in systemic IL-6 production was observed
between IL-1R-deficient and WT mice after treatment with
Ribo-L liposomes at 2 or 24 h after injection (Figure 5D).
Despite this lack of early cytokine response, IL-1R-deficient
mice had reduced OVA-specific CD8+ T cell responses relative
to their WT counterparts after treatment with Ribo-L liposome
adjuvanted vaccines (Figure 5E). Moreover, IL-1R-deficient
mice had reduced anti-OVA IgG responses after treatment with
Ribo-L liposomes (Figure 5F, and SI, Figure S15). While total
IgG and CD8+ T cell responses were reduced in IL-1R-KO
mice, these changes did not correspond with differences in the
IgG2c/IgG1 ratio, a feature often associated with TH1-biased
responses (SI, Figure S14). Altogether, these results support the

Figure 6. In vivo tumor therapeutic vaccination study of Ribo-L containing liposomes and controls. (A) Vaccination schedule for the tumor challenge
model (n = 10/group). Mice were implanted with 5 × 104 E.G7-OVA cells subcutaneously. They were vaccinated 5 and 12 d after tumor implantation
with the indicated formulations peritumorally. Tumor growth and survival were monitored 3 times/week until day 40. (B) Kaplan−Maier curve
showing survival of mice treated with various formulations throughout the study. (C) Tumor growth curves of individual mice treated with each of the
formulations.
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hypothesis that Ribo-L liposomes induce IL-1 cytokine release
in the draining lymph node to facilitate upregulation of cell
surface markers and enhanced antigen presentation.
We next asked whether the ribociclib-containing liposomes

could generate an adjuvant effect in a therapeutic cancer model.
Ribociclib is an approved chemotherapy for estrogen receptor
positive (ER+) human epidermal growth factor receptor 2
negative (HER2-) breast cancer, though for its approved
indication, it is used orally at a high dose in combination with
an aromatase inhibitor.46 Our studies show that ribociclib
synergizes with a TLR4 agonist at much lower doses in a
liposomal formulation to induce an immunostimulatory
environment characterized by inflammasome activation, IL-1β
secretion, and enhanced CD8+ T cell responses. Given that pro-
inflammatory cytokine production and CD8+ T cell biasing are
key facets of anticancer immunity,47 we hypothesized that
peritumoral, subcutaneous administration of ribociclib-contain-
ing liposomes with a tumor antigen could generate an adjuvant
effect and aid in tumor clearance. To address this hypothesis, an
E.G7-OVA lymphoma model was employed. The 5 ×104 tumor
cells were implanted into the right flank of C57B1/6J mice (n =
10/group) on day 0. Mice were vaccinated subcutaneously on
days 5 and 12 postimplantation with vaccine formulations
containing 50 nmol Ribo-L + 5 μg MPLA in liposomes with 50
μg OVA, MPLA-only liposomes (MPLA-L) with OVA, free
ribociclib (50 nmol) with or without OVA, or controls (Figure
6A). Mice were monitored for tumor growth 3× weekly through
day 40 and sacrificed when tumor size reached 20 mm in any
linear dimension. It was found that Ribo-L liposome vaccine
treatments led to complete remission of tumors in treated
animals on day 40 (Figure 6B,C). In contrast, mice treated with
MPLA-only liposomes led to remission in 50% of treated
animals, and other treatment groups, by and large, failed to
suppress tumor growth (Figure 6B,C). This result confirms that
Ribo-L liposomes induce a robust, antigen-specific adjuvant
effect when used for therapeutic vaccination. More broadly, it
highlights that ribociclib-containing formulations could hold
potential for cancer immunotherapy driven by high IL-1
cytokine release and potent CD8+ T cell responses. While
further studies are needed to fully elucidate the mechanism
behind the adjuvant effect of ribociclib and optimize its structure
for broader clinical implementation, this study provides proof of
principle supporting the use of CDK inhibitors as novel
adjuvants for both prophylactic and therapeutic vaccine
indications.

■ CONCLUSION
In this study, we report the identification of a small molecule
CDK4/6 inhibitor, ribociclib, as a novel inflammasome
activating adjuvants for vaccination. Ribociclib induced IL-1β
secretion in LPS-primed dendritic cells and macrophages. IL-1β
release was found to be caspase-, NLRP3-, and GSDMD-
dependent through both inhibitor and knockout studies. When
coformulated in liposomes with a TLR4 agonist, MPLA, and
used for vaccination with a model antigen, OVA, ribociclib
generated enhanced antigen specific CD4+ and CD8+ T cell
responses relative to controls. Ribociclib also enhanced T cell
and antibody responses dependent, partially, upon IL-1R
signaling. While further work is needed to uncover the
mechanism of CDK4/6 inhibitor mediated inflammasome
activation, these compounds could serve as low-cost, tunable
adjuvant platforms for use in vaccination and cancer
immunotherapy. More globally, these results highlight the

potential of using new small molecules and stimulating
alternative signaling pathways to generate IL-1 mediated
adjuvant effects in vaccination.
Several studies have identified that ribociclib and other CDK

inhibitors enhance cell-mediated adaptive immune responses
when used to induce cell cycle arrest in the context of cancer
therapy.30−33 In this study, we report inflammasome activation
as an additional immune-potentiating effect of ribociclib. CDK
inhibitors have long been reported to induce high levels of pro-
inflammatory cytokine production via the SASP. This work
suggests that there is the potential that these cytokines are also
induced, at least in part, from the activation of inflammasomes
by ribociclib.28 Co-administration of ribociclib with TLR4
agonists was shown to bolster IL-1 secretion through caspase-
dependent mechanisms in vitro and enhance antigen presenta-
tion in vivo. Moreover, CD8+ T cell responses were enhanced
after prime-boost vaccination when ribociclib was formulated
into liposomes. Enhanced CD8+ and TH1 responses are a key
feature of some NLRP3 ligands,10 though correlating inflam-
masome activation to the adjuvant activity of vaccine
formulations has proven challenging.2 The data herein provides
preliminary evidence that treatment of ER+HER2- patients with
ribociclib could facilitate an adjuvant effect during breast cancer
therapy by activating inflammasomes, in addition to its known
functions.
This work does not provide conclusive evidence of the

mechanistic connection between CDK4/6 and inflammasome
activation. Genetic ablation of the interaction between CDK4/6
and Cyclin D is embryonic lethal.48,49 Inflammasome activation
results in pyroptosis, a rapid and inflammatory mode of cell
death, rendering difficult many of the kinase-dependent or
-independent experiments used traditionally. While we provide
evidence suggesting caspase andNLRP3 inhibition by ribociclib,
future work must be conducted to understand how these
compounds mediate this phenotype. Kinase screening in parallel
with proteomics and transient genetic knockdowns could
provide critical information toward achieving this goal, though
these assays are well beyond the scope of this early work.
Moreover, it must be noted that knockout of key inflammasome
machinery does not completely abrogate secretion of IL-1β after
treatment with ribociclib (Figure 3B), and pretreatment with
Wedelolactone or z-IETD-fmk (caspase-11 and caspase-8
inhibitors, respectively) dramatically reduced IL-1β secretion
(Figure 3A). Together, these results suggest that multiple
daspases and/or inflammasome pathways may be activated by
ribociclib, though further mechanistic work is needed to validate
these preliminary data.
This study supports the identification of novel small molecule

adjuvants targeting the NLRP3 inflammasome and/or IL-1β
secretion for use in vaccination. Many FDA-approved vaccine
APIs have been shown in recent years to activate inflamma-
somes, including saponins and the ionizable lipid component of
mRNA lipid nanoparticles.2,3,50 While these APIs are very
successful in vaccination, they can be challenging and expensive
to prepare, and they induce reactogenicity in many individuals−
limiting wider adoption of these platforms. Small molecules, on
the other hand, are often less costly and more easily tunable.
Developing small molecule inflammasome activators would
allow for better control over inflammasome activation, induce
safer and/or more efficacious responses, and improve vaccine
accessibility to a larger population. Ribociclib can be prepared
on an industrial scale in 5−6 synthetic steps,51 and the lipid
modification reported herein requires only two additional steps.
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While more work will be needed to optimize the structure and
demonstrate improvements in reactogenicity of Ribo-L and
analogue compounds relative to saponin adjuvants, this study
provides evidence that these compounds generate robust IL-1β
secretion and T cell responses. This insight will both expand the
scope of use for ribociclib to vaccination.

■ MATERIALS AND METHODS
Mice and Materials. All chemicals and cell culture reagents were

obtained from Sigma-Aldrich or Thermo Fisher and used without
further purification unless otherwise noted. SI, Table S3 provides the
vendors and product codes of screening compounds and inhibitors. For
synthesis, ribociclib was purchased from AmBeed, and N,N′-
disuccinimidyl carbonate was purchased from AA Blocks. Lipid
reagents for liposomes (including synthetic MPLA-PHAD) were
purchased from Avanti Polar Lipids. A table providing the clone and
source of all antibodies used for flow cytometry and Western blots is
provided in SI, Table S4. The human Shingrix vaccine was purchased
from VaccineShoppe through an approved contract with the IIT
Research Institute that allows for animal use. For in vitro assays, cells
were maintained at 37 °C and 5% CO2. For in vivo studies, female, 6-
week-old C57Bl6/J (WT), B6.129S6-Nlrp3tm1Bhk/J (NLRP3-KO),
B6N .129S2 -Ca sp1 tm1F l v/ J (Ca sp1 -KO) , C57BL/6 J -
Gsdmdem1Vnce/J (GSDMD-KO), and B6.129S7-Il1r1tm1Imx/J
(IL-1R-KO) were purchased from Jackson Laboratories and allowed
to acclimatize for at least 1 week before use. Mice were housed in an
AAALAC-accredited animal facility with controlled light, temperature,
and humidity conditions and supplied with food and water ad libitum.
All animal procedures were performed under a protocol approved by
the University of Chicago Institutional Animal Care and Use
Committee. Unless otherwise noted, all data are analyzed and plotted
in GraphPad Prism 9. All synthesized compounds are >95% pure by
HPLC analysis. The authors identify no unexpected, new, or significant
hazards or risks associated with the compounds used in this work.
Selection and Preparation of Hit Compounds. The high

throughput screen was conducted as reported inM.G. Rosenberger, J.Y.
Kim et al.20 using automated high throughput instrumentation as
described in the Supporting Information. Hit compounds for secondary
screening were selected by evaluating the fold-change increase in IL-1β
secretion in THP-1 cells treated with LPS-EK (100 nM, InvivoGen)
with modulators relative to LPS-EK alone (SI, Table S1). Compounds
with solubility <10 mM in DMSO were excluded. Palbociclib,
flavopiridol, CDKI-73, dabrafenib, bafetinib, and IPI-3063 were also
included in the screen based on preliminary data suggesting high levels
of activity, while Quil-A was included as a control with known activity in
vivo. For all in vitro studies, 10 mM solutions of the inhibitors were
prepared in DMSO and diluted in PBS to 10x the working
concentration before addition to cells.
IL-1β, LDH, and Other Cytokine Secretion in Primary Murine

Cells. Bone-marrow derived macrophages (BMDMs) or dendritic cells
(BMDCs) fromwild-type or indicated knockoutmice were isolated and
differentiated as reported previously.52,53 After 6 d of differentiation,
cells were mechanically detached, washed, and plated in a 96-well plate
at 1.8 × 105 cells/well in 180 μL fresh medium (RPMI + 10%HI-FBS).
Cells were allowed to adhere for 1 h and then treated with 20 μL of 10×
ultrapure LPS-EB (working concentration 100 EU/mL) or PBS. After 3
h, cells were washed and resuspended in 180 μL fresh medium. Where
relevant, cells were pretreated with inhibitors (2 μL of 100× working
concentration in DMSO as noted in the figures) for 30min. Then 20 μL
of 10× hit compounds were added and incubated overnight. After 16 h,
the supernatant was collected and subjected to CyQUANT LDH
Cytotoxicity Assay (Thermo Scientific) and ELISAMAXMouse IL-1β
Assay (BioLegend) according to the manufacturer’s procedures.
Absorbance readouts were collected using a Multiskan FC plate reader
(Thermo Scientific). For analysis of additional cytokines, an analogous
procedure was employed, and supernatant was analyzed using
LEGENDplex Mouse Inflammation 13-plex (BioLegend) according
to the manufacturer’s procedure. Multiplex data was collected using a
Novocyte ACEA flow cytometer (Agilent).

Immunoblot Assays. BMDCs were isolated and cultured as
described above and plated in untreated 24 well plates at 1 × 106 cells/
well. Cells were treated with 100 EU/mL ultrapure LPS-EB
(InvivoGen) or PBS for 3 h, then washed and treated with ribociclib
(100 μM) or nigericin (5 μM) for the indicated times. The supernatant
was then collected, and cells were lysed with 200 μL M-PER (Thermo
Scientific) containing 1× Protease/phosphatase Inhibitor Cocktail
(Cell Signaling Technologies). Reducing, denaturing SDS-PAGE gel
chromatography was then conducted using 12% Mini-PROTEAN
TGX Precast Gels (BioRad). Blots were transferred to PVDF
membranes using a Trans-Blot turbo transfer system (BioRad).
Membranes were blocked with TBS-T + 5% nonfat milk at room
temperature (RT) for 1 h, washed 3 × 5 min with TBS-T, then stained
with the indicated antibodies (SI, Table S4) in TBS-T + 1% BSA
overnight at 4 °C. After 16 h, membranes were washed 3 × 5 min with
TBS-T and stained withHRPGoat anti-Rabbit or Goat anti-Mouse IgG
(Thermo Scientific) in TBS-T + 1% BSA at RT for 1 h in the dark.
Finally, membranes were washed 5 × 5 min with TBS-T, treated for 10
min with Supersignal West Dura Extended Duration Chemilumines-
cent Substrate (Thermo Scientific), and imaged using an Azure 600
imager (Azure Biosystems). Images were processed using FIJI for
ImageJ.

Vaccination Studies. Age-matched, 6-to-12-week-old female
C57Bl/6J mice were vaccinated intramuscularly in the flank with 50
μL of vaccine formulations. For soluble formulations, vaccines were
prepared in 7:2:1 PBS:PEG300:DMSO and filtered through a 200 nm
sterile filter before injection. For liposomal formulations, dialyzed
liposomes were added to lyophilized antigens and briefly vortexed
before injection to mimic GSK’s Adjuvant System formulations.54

Unless otherwise noted, studies with OVA contained 50 μg OVA, 10 μg
VacciGrade sMPLA (InvivoGen), and 50 nmol of modulators
(SelleckChem) or 10 μg Quil-A (InvivoGen), while liposomes
contained 50 μg OVA, 5 μg sMPLA (Avanti Polar Lipids), and 10
nmol of Ribo-L. The synthesis of Ribo-L and preparation of liposomal
formulations are described in the Supporting Information. Where
noted, AS01B was obtained from the Shingrix vaccine and used at 1/
10th of the human dose. Mice were vaccinated at experiment onset and
again on day 14. Two and 24 h after the initial injection, serum was
collected and assayed for cytokine release using LEGENDplex Mouse
Inflammation 13-plex (BioLegend) according to the manufacturer’s
protocol on a Novocyte ACEA flow cytometer (Agilent). On days 13
and 27, mice were bled via the submandibular vein for antibody titers.
On day 28, mice were sacrificed, and spleens were harvested for flow
cytometry and/or restimulation. Antibody titer and T cell assays are
described in the Supporting Information.

Antigen Presentation Studies. Age-matched, 6- to 12-week-old
female C57Bl/6J mice were vaccinated intramuscularly in the flank with
50 μL of vaccine formulations as described above. After 5 d, the
ipsilateral inguinal draining lymph node was collected and enzymati-
cally digested with collagenase (1 mg/mL) and DNase (100 μg/mL) at
37 °C for 1 h. Digested lymphocytes were passed through a 40 μm cell
strainer, pelleted, and resuspended in 200 μL PBS. Cells were stained
for viability and cell surface markers (SI, Table S4) and analyzed with a
Novocyte Penteon (Agilent) flow cytometer. Flow cytometry data was
analyzed using FlowJo v10.8.1.

Tumor Challenge Studies. Age-matched, 6-to-12-week-old
female C57BI/6J mice were injected subcutaneously on the right
flank with 5× 104 EG7-OVA cells in 100 μL of PBS at experiment onset.
Mice were anesthetized with isoflurane and shaved at the site of the
tumor injection before tumor implantation. Mice were then injected
subcutaneously on days 5 and 12 post-tumor inoculation with vaccines.
The control group received PBS. For soluble formulations, vaccines
were prepared in 7:2:1 PBS:PEG300:DMSO and filtered through a 200
nm sterile filter before injection. Dialyzed liposomes were added to
lyophilized antigens for liposomal formulations and briefly vortexed
before injection. Unless otherwise noted, all formulations contained 50
μg OVA, 5 μg VacciGrade sMPLA (InvivoGen), and 50 nmol of
ribociclib, while liposomes contained 50 μg OVA, 5 μg sMPLA (Avanti
Polar Lipids), and 10 nmol of Ribo-L. The tumor size was monitored
thrice weekly starting on 10 d. Tumor volumes weremeasured using the
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equation V = 1/2 × L × W × W, where L represents the longer
measured dimension and W represents the shorter measured
dimension. Mice were sacrificed when the tumors reached 20 mm in
any linear dimension or if signs of distress were observed. On day 40,
the remaining mice were sacrificed.
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