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ABSTRACT
Background  Local anesthetics promote anticancer 
immune responses. A machine learning-based algorithm 
trained with information on the biological effects and 
molecular descriptors of analgesics, anesthetics, 
hypnotics and opioids predicted antitumor effects for 
dexmedetomidine (DEX). DEX is a sedative acting as an 
alpha2-adrenoceptor (ADRA2) agonist. Based on these 
premises, we investigated the putative antineoplastic 
effects of DEX.
Results  In vitro, DEX promoted premortem stresses such 
as autophagy and partial endoplasmic reticulum stress 
with the phosphorylation of eukaryotic initiation factor 2 
alpha and the inhibition of the splicing of X-box binding 
protein 1. DEX elicited the biomarkers of immunogenic cell 
death, including the release of ATP and high-mobility group 
box 1 protein, and the cell surface exposure of calreticulin, 
enhancing the engulfment of malignant cells by dendritic 
cells. In immunocompetent mice, DEX decreased the 
progression of colorectal cancers, fibrosarcomas, 
mammary carcinomas and melanomas, as it improved 
overall survival. These effects were inhibited by the ADRA2 
antagonist yohimbine, suggesting that DEX mediates its 
anticancer effects at least in part on-target. Depending on 
the specific tumor model, DEX also enhanced the cytotoxic 
T cell/regulatory T cell ratio in the tumor bed and draining 
lymph nodes. Programmed cell death protein 1 blockade 
tended to improve DEX effects. After rechallenge with 
antigenically identical cells, no tumor appeared, indicating 
the formation of immunological memory.
Conclusions  These results confirm the machine learning-
predicted anticancer activity of DEX. Beyond its utility as 
a sedative agent in oncological intensive care, DEX may 
improve anticancer immunosurveillance and sensitize 
tumors to immune checkpoint blockade.

INTRODUCTION
Preclinical studies revealed that anesthetic 
agents can mediate anticancer effects by 
reducing the survival, proliferation and 
migration of malignant cells.1 2 Thus, local 
anesthetics and intravenous hypnotics such 
as propofol showed promising antineoplastic 
activities. These agents minimize tumor cell 
dissemination by inhibiting the production 
of angiogenic vascular endothelial growth 

factor (VEGF) as well as that of pro-metastatic 
matrix metalloproteinases (MMP-2, MMP-9) 
and E-cadherin.3 4 Both local anesthetics 
and propofol can stimulate intrinsic and 
extrinsic apoptotic pathways, interfere with 
cyclin-dependent kinases, or affect the epig-
enome of cancer cells.5–9 They also promote 
direct cytolytic effects on tumor cells by trig-
gering different modalities of cell death such 
as apoptosis, ferroptosis and necrosis.10 11 
Local anesthetics and propofol also suppress 
various oncogenic signaling pathways such 
as signaling transducer and activator of tran-
scription 3/HOX antisense intergenic RNA, 
mitogen-activated protein kinase kinase, 
extracellular signal-regulated kinases/
mitogen-activated protein kinases, and phos-
phoinositide 3-kinase/protein kinase B/
mammalian target of rapamycin (PI3K/Akt/

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Previous preclinical and clinical studies reported 
conflicting effects of dexmedetomidine (DEX), an 
alpha2-adrenoceptor (ADRA2) agonist, on cancer. 
Recent data indicate that various types of cancer 
cells express high ADRA2 levels and that ADRA2 ag-
onists may induce antitumor effects.

WHAT THIS STUDY ADDS
	⇒ An artificial intelligence-powered algorithm predict-
ed that DEX-induced antitumor effects. This predic-
tion was experimentally validated by showing that 
DEX killed cancer cells in vitro and induced antican-
cer responses in mice. These antineoplastic proper-
ties are mediated by ADRA2 and are often enhanced 
by combination with immune checkpoint blockers.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ In oncology, periods requiring intensive care are 
conducive to tumor progression. Sedation with DEX 
might slow tumor growth during intensive care and 
hence prepare the grounds for curative cancer ther-
apies after discharge.
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mTOR).12–17 Moreover, local anesthetics and propofol 
directly act on immune effectors by favoring the prolif-
eration of lymphocytes, maintaining the Th1/Th2 ratio, 
decreasing the action of immunosuppressive FoxP3+CD4+ 
T regulatory cells (Tregs) and myeloid-derived suppressor 
cells, and diminishing the synthesis of protumor cytokines 
such as IL-6.18 19 Moreover, local anesthetics can control 
inflammatory pain and immunosuppressive glucocorti-
coid stress.20 After intratumoral injection of local anes-
thetics, dying cancer cells release danger-associated 
molecular patterns (DAMPs) that recruit and stimulate 
dendritic cells (DCs) to engulf and present tumor anti-
gens to T cells. Activated cytolytic T lymphocytes then 
kill residual circulating malignant cells and promote an 
immune memory that avoids recurrences. The combina-
tion with anti-programmed cell death protein 1 (PD-1) 
antibodies potentiates this immune response, curing a 
fraction of mice bearing solid tumors.21

Conversely, morphine and hypnotic volatiles, tend 
to favor tumor progression by inhibiting phagocytosis, 
chemokine production, and cytolytic activity of natural 
killer cells, increasing the action of matrix metallopro-
teinases facilitating the migration, activating the c-Myc 
oncogene, promoting hypoxia-inducible factor (HIF-1α) 
and VEGF expression, or enhancing PI3K/Akt/mTOR 
signaling pathway.22–25

Dexmedetomidine (DEX), ((S)−4-[1-(2,3-
dimethylphenyl)-ethyl]−1H-imidazole), is an alpha2-
adrenoceptor (ADRA2) agonist with sedative properties 
that is widely used in veterinary and human medicine 
for intensive care and surgical procedures.26–28 DEX 
sedates without respiratory distress due to its action on 
ADRA2 located in the central nervous system without 
any stimulation of gamma-aminobutyric acid receptors.29 
Thus, DEX can be safely administered to mechanically 
ventilated patients, as well as to non-intubated patients. 
In addition, DEX reduces inflammation, controls noci-
ception and promotes opioid-sparing effects. DEX 
represents an ideal alternative to common narcotics such 
as propofol and midazolam, and to morphine derivatives. 
In addition, DEX recently garnered interest due to the 
discovery of adrenoceptors on different types of cancer 
cells suggesting potential direct therapeutic effects.30 31 
However, little is known about the potential procarcino-
genic or anticarcinogenic effects of DEX in vivo.32

A novel algorithm designed through a machine-
learning approach that we describe here predicted DEX 
to mediate antineoplastic activity. As a result, we studied 
the putative anticancer effects of DEX. Our work unrav-
eled that DEX has the capacity to kill cancer cells in an 
immunogenic fashion and to sensitize tumors to subse-
quent immunotherapy in preclinical models.

MATERIALS AND METHODS
Cell lines
Human osteosarcoma U2OS, human colon adenocarci-
noma CT26, human lung cancer TC-1, human cervical 

cancer HeLa, murine colon adenocarcinoma MC38, 
murine melanoma B16F10, murine breast cancer 4T1, 
murine RET melanoma cells, murine breast cancer 
E0771, and murine embryonic fibroblasts were supplied 
by American Type Culture Collection. Murine fibrosar-
coma MCA205 cells were supplied by Merck. U2OS cells 
stably expressing green fluorescent protein (GFP)-light 
chain 3 (LC3), pSMALB-ATF4.5rep or XBP1ΔDBD-
Venus-red fluorescent protein (RFP)-FYVE and MCA205 
cells expressing CD39 were previously generated in 
our lab.33–36 U2OS activating transcription factor 6 
(ATF6)-GFP cell line was kindly given by Professor Peter 
Walter from the University of California, San Francisco, 
USA. Mycoplasma tests were regularly performed in all 
cell lines to control the absence of infection.

Cell culture
All cell lines were cultured in Dulbecco’s Modified Eagle’s 
Medium (#41 966–02, Thermo Fisher Scientific), except 
for the MCA205 cell line cultured in Roswell Park Memo-
rial Institute 1640 medium (#61870044, Thermo Fisher 
Scientific). Media were supplemented with 10% fetal 
bovine serum (#F7524, Sigma-Aldrich), 1% non-essential 
amino acids (#11 140–035, Thermo Fisher Scientific), 
1% HEPES (#15630080, Thermo Fisher Scientific), and 
1% penicillin/streptomycin (#15140122, Thermo Fisher 
Scientific). For U2OS GFP-LC3, XBP1ΔDBD-Venus-
RFP-FYVE and ATF6-GFP cell lines, medium was supple-
mented with 0.5 mg/mL G418 (#10 131–27, Thermo 
Fisher Scientific) to maintain selection pressure. All 
cell lines were cultured in an incubator offering a stable 
humidified environment with 5% CO2 and 37°C. The 
consumables required for the cell culture were purchased 
from Corning (New York, USA).

Compounds
Oxaliplatin was supplied by Accord Healthcare (Ahmed-
abad, India). DEX (PHR-2701), mitoxantrone (MTX) 
(M6545), necrostatin-1 (N9037), staurosporine (S6942), 
thapsigargin (T9033), and yohimbine (YOH) (Y3125) 
were supplied by Merck-Sigma Aldrich. Bafilomycin A1 
(1334), torin 1 (4247) were supplied by Tocris Bioscience 
(Bristol, UK), and z-VAD-fmk (N1510.0025) was supplied 
by Bachem. LIVE/DEAD Fixable Yellow Dead Cell Stain 
Kit, for 405 nm excitation (#L34959) and eBioscience 
FoxP3/Transcription Factor Staining Buffer Set (#00-
5523-00) were obtained from Thermo Fisher Scientific.

Antibodies
Rabbit polyclonal anti-calreticulin antibody (ab2907), 
rabbit monoclonal anti-phospho-eukaryotic initiation 
factor 2 alpha (eIF2α) (Ser 51) antibody (ab32157, 
clone E90), mouse monoclonal anti-beta actin anti-
body (ab49900, clone AC-15) were obtained from 
Abcam (Cambridge, UK). Anti-mouse PD-1 antibody 
(BE0273, clone 29F.1A12), rat IgG1 isotype control, 
anti-horseradish peroxidase (BE0088, clone HRPN), rat 
IgG2b isotype control, anti-keyhole limpet hemocyanin 
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(BE0090, clone LTF-2), anti-CD4+ (BE0003-1, clone 
GK1.5) and anti-CD8+ (BE0061, clone 2.43) antibodies 
were obtained from BioXcell (West Lebanon, New Hamp-
shire, USA). Anti-rabbit AlexaFluor 488 or AlexaFluor 
647 coupled secondary antibody, rabbit polyclonal anti-
ADRA2A (#PA5-120835), anti-ADRA2B (#PA5-109364), 
anti-ADRA2C (#PA5-114828) antibodies, rabbit mono-
clonal anti-CD31 antibody (#MA5-37858), mouse mono-
clonal anti-VEGF antibody (#MA5-13182) came from 
Thermo Fisher Scientific. BD OptiBuild RB780 hamster 
anti-mouse CD11c (#755338) was purchased from BD 
Biosciences; APC anti-mouse CD11c antibody (#117310), 
PE-Dazzle 594 anti-mouse LAG-3 antibody (#125224), 
AlexaFluor 700 anti-mouse CD45 antibody (#103128), 
APC-Fire750 anti-mouse CD8a antibody (#100766), 
BV650 anti-mouse CD25 antibody (#102038), and BV786 
anti-mouse PD-1 antibody (#135225) were purchased 
from BioLegend; FITC anti-mouse FoxP3 antibody 
(#11-5773-82), PerCP-Cy5.5 anti-mouse CD3 antibody 
(#145–2 C11), APC anti-mouse TIM-3 antibody (#17-
5871-82), and eFluor450 anti-mouse CD4 antibody (#48-
0042-82) were obtained from Thermo Fisher Scientific.

Western blot
The Western blot protocol was previously described in a 
study by Bezu et al.21

QSAR model establishment and exploration
A collection of 37 anesthetic agents was annotated 
according to their ability to induce antitumor (0) or 
protumor effects (1). Thereafter 1,875 molecular descrip-
tors were computed using PaDEL software.37 Variables 
with p value<0.05 were retained (Mann-Whitney U test 
between the two groups exhibiting protumor and anti-
tumor effects), leading to a data set of 37 labeled mole-
cules associated with 605 descriptors. This data set was 
used for training a random forest (RF) binary classifier, 
using the R caret package, from which a confusion matrix 
was computed to evaluate model accuracy. In the next 
step, descriptors were weighted according to a decrease 
in the Gini index and used to generate a matrix based on 
Gower’s similarity index by means of the R daisy package. 
Finally, this matrix was used to perform hierarchical 
clustering.

Viability assay
At day 0, U2OS, HT29, MCA205 and CT26 cells were 
cultured with 1,500 cells per well in a 384-well plate 
(Greiner Bio-one; Kremsmünster, Austria). At day 
1, cells were treated with DEX for 8, 12 or 24 hours. 
Hoechst 33342, 1 µg/mL (H3570, Thermo Fisher Scien-
tific) and propidium iodide, 1 µg/mL (P4864, Sigma-
Aldrich) were used to stain the nuclei and assess viability, 
respectively. Cells were observed by live-cell micros-
copy (one acquisition/hour) using transmitted light, 4 
6-diamidino-2-phenylindole (DAPI) staining, and Texas 
Red imaging filter sets. Analyses were performed with the 
R software (https://www.r-project.org) using the EBImage 

package. The number of live cells was normalized for each 
condition to the number of live cells at T0.

Cell death assessment
At day 0, 8,000 U2OS wild-type cells per well were cultured 
in a 96-well plate. At day 1, cells were treated with DEX or 
staurosporine for 24 hours. Then, supernatants and cells 
were retrieved to assess cell death modalities following a 
described protocol.21

Fluorescence microscopy
At day 0, U2OS cells wild-type or U2OS cells stably 
expressing the following fusion proteins: GFP-LC3, 
pSMALB-ATF4.5rep, ATF6-GFP, XBP1ΔDBD-Venus-RFP-
FYVE, were cultured with 1,500 cells per well in a 384-
well plate. At day 1, cells were treated with DEX (25, 
50, 100, 200, 400, 800 µM), thapsigargin (10 µM), torin 
(300 nM) and bafilomycin (100 nM). After treatment, 
cells were washed, fixed in paraformaldehyde (3.7% PFA, 
F8775, Merck-Sigma Aldrich) and stained with 1 µg/mL 
Hoechst 33 342 (H3570, Thermo Fisher Scientific) for 
20 min. U2OS wild-type cells were also stained with the 
anti-phospho-eIF2α antibody according to the protocol 
published in.21 Images were then acquired by fluores-
cence microscopy with a 20X Plan APO objective (Nikon, 
Tokyo, Japan) with appropriate filter sets in four fields of 
view (FOV) per well and processed with either the Custom 
Module Editor from MetaXpress Software (Molecular 
Devices) or custom R scripts using the EBImage package 
(https://bioconductor.org/). Briefly, nuclei regions were 
defined by thresholding the fluorescence signal from 
nuclear dyes, thereafter labeled using the watershed 
algorithm. When required, cytoplasmic regions were 
segmented using the same thresholding method with the 
adequate dye, and labeled using Voronoi’s propagation 
method from labeled nuclei. Subcellular structures (such 
as “dots”) were segmented by applying a top hat filter on 
the corresponding fluorescent micrograph, followed by 
thresholding. The obtained masks were thereafter used 
to compute nuclear (Hoechst 33342, ATF4, ATF6, XBP1s) 
and cytosolic features (eIF2α, ATF6, LC3) such as inten-
sity, count and surface. The obtained single-cell data were 
processed using R software, after removing dead cells and 
debris based on nuclei area and Hoechst 33342 intensity.

Calreticulin translocation
At day 0, 1×106 U2OS wild-type cells per well were 
cultured in 6-well plates. At day 1, cells were incubated 
with the designed treatment for 8 hours. After treatment, 
the medium was changed to fresh medium and the cells 
were kept in culture for a further 16 hours. Then, cells 
were collected to assess calreticulin (CALR) transloca-
tion at the plasma membrane according to the protocol 
described in.21

HMGB1 release
At day 0, 1×106 mouse fibrosarcoma MCA205 wild-
type cells per well were cultured in 6-well plates. At day 
1, cells were treated for 24 hours with MTX (4 µM) or 

https://www.r-project.org
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DEX (600 µM). Then, supernatants were retrieved and 
centrifuged. The concentration of high-mobility group 
box 1 (HMGB1) in the supernatants was assessed by 
ELISA (ST51011; IBL International GmbH, Hamburg, 
Germany). The results were calculated based on acquired 
absorbance (450 nm) with a SpectraMax i3 Multi-Mode 
Plate Reader (Molecular Devices).

Extracellular ATP assessment
8,000 U2OS wild-type cells per well were cultured in a 
96-well plate. The day after, cells were treated with the 
appropriate treatments for 24 hours. Then, ATP release 
was assessed by means of a published luciferase lumines-
cence protocol.21

Intracellular ATP assessment
At day 0, 8,000 cells per well were cultured in a 96-well 
plate. At day 1, cells were treated with the appropriate 
treatments for 24 hours. After treatment, cells were 
stained with 5 µM quinacrine and 4 µM Hoechst 33342 
prepared in a Krebs-Ringer solution (125 mM sodium 
chloride, 5 mM potassium chloride, 0.7 mM monopotas-
sium phosphate, 1 mM magnesium sulfate, 6 mM glucose, 
2 mM calcium chloride, and 25 mM HEPES, pH 7.4) for 
30 min at 37°C. Then, cells were washed with the Krebs-
Ringer solution. Images were acquired with fluorescence 
microscopy using a 20X Plan APO objective (Nikon, 
Tokyo, Japan) in four FOV per well and processed with 
the MetaXpress software (Molecular Devices).

Phagocytosis assay
Bone marrow-derived dendritic cells (BMDCs) were 
obtained from the bone marrow extracted from the 
femurs of C57Bl/6J mice and prepared according to 
our protocol published in a study by Bezu et al.21 Mouse 
fibrosarcoma MCA205 wild-type cells were cultured with 
8×105 cells in a 25 cm2 flask and let adapt overnight in 
the incubator. Then, MCA205 cells were stained with 
1 µM CellTracker Orange CMTMR dye (#C2927, Thermo 
Fisher Scientific) for 30 min at 37°C and treated for 24 
hours as designed. The next day, tumor cells and BMDCs 
were co-cultured in a 6-well plate at a 1:4 ratio (BMDC: 
MCA205) and kept in the incubator for 4 hours. Then, 
the co-cultured cells were collected and labeled with APC-
conjugated antibody against CD11c (1:100 diluted in 1% 
bovine serum albumin, BSA) to identify DCs. Cells were 
kept in the dark for 30 min at 4°C. After three washes, 
cells were fixed in paraformaldehyde (3.7% PFA). A 
BD LSRFortessa flow cytometer linked to BD FACSDiva 
software (BD Biosciences) was used to analyze the data. 
Phagocytosis was defined by assessing CMTMR positive in 
CD11c positive cells (FlowJo software).

In vivo experiments
Immunocompetent female C57Bl/6J mice aged 6–8 
weeks were obtained from Envigo (Huntington, UK). 
Mice were housed in a dedicated animal facility providing 
a temperature-controlled and germ-free environment. 
Food and water were given freely. The ‘BiostatTGV’ 

software was used to determine the optimal number of 
animals in each group. For each experiment, mice were 
randomized according to tumor size before treatment to 
avoid bias. The mathematical formula “width x length x 
π/4” was applied to calculate tumor size. Mice were sacri-
ficed by cervical dislocation if tumor size was between 200 
mm2 and 250 mm2, necrosis, weight loss >10% or signs of 
discomfort. The TumGrowth software package (https://​
github.com/kroemerlab) was used to compare tumor 
growth and survival curves.38

In vivo treatment
Fibrosarcomas, breast tumors, colon adenocarcinomas and 
melanomas were generated after subcutaneous inoculation 
of 1×105 murine MCA205 cells, 1×106 murine E0771 cells, 
1×106 murine MC38 cells, and 5×105 murine RET cells into 
immunocompetent female C57Bl/6J mice, respectively. As 
soon as tumors became detectable, mice were randomized 
according to the tumor sizes in each experiment. Then, 
the animals were treated with 25 µl of DEX (diluted in 
phosphate-buffered saline (PBS)) or with PBS (negative 
control) injected intraperitoneally (i.p.) daily for 21 days 
or intratumorally (i.t.) every 3 days for 21 days. The tumor 
size and the weight of the mice were routinely monitored. 
At days 6, 9 and 12 after the first injection of DEX, 200 µg/
mouse of anti-PD-1 or the corresponding isotype (prepared 
in 50 µl PBS) were injected i.p. At days −1, 0 and 7 before 
and after the first injection of DEX, 100 µg/mouse of anti-
CD4+ and anti-CD8+ or corresponding isotype (prepared in 
PBS) were injected i.p.

In vivo rechallenge
Mice bearing fibrosarcomas cured after the injections 
of DEX, alone or combined with immunotherapy (anti-
PD-1), were rechallenged with the same cell type (1×105 
murine fibrosarcoma MCA205 wild-type cells inoculated 
subcutaneously (s.c.) into one flank) and heterologous 
cells (1×106 murine colon adenocarcinoma MC38 wild-
type cells inoculated s.c. into the contralateral site). One 
mouse bearing a colon adenocarcinoma that was cured 
by treatment with DEX+anti-PD-1, was rechallenged with 
the same cell type (1×106 murine colon adenocarcinoma 
MC38 wild-type cells) inoculated s.c. into one flank and 
heterologous cells (1×105 murine fibrosarcoma MCA205 
wild-type cells) inoculated s.c. into the contralateral 
site. The tumor growth and the weight of the mice were 
routinely monitored.

Assessment of tumor and peritumor lymph node-infiltrating 
lymphocytes
Mouse MCA205 fibrosarcomas or mouse MC38 colon 
adenocarcinomas were induced after subcutaneous inoc-
ulation of 1×105 or 1×106 cells, respectively, into C57Bl/6J 
mice. As soon as tumors became detectable, PBS (25 µl) 
or DEX (500 µg/kg) was injected i.p. At day 9 post-in-
jection, tumors were harvested, processed and stained 
according to our published protocol21 to assess tumor 
and peritumor lymph node infiltrating lymphocytes.

https://github.com/kroemerlab
https://github.com/kroemerlab
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Assessment of tumor angiogenesis markers
MCA205 fibrosarcomas were induced after subcuta-
neous inoculation of 1×105 cells into C57Bl/6J mice. PBS 
(25 µl) or DEX (500 µg/kg) was injected i.p. when tumors 
became detectable. At day 9 post injection, tumors were 
harvested, fixed in paraformaldehyde (3.7% PFA, F8775 
Sigma-Aldrich) and incubated in a solution of sucrose. 
Next, an ultramicrotome was used to cut 5 µm sections 
of tumors. Tumor slices were then washed and blocked 
with glycine (100 mM) for 5 min followed by NH4Cl 
(50 mM) for 20 min. VEGF and CD31 were assessed by 
immunostaining (rabbit monoclonal antibody anti-CD31 
(#MA5-37858), mouse monoclonal antibody anti-VEGF 
(#MA5-13182) from Thermo Fisher Scientific). Repre-
sentative images were acquired and data were analyzed 
using the QuPath V.0.5.1 software.

Statistical analyses
In vitro experiments: data shown represents mean of tripli-
cates. When an experiment is presented as representative 
of three individual experiments, the results are presented 
as mean±SD. When three individual experiments are 
combined, the results are presented as mean±SEM. The 
statistics were produced using the R software (https://
www.r-project.org). For parametric data, a student’s t-test 
was applied to compare the conditions to a control (​t.​
test function). When one condition was compared with 
another in a dataset, a pairwise test for multiple compar-
isons was used with a Benjamini-Hochberg correction (​
pairwise.​t.​test function).

In vivo experiments: the statistics were produced using 
the TumGrowth software package (https://github.com/​
kroemerlab).38 Tumor growth was assessed with a type 
II analysis of variance test or a pairwise Wilcoxon test 
in case of multiple comparisons with a Holm correc-
tion. Survival analyses were determined with a log-rank 
test. For the tumor and peritumor lymph node immune 
infiltrates, statistical analyses were performed with the R 
software using a Wilcoxon-Mann-Whitney test or a pair-
wise Wilcoxon test in case of multiple comparisons with a 
Holm correction.

RESULTS
Identification of DEX as a bona fide antitumor agent
Previous studies demonstrated that local anesthetics can 
mediate direct or immune-dependent anticancer effects 
and hence improve overall and recurrence-free survival 
after oncological surgery.21 39 Other standard anesthetics, 
such as volatiles, opioids, or intravenous hypnotics had 
inconstant effects. Interestingly, unconventional antineo-
plastic molecules, such as metformin or beta-blockers, 
exert antitumor effects through off-target effects.40 Driven 
by such target-agnostic considerations, we designed an 
algorithm using a machine learning approach to predict 
potential antitumor or protumor features of anesthetic 
agents. We first attributed a score to 37 anesthetics that 
had been characterized for their ability to predominantly 

induce antitumor or protumor effects. Using the 
PubChem library (https://pubchem.ncbi.nlm.nih.gov), 
we then retrieved the structures of all clinically used anes-
thetics allowing us to compute their molecular descriptors 
using PaDEL software.37 605 descriptors were significantly 
(p<0.05) different between the two categories of anti-
tumor or protumor anesthetics (figure 1A, online supple-
mental table S1). These were then weighted through an 
RF training procedure (figure  1B, online supplemental 
table S2). Finally, anesthetic agents were submitted to 
hierarchical clustering based on their weighted molec-
ular descriptors (figure 1C). Among the anesthetics for 
which no antitumor or protumor had been reported, 
DEX stood out in thus far that it clustered with the group 
of agents endowed with anticancer activity and that it is 
regularly used in the clinic.

To determine the potential antineoplastic activity of 
DEX, we first treated human osteosarcoma U2OS cells 
with different DEX concentrations and measured their 
proliferation and death at different time points (8, 12 
or 24 hours). U2OS cells stopped proliferating and 
started dying at a concentration of 700–800 µM DEX 
(figure  2A–C). Similar cytotoxic effects were observed 
for murine colorectal carcinoma CT26 cells, human 
colorectal adenocarcinoma HT29 cells, and murine 
fibrosarcoma MCA205 cells (online supplemental figure 
S1). DEX induced tumor cell death without an apoptotic 
intermediate step in which cells lose their mitochondrial 
transmembrane potential measured by means of DiOC 
before they become permeable to the vital dye DAPI 
(figure 2D). Neither z-VAD-fmk nor necrostatin-1, which 
are inhibitors of apoptosis and necrosis respectively, did 
inhibit the cytotoxic effects of DEX (figure 2E). Next, we 
investigated whether DEX would elicit specific cell stress. 
At sublethal doses, DEX activated specific signs of the 
unfolded protein response in the endoplasmic reticulum 
(ER) (figure 2F,G, online supplemental figure S2). Thus, 
DEX triggered the phosphorylation of eIF2α detectable 
by immunofluorescence microscopy. In addition, DEX 
caused the nuclear translocation of ATF4 and ATF6 that 
could be measured in specific U2OS cell lines equipped 
with biosensor proteins, namely, ATF4 or ATF6 fused 
to GFP. However, DEX was unable to stimulate another 
sign of ER stress leading to the splicing of transcription 
factor X-box binding protein 1 (XBP1) messenger RNA 
that can be measured in a biosensor cell line expressing 
an XBP1-Venus fusion protein only after such a splicing 
event (figure  2F,G, online supplemental figure S2). In 
addition, DEX activated the formation of autophagic 
puncta in the cytoplasm of U2OS cells expressing 
microtubule-associated proteins 1A/1B LC3B fused to 
GFP. In the presence of bafilomycin A1, which inhibits 
the fusion of autophagosomes with lysosomes, DEX still 
induced GFP-LC3B puncta (as compared with the bafi-
lomycin A1-only control) supporting the interpretation 
that DEX promotes autophagic flux (figure 2H,I). Simi-
larly, DEX stimulated the autophagy-associated produc-
tion of phosphatidylinositol 3-phosphate (PIP3), which 
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can be detected by means of a fusion protein containing 
RFP and the FYVE zinc domain. This fusion protein binds 
to PIP3-decorated vesicles, hence forming cytoplasmic 
puncta, which are induced by DEX (figure 2J,K).

In summary, DEX can trigger premortem stress, such as 
the unfolded protein response and autophagy, as well as 
the death of cancer cells.

DEX promotes immune anticancer effects in vitro.
Next, we studied whether DEX can stimulate immuno-
genic cell death (ICD), which occurs in the context of 
ER stress and autophagy. Similar to the established ICD 
inducer MTX,41 DEX elicited several hallmarks of ICD. 
Thus, immunofluorescence experiments indicated that 
DEX induced the translocation of CALR from the ER to 
the plasma membrane (figure  3A, online supplemental 
figure S3), in line with the fact that this event occurs 
downstream of the phosphorylation of eIF2α and is inhib-
ited by the IRE1a/XBP1 pathway.33 DEX also stimulated 
the extracellular release of HMGB1 protein measured by 
ELISA. Finally, DEX triggered the release of ATP from 
cells, as indicated by reduced intracellular ATP-dependent 
quinacrine fluorescence and the presence of luciferase-
detectable ATP in the supernatant36 42 (figure 3B–D). In 
the next step, we cultured mouse fibrosarcoma MCA205 
cells labeled with CellTracker Orange (CMTMR) in the 
presence of bone marrow-derived CD11c+ dendritic 
cells (BMDCs). Phagocytosis of tumor antigens was then 

assessed by flow cytometry. DEX-treated cancer cells were 
more efficiently engulfed by BMDCs than untreated 
control cells and cells treated with the bona fide ICD 
inducer oxaliplatin (figure 3E–H).

Altogether these results suggest that DEX elicits the 
biomarkers of ICD and facilitates the engulfment of 
cancer cells by DCs.

DEX promotes an alpha-2 adrenoceptor-dependent anticancer 
response
To further investigate the immune effects of DEX, we 
orthotopically implanted subcutaneous MCA205 fibro-
sarcomas in immunocompetent C57Bl/6J mice. When 
tumors became palpable, mice were treated with either a 
single injection of DEX or daily injections of DEX for 21 
days i.p., mimicking anesthesia or intensive care practices, 
respectively. Daily administration of DEX, at doses used in 
veterinary medicine to induce a sedative effect in mice,43 
significantly reduced tumor growth and improved animal 
survival (online supplemental figures S4 and S5A,B). 
We confirmed these results for MC38 colon adenocarci-
nomas. Daily injection of DEX slowed down colon tumor 
growth and increased overall survival in a dose-dependent 
manner. The highest DEX dose (500 µg/kg/day) reduced 
the size of tumors by up to 70% compared with untreated 
mice (figure 4A–E, online supplemental figure S5C). As 
an alternative to this high-dose systemic DEX administra-
tion, we designed experiments in which DEX was injected 

Figure 1  Trained Quantitative Structure-Activity Relationship (QSAR) model predicts dexmedetomidine as an antitumor 
agent A–C. (A) The main steps for the QSAR model establishment are represented as a flowchart. Molecular descriptors (desc) 
were computed using PaDEL software for a set of 37 molecules (mol), labeled according to their ability to act as antitumor 
or protumor agents (n=22 and n=15, respectively). The obtained data set was thereafter used for training a binary random 
forest (RF) classifier. Feature importance was extracted after the training process. (B) Classifier performance was evaluated by 
establishing a confusion matrix (upper left panel), from which different metrics were derived (upper right panel). Descriptors 
were ranked according to importance, represented by a decrease in Gini index (lower panel). (C) Molecules from the training set, 
plus 11 unknown agents, were used for hierarchical clustering using molecular descriptors weighted according to importance. 
Results are displayed in a clustering tree. Names in red and green correspond to protumor and antitumor compounds, 
respectively, used in the training set. Molecules with unknown or ambiguous effects on tumors are plotted in blue.
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Figure 2  Premortem stress and cell death modalities promoted by dexmedetomidine A–K. (A–C) Human osteosarcoma U2OS 
wild-type (wt) cells were exposed to dexmedetomidine (DEX, 25 µM, 50 µM, 100 µM, 200 µM, 400 µM, 800 µM, 1,600 µM or 
3,200 µM) for 8, 12 or 24 hours. Tumor cell death was assessed with the propidium iodide intensity. Number of live cells at each 
concentration was normalized to the number of live cells at T0. The dashed line represents a cytostatic effect. A proliferation 
effect is observed above the dashed line, while a cytolytic effect is observed below the dashed line. (D) U2OSwt cells were 
exposed to DEX (25 µM, 50 µM, 100 µM, 200 µM, 400 µM or 800 µM) or staurosporine (STS, 1 µM) for 24 hours. Cell death 
was assessed by staining with DIOC and DAPI and data were acquired by flow cytometry. The data shown are presented as 
percentages of DIOC negative and DAPI negative (DIOC− DAPI−) or DAPI positive cells alone (DAPI+). (E) U2OSwt cells were 
exposed to necrostatin-1 (10 µM), z-VAD-fmk (zVAD, 50 µM), dexmedetomidine (DEX, 400 µM or 800 µM), DEX+necrostatin-1 
or DEX+zVAD for 24 hours. Cell death was assessed by the staining of DIOC and DAPI acquired by flow cytometry. The 
data shown are presented as percentages of DIOC− DAPI− or DAPI+ cells. Gray p value=DAPI− DIOC- comparison; Black p 
value=DAPI+ comparison. (F–G) U2OSwt cells were exposed to DEX (25 µM, 50 µM, 100 µM, 200 µM, 400 µM or 800 µM) or 
thapsigargin (TG, 10 µM) for 6 hours. Phosphorylation of eIF2α intensity was assessed by immunostaining. Representative 
images (F, scale bar 10 µm). Bar plots (G). (H–I) U2OS GFP-LC3 cells were exposed to DEX (25 µM, 50 µM, 100 µM, 200 µM, 
400 µM or 800 µM) or Torin (300 nM) with or without bafilomycin (Baf, 100 nM) for 8 hours. Autophagy was assessed by 
measuring the surface area occupied by GFP-LC3 dots. Representative images (H, scale bar 10 µM). Bar plots (I). Black p values 
indicate treatment compared with untreated condition and gray p values indicate comparisons to bafilomycin. (J–K) U2OS 
XBP1s-venus-DBD cells were exposed to DEX (25 µM, 50 µM, 100 µM, 200 µM, 400 µM or 800 µM) or Torin (300 nM) for 12 hours. 
Autophagy was assessed by quantifying the dot surface. Representative images (J, scale bar 10 µM). Bar plots (K). Information: 
(A, B, C, G, I, and K)  data are presented as the mean±SEM of three individual experiments. Data were normalized to untreated 
control. (D and E) Data are presented as the mean±SD of one representative experiment among three. (D, E, and I)  A pairwise 
test for multiple comparisons with a correction of Benjamini-Hochberg was applied. (G and K) The Student’s t-test was applied. 
DAPI, 4 6-diamidino-2-phenylindole; DIOC, 3,3′-dihexyloxacarbocyanine iodide; eIF2α, eukaryotic initiation factor 2 alpha; GFP, 
green fluorescent protein; RFP, red fluorescent protein.
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Figure 3  Dexmedetomidine induces immunogenic cell death and stimulates phagocytosis A–H. (A, C, D) U2OS human 
osteosarcoma wild-type (wt) or (B) MCA205wt murine fibrosarcoma were exposed to PBS (Co), mitoxantrone (MTX, 4 µM) or 
dexmedetomidine (DEX, 600 µM) for 8 hours (A) or 24 hours (B–D). (A) Calreticulin (CALR) exposure at the plasma membrane 
was measured by immunostaining acquired by flow cytometry. Data are presented as the percentage of CALR positive, DAPI 
negative (CALR+ DAPI−) cells. (B) HMGB1 release was assessed by ELISA. (C) Intracellular ATP decrease was measured by 
fluorescence microscopy. (D) Bioluminescence was used to measure the extracellular ATP release. (E–H) MCA205wt cells 
labeled with CellTracker Orange (CMTMR+) were exposed to oxaliplatin (Oxa, 300 µM) or DEX (600 µM) for 24 hours. The 
day after, tumor cells were co-cultured with bone marrow-derived dendritic cells (BMDCs) for 4 hours, and then stained with 
an antibody against CD11c (CD11c+-APC). The quantification of CMTMR+ and CD11c+ was obtained by flow cytometry. 
Information: data are presented as one representative experiment among two (or three for C) and expressed as mean±SD. 
Statistics were calculated using a Student’s t-test. DAPI, 4 6-diamidino-2-phenylindole; HMGB1, high-mobility group box 1; 
PBS, phosphate-buffered saline.
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Figure 4  Dexmedetomidine induces an antitumor effect in vivo in a dose-dependent manner A–O. (A–E) 1×106 MC38 mouse 
colon adenocarcinoma wild-type (wt) cells were inoculated subcutaneously (s.c.) into the flank of C57Bl/6J mice (10 mice per 
group). When tumors became detectable, PBS (negative control) or dexmedetomidine (DEX, 50 µg/kg, 100 µg/kg, 200 µg/kg, 
400 µg/kg or 500 µg/kg) was injected intraperitoneally (i.p.) every day for 21 days. (F–J) 1×105 MCA205wt mouse fibrosarcoma 
cells were inoculated s.c. into the flank of C57Bl/6J mice (6 mice for PBS group and 9 mice for DEX group). As soon as tumors 
became detectable, PBS (negative control) or DEX (500 µg/kg) was injected intratumorally (i.t.) every 3 days for 21 days. 
(K–O) 1×105 MCA205 cells expressing ectoATPase CD39 were inoculated s.c. into the flank of C57Bl/6J mice (6 mice per 
group). As soon as tumors became detectable, PBS (negative control) or DEX (500 µg/kg) was injected i.t. every 3 days for 21 
days. Information: tumor size was compared using a type II ANOVA test and a pairwise Wilcoxon test with a Holm correction. 
Significant differences between overall survival were calculated by means of the log-rank test. ANOVA, analysis of variance; 
PBS, phosphate-buffered saline.
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i.t., which is a route of administration of antineoplastic 
treatments that has been adopted in clinical practice.44–46 
After i.t. injection of DEX into fibrosarcomas, 78% of 
mice were cured (figure  4F–J). Of note, this effect was 
mitigated when fibrosarcoma cells were equipped with a 
transgene-encoded ectoATPase degrading extracellular 
ATP (figure 4K–O).

DEX is a pan-ADRA2 agonist.32 Several mouse cancer 
cell lines such as breast cancers 4T1 and E0771, mela-
noma B16F10, colon adenocarcinoma CT26, fibrosar-
coma MCA205 and lung cancer TC-1, express ADRA2 
detectable by immunoblotting (online supplemental 
figure S6). We therefore investigated whether DEX acts 
on-target. For this, we determined the possible inhibitory 
effects of the pan-ADRA2 antagonist YOH on premortem 
stress responses induced by DEX in vitro. At concentra-
tions of 10 µM or 30 µM, YOH decreased the phosphor-
ylation of eIF2α and autophagic flux induced by DEX 
(figure  5A–D). Then, we established murine fibrosar-
comas MCA205 (figure 5E–I) or colon adenocarcinomas 
MC38 (online supplemental figure S7) in immunocom-
petent hosts and treated the mice with DEX alone or 
together with YOH. Importantly, YOH diminished the 
antitumor effects of DEX in vivo.

DEX modifies tumor infiltrates and potentiates immunotherapy 
effect in vivo
After injection of one single bolus, DEX decreased 
FoxP3+CD4+ Tregs in the tumor bed and increased the 
ratio of CD8+ cytotoxic T lymphocytes over Tregs in the 
tumor bed of MCA205 fibrosarcomas as well as in tumor-
draining lymph nodes (figure  6, online supplemental 
figure S8). Moreover, DEX enhanced the co-expres-
sion of the checkpoint molecules lymphocyte activation 
gene 3 (LAG-3), PD-1, and T cell immunoglobulin and 
mucin 3 (TIM-3) on CD4+, CD8+ T cells and Tregs, indi-
cating that it stimulates the accumulation of T cells with 
an exhausted phenotype (online supplemental figure 
S9). In line with this, the coadministration of anti-CD4+ 
and anti-CD8+ to mice bearing fibrosarcomas signifi-
cantly decreased the anticancer effects of DEX (online 
supplemental figure S10). Surprisingly, one injection of 
DEX into mice bearing MC38 colon adenocarcinomas 
decreased (rather than increased) the CD8+/Tregs ratio 
in the tumor bed. In this tumor model, DEX reduced 
the co-expression of LAG-3, TIM-3 and PD-1 on CD4+ 
cells and Tregs (online supplemental figure S11A–F). 
The combination with YOH restored CD8+/Treg infiltra-
tion, but not the loss of checkpoint molecule expression 
(online supplemental figure S11G–I). Contrasting with a 
prior report on human tumors implanted in immunode-
ficient mice,47 DEX did not affect biomarkers of tumor 
angiogenesis such as VEGF and CD31 in MCA205 fibro-
sarcomas (online supplemental figure S12).

Next, we evaluated whether DEX might be favorably 
combined with PD-1 blockade in four different models of 
solid tumors: MCA205 fibrosarcoma, MC38 colon adeno-
carcinoma, E0771 breast cancer, and RET melanoma 

(figure 7). When tumors became palpable, mice received 
a daily injection of the optimal dose of DEX (500 µg/
kg i.p.) for 21 days alone or combined with three injec-
tions of anti-PD-1 antibody at days 6, 9 and 12 after the 
first injection of DEX. DEX alone significantly decreased 
tumor growth and improved overall survival in all four 
models. The combination with PD-1 blockade potentiated 
the effects of DEX and cured up to 50% of mice bearing 
fibrosarcomas. The responses to the DEX-anti-PD-1 
combination treatment were variable, as shown by the 
increasing number of cured mice, in the following order: 
E0771<MC38<RET<MCA205 (figure  7). The combina-
tion of DEX and anti-PD-1 antibody was more efficient 
than DEX or anti-PD-1 alone in extending the survival of 
mice bearing MCA205 or RET but not E0771 and MC38 
tumors (figure 7). We conclude that, depending on the 
tumor model, DEX induces a variably efficient anticancer 
immune response, and that DEX+PD-1 blockade may be 
favorably combined to control specific cancers.

Interestingly, in cured mice, rechallenge with identical 
cancer cells did not lead to the formation of tumors, 
suggesting the establishment of immune memory (online 
supplemental figure S13).

DISCUSSION
In this manuscript, we present an algorithm predicting 
the protumor or antitumor properties of anesthesia-
relevant drugs. This algorithm was designed by a machine 
learning approach combining the molecular descriptors 
and the known protumor or antitumor effects of the 
drugs.21 To challenge this algorithm, we incorporated 
several molecules with unknown or ambiguous properties 
into our dataset. Most of them are historical anesthetics 
and no longer used clinically with the exception of DEX 
and clonidine. Clonidine has already been reported to 
mediate anticancer effects.48 DEX is a sedative ADRA2 
agonist clustered together with ketamine and propofol, 
as well as together with other agents including local anes-
thetics that are endowed with anticancer effects. Driven 
by this bioinformatic result, we decided to investigate the 
possible anticancer effects of DEX.

We found that, in cultured tumor cells, DEX activates 
two intertwined premortem stresses, namely (1) the 
integrated stress response (ISR) consisting in the phos-
phorylation of eIF2α and (2) autophagy. In contrast to 
local anesthetics, which stimulate all three arms of the ER 
stress response (ie, (1) the ISR coupled to activation of 
ATF4, (2) the nuclear translocation of ATF6 and (3) the 
IRE1a/XBP1 pathway),49 DEX only stimulates two arms 
of the ER stress response, namely, (1) the ISR and (2) 
the activation of ATF6, but fails to induce the third arm 
consisting of the IRE1a-mediated splicing of XBP1. The 
ISR is required to trigger autophagy50 as well as the trans-
location of CALR from the ER to the cell surface,33 and 
both these phenomena were induced by DEX.

Cancer cells treated with DEX also released ATP and 
HMGB1 in vitro. These DAMPs act as immunostimulatory 
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Figure 5  Antitumor effects of dexmedetomidine are mediated by alpha 2 adrenoceptors A–I. (A–B) Human osteosarcoma 
U2OS wild-type (wt) cells were exposed to DEX (600 µM or 800 µM) or thapsigargin (TG, 10 µM) or yohimbine (YOH 10 µM or 
30 µM) or DEX+YOH for 6 hours. Phosphorylation of eIF2α intensity was assessed by immunostaining. Representative images 
(A, scale bar 10 µm). Bar plots (B). (C–D) U2OS GFP-LC3 cells were treated with DEX (600 µM or 800 µM) or Torin (300 nM) or 
YOH (10 µM or 30 µM) or DEX+YOH for 8 hours. Autophagy was quantified by measuring the dots' surface. Representative 
images (C, scale bar 10 µM). Bar plots (D). (E–I) 1×105 murine fibrosarcoma MCA205wt cells were inoculated subcutaneously 
(s.c.) into the flank of C57Bl/6J mice. As soon as tumors became detectable, PBS (negative control), DEX (500 µg/kg), YOH 
(3 mg/kg) or DEX+YOH were injected every day for 21 days intraperitoneally (i.p.). Information: (B, D) data are shown as the 
mean±SEM of two (B) or three (D) independent experiments. Data were normalized to untreated control. Significant differences 
were calculated using a pairwise test for multiple comparisons with a correction of Benjamini-Hochberg. (E–I) n=10 mice 
for all groups. Tumor sizes were compared using a type II ANOVA test and a pairwise Wilcoxon test with a Holm correction. 
Significant differences between overall survival were calculated using the log-rank test. ANOVA, analysis of variance; DEX, 
dexmedetomidine; eIF2α, eukaryotic initiation factor 2 alpha; GFP, green fluorescent protein; PBS, phosphate-buffered saline.
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agents that recruit and activate DCs.51 52 In line with this, 
we observed that DEX-treated cancer cells are efficiently 
engulfed by DCs. Of note, local anesthetics fail to stimu-
late CALR exposure, likely because they elicit the IRE1a/
XBP1 pathway,21 which inhibits CALR exposure,53 a fact 
that may explain why DEX has comparatively stronger 
anticancer effects than local anesthetics. In addition, the 
expression of an ectoATPase that degrades extracellular 
ATP in the vicinity of cancer cells33–36 inhibited the DEX-
mediated antitumor response in vivo.

In various models of solid tumors established in immu-
nocompetent mice, DEX decreased tumor growth and 
increased overall survival in a dose-dependent manner. 
However, a single bolus of DEX was sufficient to increase 
the ratio of CD8+ T cells over Tregs in the tumor bed, 
as well as in draining lymph nodes. Prior reports suggest 
that chemotherapeutics or targeted agents that induce 
ICD can sensitize tumors to subsequent immunotherapy 
with PD-1 blocking antibodies.54–56 Indeed, in at least two 
mouse cancer models (MCA205 fibrosarcoma and RET 
melanoma), the combination of DEX with anti-PD-1 
monoclonal antibody (mAb) was more efficient than each 
of the therapeutic agents alone. Of note, DEX enhanced 

the expression of exhaustion markers (LAG-3, TIM-3 and 
PD-1) on several tumor-infiltrating T cell subpopulations 
present in MCA205 fibrosarcomas. This goes in line with 
the observed combination effects of DEX and anti-PD-1 
mAb. It will be interesting to investigate other combina-
tion effects (such as DEX+anti-LAG-3 or DEX+anti-TIM-3 
mAbs) as well as higher-order combinations targeting 
several immune checkpoint molecules at once. It is 
noteworthy that DEX, used as a standalone agent after 
i.p. injection, is not sufficient to induce a long-term anti-
cancer effect in vivo, as suggested by the recurrence of 
tumor growth on cessation of injections. However, intra-
tumoral injection of high doses of DEX appears to be 
a promising route of administration, curing up to 78% 
of mice. Moreover, this cytolytic and direct effect, which 
can be attenuated by ADRA inhibitors,57–60 appears to be 
independent of the DEX-induced immune response, as it 
was conserved in nude mice, which lack T lymphocytes, 
as well as in mice bearing MC38 tumors without favorable 
alterations in the T-cell infiltrate.

Our work confirms that DEX triggers antitumor rather 
than protumor effects, and provides explanations for the 
contradictory properties of DEX that have previously been 

Figure 6  Dexmedetomidine influences tumor and peritumor lymph nodes-infiltrating lymphocyte subsets A–F. 1×105 murine 
fibrosarcoma MCA205 wild-type cells were inoculated subcutaneously (s.c.) into the flank of C57Bl/6J mice. As soon as tumors 
became detectable, one bolus of PBS or dexmedetomidine (DEX, 500 µg/kg i.p.) was injected in mice (21 mice in PBS group 
and 24 mice in DEX group). Mice were sacrificed 9 days post-treatment and tumors were harvested. Lymphocyte T-cell subsets 
infiltrating the tumor bed and the peritumor lymph nodes were determined by immunostaining and flow cytometry (A–F). 
Information: p values were calculated by means of the Wilcoxon-Mann-Whitney test. Two aberrant values were removed from 
the PBS group (A–C). PBS, phosphate-buffered saline; Tregs, T regulatory cells.
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Figure 7  Dexmedetomidine elicits antitumor effects potentiated by anti-PD-1 in vivo A–E. (A) Experimental design. (B) 1×105 
murine fibrosarcoma MCA205 wild-type (wt) cells, (C) 1×106 murine colon adenocarcinoma MC38wt cells, (D) 1×106 murine 
breast cancer E0771wt cells or (E) 5×105 murine RETwt melanoma cells were inoculated subcutaneously (s.c.) into the flank 
of C57Bl/6J mice. As soon as tumors became detectable, PBS (negative control) or dexmedetomidine (DEX, 500 µg/kg) was 
injected intraperitoneally (i.p.) every day for 21 days. At days 6, 9 and 12 after the first injection of DEX, anti-PD-1 (200 µg/mouse 
i.p.) or corresponding isotype was administered. Information: n=10 mice for all groups except: n=9 for anti-PD-1 (B, E), DEX 
(B), DEX+anti-PD-1 (D), n=8 for PBS and DEX+anti-PD-1 (B). Significant differences between tumor size were determined 
using a type II ANOVA test and a pairwise Wilcoxon test with a Holm correction. Significant differences between overall 
survival curves were calculated using the log-rank test. ANOVA, analysis of variance; PBS, phosphate-buffered saline; PD-1, 
programmed cell death protein 1.



14 Zhao L, et al. J Immunother Cancer 2025;13:e010714. doi:10.1136/jitc-2024-010714

Open access�

described. Indeed, the action of DEX is dose-dependent, 
requiring a threshold concentration (≥100 µM in vitro, 
best 1 mM in vitro, and ≥100 µg/kg in vivo, best 500 µg/
kg in vivo) and daily injections for several weeks in vivo. 
One single injection of DEX failed to decrease tumor 
growth in vivo, in line with a prior study reporting that a 
single bolus of DEX (25 µg/kg) was unable to slow down 
the growth of E0771 breast tumors or MCA205 fibrosar-
comas.61 One study reported that low-dose DEX (10 µg/
kg) stimulated HIF-1α/VEGF-dependent angiogenesis, 
while a higher dose (25 µg/kg) caused the opposite effect 
in human tumors.47 Of note, angiogenesis markers such 
as VEGF and CD31 were not affected by DEX. Thus, our 
results are in line with a study demonstrating that cloni-
dine, another ADRA2 agonist (with an affinity∼10 times 
lower than DEX) required a dosing of 5 mg/kg/day to 
inhibit tumor growth in mice.48 Interestingly, our algo-
rithm ranked clonidine close to DEX and among the anti-
tumor anesthetics.

Our study has several limitations. First, the in vitro 
concentrations of DEX are very high compared with 
the plasma levels of DEX after i.p. injection, and similar 
concentrations of DEX seem difficult to achieve in the 
tumor microenvironment. Nevertheless, the tumor-
eradicating effects of i.t. injected DEX, which should 
reach high local concentrations, plead in favor of local 
administration of DEX. Second, it remains an open 
question to which extent the anticancer effects of DEX 
are mediated on ADRA2 on cancer or immune cells 
and whether off-target effects (on other receptors than 
ADRA2) can be formally ruled out. Further experiments 
using knockout models in which ADRA2 is deleted in 
tumor cells or in the immune system would definitively 
address these important questions. Finally, it will be 
interesting to determine whether the association with 
anti-PD-1 antibody further potentiates the already quite 
efficient effects of the i.t. injection of DEX, and whether 
DEX injected into one single malignant lesion may 
induce effects that affect distant, non-injected metastases 
of the primary tumor as well. Such abscopal effects might 
be investigated in the absence and presence of immune 
checkpoint blockade.

Intensive care may favor tumor progression because 
antineoplastic treatments are discontinued during this 
critical period. In this context, continuous sedation with 
DEX might be useful to prevent tumor progression. Obvi-
ously, this hypothesis needs to be confirmed in prospec-
tive randomized controlled trials. Hitherto, very few 
trials have investigated oncological outcomes after DEX 
administration. Unfortunately, these trials were inconclu-
sive due to their retrospective nature, confounding bias 
(DEX in all trial arms, short infusion of DEX), or lack 
of inclusions.62 63 Other ongoing trials are evaluating the 
impact of continuous infusion of DEX on overall and 
recurrence-free survival after surgical removal of breast, 
colorectal or non-specified solid tumors (NCT05742438, 
NCT04106999, NCT03012971, NCT06030804, 
NCT03109990, NCT03370588).

In conclusion, our work validated an algorithm 
predicting the antitumor or protumor properties of anes-
thetics. This algorithm correctly predicted that DEX is 
a potent anticancer agent, as we confirmed by preclin-
ical experimentation. Of note DEX efficiently sensitized 
tumors to PD-1 blockade. Future trials must explore the 
utility of DEX-based sedation during intensive care of 
oncological patients.
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