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Abstract
Aims: Trained immunity, defined as long-term functional reprogramming of innate immune cells, has been implicated in the heterologous 
protective effects of certain vaccines against infection and cancer. AS01-adjuvanted vaccines have been suggested to provide such 
heterologous protective effects. We therefore aimed to investigate the capacity of AS01 to induce trained immunity and evaluated its 
potential as an antitumoral therapeutic.
Methods: Acute cytokine production was assessed in human monocytes after AS01 stimulation. Trained immunity was subsequently 
evaluated by interleukin-6 (IL-6) and tumor necrosis factor (TNF) quantification following heterologous restimulation. Antitumor efficacy of 
AS01 was assessed in mice bearing B16-F10 melanoma, MB49 bladder cancer, or Lewis lung carcinoma by monitoring tumor growth. 
Immune phenotyping of B16-F10 and MB49 tumor microenvironments was determined with flow cytometry.
Results: Although AS01 did not stimulate acute inflammation, it induced trained immunity, marked by increased responsiveness upon 
secondary stimulation in human monocytes. Treatment of mice bearing B16-F10 melanoma or MB49 bladder cancer with AS01 strongly 
diminished tumor growth, whereas no effect was observed in the Lewis lung carcinoma model. In these responsive models, the antitumor 
effects of AS01 were associated with an altered tumor microenvironment, characterized by increased infiltration of CD8+ T cells, regulatory T 
cells, neutrophils, and monocytes, along with a decrease in tumor-associated macrophages. AS01 also decreased expression of immune 
checkpoint protein PD-L1 in monocytes and neutrophils, suggesting enhanced antitumor immune responsiveness.
Conclusion: Our findings show the capacity of AS01 to induce trained immunity and support its potential to be repurposed as an 
immunotherapeutic approach for cancer.
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1. Introduction
Cancer is one of the most important causes of mortality worldwide, representing a substantial global disease burden that is projected 
to increase in the coming decades[1-3]. It is generally accepted that the immunosuppressive tumor microenvironment (TME) plays a 
key role in cancer initiation, progression and metastasis[4]. While innate immune cells such as monocytes, macrophages and 
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neutrophils serve as the first line of defense against infections, TME-specific cues can polarize myeloid-derived cells of cancer 
patients toward an immunosuppressive, pro-tumorigenic phenotype[4,5]. Consequently, strategies aimed at rewiring innate immune 
cells toward an antitumor phenotype represent an attractive prospect for cancer immunotherapy.

Traditionally, the ability to mount an immune memory response was believed to be restricted to the T and B cells of the adaptive 
immune compartment[6]. However, a growing body of literature has shown that innate immune cells undergo long-term metabolic 
and epigenetic reprogramming as a response to pathogen exposure, a process termed ‘trained immunity’[7-9]. Following a secondary 
challenge, even if different from the first one, trained cells exhibit heightened effector functions, such as increased reactive oxygen 
species (ROS) production, upregulated phagocytosis, and elevated transcription and secretion of pro-inflammatory cytokines[10-12]. 
While the therapeutic induction of trained immunity has been predominantly investigated in the context of infections[13-15], trained 
immunity-inducing vaccines such as Bacille Calmette Guerin have been known to have therapeutic efficacy in various types of 
cancer, especially bladder carcinoma[16-18]. In addition, recent studies have also shown the effectiveness of training stimuli in 
experimental cancer models[11,19-23].

There is increasing epidemiological evidence suggesting that vaccines containing Adjuvant System AS01, a liposomal formulation 
consisting of immunostimulants 3-O-desacyl-monophosphoryl lipid A (MPL) and the saponin QS-21[24], induce heterologous 
protection against other infections. In a large retroactive cohort study, the administration of AS01-adjuvanted Shingrix recombinant 
zoster vaccine was associated with a 16% lower rate of COVID-19 diagnosis and a 32% decrease in COVID-19 hospitalization compared 
to unvaccinated controls[25]. The RTS,S/AS01 (Mosquirix) malaria vaccine was shown to reduce all-cause mortality by 13% in children, 
beyond what can be explained by malaria prevention alone[26-28]. Besides the heterologous protection characteristic of trained 
immunity, AS01 has also been shown to induce long-term epigenetic and transcriptomic remodeling in human monocytes[29]. 
Considering these biological effects of AS01, as well as its known safety profile[30], we hypothesized that AS01 may exert useful 
immunostimulatory effects in non-infectious diseases as well, including cancer.

In this study, we show that AS01 induced a functional in vitro training phenotype in human monocytes, leading to the upregulation of 
inflammatory cytokine production upon lipopolysaccharide rechallenge. Subsequently, AS01 administration reduced tumor growth in 
both melanoma and bladder cancer mouse models. Tumors from AS01-treated mice exhibited increased infiltration of CD8+ T cells 
and monocytes. These findings support the assumption that AS01 can induce a trained immunity phenotype in myeloid cells, and this 
may have beneficial effects against malignancies.

2. Materials and Methods
2.1 Monocyte isolation
Venous blood was drawn in 10 mL EDTA tubes from healthy consenting donors, with ethical approval given by the Medical Ethical 
Committee Oost-Nederland (NL84281.091.23). Within 1 hour of the phlebotomy, blood was diluted in a 1:1 ratio with phosphate 
buffered saline (PBS, Gibco, Life Technologies, MA) before pipetting over 14 mL of Ficoll-Paque Plus (Sigma-Aldrich, St. Louis, MO, USA) 
in SepMateTM-50 tubes (STEMCELLTM Technologies, Vancouver, Canada). The tubes were centrifuged at 1,200 g for 10 minutes at room 
temperature, and the peripheral blood mononuclear cell (PBMC) fraction was poured in a separate 50 mL tube. The cells were washed 
twice by adding cold PBS and centrifuging at 500 g for 10 minutes at 4 °C. Peripheral monocytes were enriched from the PBMC 
fractions by utilizing a hyper-osmotic Percoll (Sigma-Aldrich) gradient, as described previously[31]. PBMCs and monocytes were 
resuspended in Roswell Park Memorial Institute (RPMI) 1640 Dutch Modified (Gibco, Life Technologies, MA) supplemented with 
50 μg/mL gentamycin (Centafarm, Etten-Leur, The Netherlands), 1 mM pyruvate and 2 mM GlutaMAX (Gibco, Life Technologies, MA), 
which is referred to as ‘RPMI +’. To obtain the PBMC and monocyte cellularity, a Sysmex hematology analyzer (XN-450, Sysmex, Kobe, 
Japan) was used.

2.2 Cell viability assay of AS01-treated human monocytes
The adjuvant vial/component supplied with Shingrix (GlaxoSmithKline, Rixensart, Belgium), containing the AS01B adjuvant 
(200 μg/mL of AS01 in 0.5 mL, consisting of 100 μg/mL MPL and 100 μg/mL QS-21)[30] was used as provided by the manufacturer and is 
hereafter referred to as “AS01”. To assay the viability of cells treated with different AS01 concentrations, the CellTiter Glo 2.0 
(Promega, Madison, WI, USA) Cell Viability assay was employed. Monocytes derived from overnight-rested blood were brought to a 
concentration of 1.5 × 106 cells/mL, then 1.5 × 105 cells (100 μL) were seeded per well in a white-bottom 96-well plate. Cells were 
incubated at 37 °C for 2 hours, then washed with 200 μL warm PBS. The monocytes were then stimulated for 48 hours at 37 °C with 
100 μL RPMI + supplemented with 10% human pooled serum (HPS) containing either 4, 40, or 400 ng/mL of AS01, 100 μg/mL digitonin 
(Promega) as a cytotoxic positive control or RPMI +. Following the incubation period, 50 μL of cold RPMI + was added per well, 
together with 50 μL of Cell Titer Glo reagent. The plate was placed on a shaker at 300 rpm for 2 minutes, before resting for 10 minutes 
and recording the emitted luminescence.

2.3 In vitro  induction of trained immunity

Cells were diluted to a concentration of 1.5 × 106 cells/mL in RPMI + and 1.5 × 105 cells (100 μL) were plated per well in 96-well 
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flat-bottom plates. After 1-2 hours of incubation at 37 °C to let the monocytes adhere, wells were washed with 200 μL warm PBS. Cells 
were stimulated with positive controls Bacillus Calmette-Guérin vaccine (BCG) SSI 5 μg/mL (Danish strain 1331, AJVaccines, 
Copenhagen, Denmark), β-1,3/1,6-glucan preparation ABB i16 10 μg/mL (AB Biotek HNH, Barcelona, Spain), 40 ng/mL of AS01 or RPMI 
+ alone in final volumes of 200 μL/well. After 24 hours, supernatants were collected and stored at -20 °C. Cells were washed with 200 
μL warm PBS to remove any remaining training stimuli and further incubated with 200 μL warm RPMI + supplemented with 10% HPS 
for 5 days, with the medium being refreshed on day 2. After the resting period, the cells were restimulated with 10 ng/mL 
lipopolysaccharide (LPS) (serotype O55:B5; Sigma-Aldrich) or RPMI + at 37 °C for 24 hours. After restimulation, supernatants were 
collected and stored at -20 °C until cytokine measurement.

2.4 Cytokine concentration measurements
Cytokine production was quantified using commercial enzyme-linked immunosorbent assay (ELISA) kits for supernatant TNF, IL-6 and 
IL-1β (R & D Systems, Minneapolis, MN, USA) according to the manufacturer’s protocols. The assays’ lower limits of detection were 
78 pg/mL for TNF, 93 pg/mL for IL-6, and 39 pg/mL for IL-1β.

Additionally, the inflammatory markers in AS01-trained macrophages were quantified with the Target 96 Inflammation panel from 
Olink Proteomics AB (Uppsala, Sweden).

2.5 ROS production of monocytes and macrophages
ROS production of monocytes was performed with a luminol-based luminescence assay. Cells were seeded at 1.5 ×105 monocytes per 
well in a 96-well white, flat bottom plate. Cells were left to adhere at 37 °C for 1-2 hours, washed with 200 μL warm PBS and left 
unstimulated in RPMI + or treated with 200 μL of 40 ng/mL AS01 or 5 μg/mL BCG SSI, followed by incubation for 24 hours at 37 °C. The 
cells were then treated with opsonized zymosan (Sigma-Aldrich) and luminol (Sigma-Aldrich) per well, with final concentrations of 
833 μg/mL and 14.75 μg/mL, respectively. Chemiluminescence was then measured every 142 seconds for one hour at 37 °C.

2.6 Mice
C57BL/6 mice were purchased from Jackson Laboratory (stock #000664). All mice were maintained in the specific pathogen-free (SPF) 
animal facility of the Biomedical Research Foundation of the Academy of Athens (BRFAA); the mice were kept in a 12 h light-dark cycle 
at a room temperature of 20-24 °C and a humidity range of 45-65%. Experimental and control animals were co-housed. The protocols 
used for animal experimentation were in accordance with institutional guidelines and approved by the Welfare Institutional 
Committee of Protocol Evaluation together with the Directorate of Agriculture and Veterinary Policy, Region of Attika, Greece 
(protocol 285279/04-04-2022). In all experiments, sex-matched mice aged between 8 and 12 weeks were used, and at the experiment 
endpoint, mice were euthanized by cervical dislocation. Male mice were used in the melanoma and bladder cancer models, while 
female mice were used in the lung carcinoma.

2.7 Tumor cell lines
The B16-F10 mouse melanoma, Lewis Lung Carcinoma (LLC), and MB49 mouse bladder carcinoma cell lines were kindly provided by 
Dr. Eliopoulos (School of Medicine, University of Athens, Greece). All cell lines were negative for mycoplasma, as confirmed by PCR. 
B16-F10 and LLC cells were maintained in RPMI Medium (Gibco) supplemented with 10% fetal bovine serum (FBS, STEMCELLTM 
Technologies), 0.1% β-mercaptoethanol (Gibco) and 1% of a mix of Penicillin/Streptomycin (P/S, Gibco). MB49 cells were maintained in 
DMEM Medium (Gibco) supplemented with 10% FBS, 0.1% β-mercaptoethanol and 1% of a mix of P/S.

2.8 Solid tumor induction
Mice were implanted subcutaneously (s.c.) on the back with 3 × 105 B16-F10 melanoma, or 3 × 105 LLC cells, or 75 × 104 MB49 bladder 
cancer cells. Tumor growth was monitored every day from Day 7 to Day 16 by measurement of two perpendicular diameters (d) of the 
tumor by caliper; tumor volume was calculated using the equation (d1 * d2 * d2)/2. Mice that manifested tumor ulceration were 
excluded from the experimental processes. The experimental endpoint (sacrifice day) was determined for each model based on its 
growth rate. B16-F10, LLC and MB49 tumors were excised and analyzed on days 16, 12 and 13 after inoculation, respectively.

2.9 AS01 administration

C57BL/6 mice were anesthetized and administered intramuscular injections of AS01 at doses of 10 µg or 20 μg, corresponding to 1/10 
or 1/5 of the AS01B dose from the Shingrix vaccine. For the 1/5 dose, mice received a single intramuscular injection (50 μL). For the 
1/10 dose, AS01 was diluted 1:1 with PBS (50 μL AS01 + 50 μL PBS) and administered as two bilateral intramuscular injections (50 μL 
per leg). Control mice received PBS. Injections were performed at tumor induction (day 0), and a subset received a second injection 
on day 4.

2.10 Cell isolation from mouse tumors
For tumor cell analysis, tumor tissues were excised and cut into the smallest possible fragments by using an ophthalmic scissor. The 
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minced tissues were incubated for 45 min at 37 °C in RPMI medium containing DNase I (0.25 mg/mL, Sigma) and collagenase D 
(1 mg/mL, Roche) before passing through a 40-μm cell strainer (BD falcon).

2.11 Flow cytometry analysis
For staining of extracellular markers, cell suspensions were incubated with antibodies for 20 min at 4 °C. The following antibodies 
were used (all antibodies were purchased from BioLegend): CD45 (clone 30-F11), CD3 (clone GB11), CD4 (clone RM4-4), CD8 
(clone 53-6.7), CD19 (clone 6D5), B220 (clone RA3-6B2), I-Ab (clone AF6-120.1), CD11c (clone N418), CD11b (clone M1/70), Ly6C (clone 
HK1.4), Ly6G (clone 1A8), F4/80 (clone BM8), and PD-L1 (10F.9G2). For Foxp3 (BioLegend, clone 150D), intracellular staining, cells were 
stained for the extracellular markers and then fixed and stained using the Foxp3/Transcription Factor Staining Buffer Set 
(eBioscience) according to the manufacturer instructions. Data acquisition was performed on FACS Celesta (BD Biosciences, San Jose, 
California, USA). Flow cytometry data were analyzed with FlowJo (v10 and v10.7.2) software (Tree Star).

2.12 Statistical analysis
Graphical representations of the data and statistical analyses were performed with GraphPad version 10.2.3 (GraphPad Software, La 
Jolla, CA, USA). Each statistical test performed is specified in its respective figure legend. Data are presented as the mean ± one 
standard deviation (SD). A p value of < 0.05 was considered statistically significant, with *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and 
****p ≤ 0.0001.

For the Olink data, NPX values between AS01 and RPMI + trained samples were subtracted to obtain fold-changes. Markers which 
were non-detectable in more than 25% of the samples were removed as quality control, after which 57 proteins remained. 
Computational analyses were performed in R 4.5.2. Protein levels were compared between AS01 and RPMI + conditions with paired t 
tests. Multiple testing correction was performed with FDR.

3. Results
3.1 AS01 induces trained immunity in human monocytes
To determine the optimal concentrations of the AS01 in the in vitro experiments, human peripheral monocytes were exposed to three 
different concentrations of AS01 (4, 40, and 400 ng/mL) after which viability was assessed. Cells incubated with 400 ng/mL AS01 
showed a 20% decrease in viability, whereas the two lower concentrations were well tolerated without decrease in cell viability 
(Figure 1a). We chose the intermediary 40 ng/mL as working AS01 concentration.

Figure 1. AS01 induces trained immunity in human monocytes. (a) Normalized cell viability of monocytes incubated with different concentrations of AS01 or left unstimulated 

(RPMI +) for 48 hours. Monocytes treated with digitonin served as a cytotoxic positive control. n = 6, pooled from two independent experiments; (b) Schematic of the in vitro 

trained immunity protocol employed. Monocytes were stimulated for 24 hours with either 10 μg/mL β-glucan, 5 μg/mL BCG, or 40 ng/mL AS01 or left unstimulated in RPMI +, 

after which the cells were washed with PBS and rested for 5 days. The macrophages were then restimulated with 10 ng/mL LPS for 24 hours and IL-6 (c) and TNF 
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(d) concentrations were determined in supernatants with ELISA. n = 16, pooled from five independent experiments. Data shown as mean ± SD, *p ≤ 0.05, **p ≤ 0.01, 

***p ≤ 0.001, and ****p ≤ 0.0001 by Wilcoxon matched-pair signed-rank tests. RPMI: Roswell Park Memorial Institute; BCG: Bacillus Calmette-Guérin vaccine; 

PBS: phosphate buffered saline; ELISA: enzyme-linked immunosorbent assay; LPS: lipopolysaccharide; IL-6: interleukin-6; TNF: tumor necrosis factor.

To investigate the potential of AS01 to trigger innate immune memory, an established protocol of in vitro trained immunity was 
employed[31]. Monocytes were stimulated with AS01 for 24 h, after which cells were washed and allowed to rest in culture medium for 
5 days. On day 6, the cells were restimulated with LPS for an additional 24 h (Figure 1b). The well-described trained-immunity 
inducers BCG and β-glucan triggered a clear increase in the production of both IL-6 and TNF on day 7 after LPS rechallenge 
(Figure 1c,d). Similarly, AS01-trained macrophages exhibited a two-fold increase in IL-6 production compared to the RPMI-exposed 
cells that were restimulated with LPS (Figure 1c). AS01 exposure also upregulated LPS-induced TNF production capacity, although the 
extent of the increase was lower than for IL-6 and lower than the effects induced by BCG or b-glucan (Figure 1d). IL-1β was below the 
limit of detection in all conditions, consistent with the fact that macrophages require a secondary stimulus for IL-1β release, due to 
the absence of active caspase-1[32].

To obtain a more comprehensive overview of the cytokine production upregulation in AS01-trained cells, we performed a proximity 
extension assay encompassing 96 inflammatory proteins in supernatants of stimulated cells from a subset of donors. While the 
variation in protein expression was mainly explained by inter-donor differences, AS01 samples showed a consistent shift along the 
same principal component axis (Figure S1A). While we did not have sufficient power to identify statistically significant differences 
after multiple-test correction, AS01-trained macrophages exhibited a general trend toward increased expression of inflammatory 
proteins, including CXCL1, CXCL9, and oncostatin M (OSM), consistent with enhanced responsiveness to restimulation (Figure S1B). 
TNF and IL-6 production after LPS stimulation was upregulated by AS01-induced training, consistent with our ELISA data (Figure S1C).

3.2 AS01 does not trigger an acute pro-inflammatory phenotype in monocytes
Considering that trained immunity reflects long-term functional reprogramming rather than continuous activation or priming[33], we 
next assessed whether AS01 can also induce an acute inflammatory phenotype during the primary stimulation phase (Figure 2a). 
AS01-treated monocytes did not produce detectable amounts of IL-6, TNF or IL-1β, while β-glucan led to consistent inflammatory 
cytokine induction (Figure 2b,c,d). Consistent with our cytokine data, AS01 stimulation did not increase ROS production in monocytes 
(Figure 2e). Collectively, these findings suggest that AS01 can induce trained immunity in human macrophages, characterized by 
upregulated cytokine production upon LPS restimulation, but without triggering acute inflammation.

Figure 2. AS01 does not induce a pro-inflammatory acute phenotype in monocytes. (a) Schematic of the experimental design. Monocytes were stimulated for 24 hours with 

10 μg/mL β-glucan, 5 μg/mL BCG, 10 ng/mL LPS, 40 ng/mL AS01 or left unstimulated in RPMI +; Supernatant concentrations of IL-6 (b), TNF (c) and IL-1β (d) were determined 
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by ELISA; n = 7, data from two independent experiments; (e) ROS production of monocytes after 24-hour incubation with the indicated stimuli, followed by zymosan 

stimulation. n = 5, data from two independent experiments. Data are shown as mean ± SD, p values obtained by Wilcoxon matched-pair signed-rank tests, *p ≤ 0.05. 

Non-significant comparisons are omitted for clarity. AUC: area under the curve; BCG: Bacillus Calmette-Guérin vaccine; RPMI: Roswell Park Memorial Institute; 

ELISA: enzyme-linked immunosorbent assay; ROS: reactive oxygen species; LPS: lipopolysaccharide; IL-6: interleukin-6; TNF: tumor necrosis factor.

3.3 AS01 suppresses tumor growth in vivo
Given the tumor suppressor effects of many inducers of trained immunity[11,21-23], we next evaluated whether AS01 exerts antitumor 
activity in vivo. To test this, mice inoculated with B16-F10 melanoma cells were treated with either control PBS, or one or two 
intramuscular injections of 10 μg or 20 μg of AS01, corresponding to 1/10 or 1/5 of the AS01B dose from the Shingrix vaccine 
(Figure 3a). AS01 significantly reduced the tumor burden in AS01-injected mice compared to controls, with the degree of tumor 
suppression dependent on both the dose and the treatment frequency (Figure 3b). Having identified the optimal AS01 treatment 
regimen, we next investigated whether AS01’s effects extend to other cancer types. When administering AS01 to mice injected with 
MB49 bladder cancer cells (Figure 3c), AS01 again prevented tumor growth (Figure 3d,e). In Lewis lung carcinoma (LLC) bearing mice, 
however, AS01 did not result in a change of tumor growth or weight (Figure S2).

Figure 3. AS01 suppresses tumor growth in preclinical melanoma and bladder cancer models. C57BL/6 mice were injected with B16-F10 or MB49 cells and then treated with 

intramuscular PBS or AS01 at the specified days relative to tumor injection. (a) Experimental design for the B16-F10 melanoma model; (b) Mice received either two doses of 

PBS or one or two doses of 10 or 20 μg AS01 at days 0 and 4 after B16-F10 injection. Tumor volumes were monitored for 16 days after tumor inoculation (n = 7 mice for the 

PBS group, n = 9 for 10 μg AS01 single dose, n = 9 for 10 μg AS01 double dose, n = 10 for 20 μg AS01 single dose, n = 10 for 20 μg AS01 double dose); (c) Experimental 

design for the MB49 bladder cancer model. Only the double injection (day 0 + day 4) of the higher AS01 concentration was employed in the bladder cancer model; (d) Mice 

received either two doses of PBS or 20 μg AS01 at days 0 and 4 after MB49 injection; Tumor volumes were monitored for 13 days after tumor inoculation (n = 10 mice for the 

PBS group, n = 9 for the AS01 group) (e) Excised MB49 tumor weights at day 13 after tumor inoculation. Data are shown as mean ± SD, p values obtained by one-way ANOVA 

on day 16 tumor volumes (b) and two-way ANOVA (d) with Tukey’s multiple comparisons and unpaired t test (E), *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001. 

PBS: phosphate buffered saline.

3.4 AS01 is associated with immune changes in the TME
As multiple immune cell types in the TME are known to influence tumor progression[5], we next investigated whether AS01’s 
anticancer effect was associated with changes in tumoral leukocyte populations. Flow cytometry immunophenotyping of B16-F10 
tumors revealed a persistent increase in the proportion of CD45+ cells and classical DCs (cDCs; CD11c+ MHCII+) in melanoma of mice 
that received two 20 μg AS01 doses (Figure 4a,b, gating strategy in Figure S3A,S3B). Neutrophils (CD11c- CD11b+ Ly6C+ Ly6G+) and 
monocytes (CD11c- CD11b+ Ly6C+ Ly6G- F4/80-) were also significantly increased in the melanoma of the AS01-treated group 
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(Figure 4b). Intratumoral Ly6C- macrophages (CD11c- CD11b+ Ly6C- Ly6G- F4/80+) showed a significant reduction in relative frequency 
compared to the PBS control, whereas the proportion of inflammatory Ly6C+ macrophages (CD11c- CD11b+ Ly6C+ Ly6G- F4/80+) was 
not statistically affected by AS01 treatment (Figure 4b).

Figure 4. AS01 shifts the TME toward an anti-tumorigenic phenotype. B16-F10 tumors of mice treated with PBS or AS01 (two doses of 20 μg) were excised at day 16 after 

inoculation and analyzed by flow cytometry. Percentages for (a), (b) and (c) are shown for the parent populations. (a) CD45+ leukocytes as a percentage of live cells within the 

tumors; (b) Myeloid lineage changes in tumor infiltrating cells. cDCs (CD45+ CD11c+ MHCII+) as percentage of CD45+ CD11c+ cells. Neutrophils (CD45+ CD11c- CD11b+ Ly6G+) 

as percentage of CD45+ CD11c- CD11b+ cells. Ly6C- or Ly6C+ Macrophages (MΦ, CD45+ CD11c- CD11b+ Ly6G- Ly6C-/+ F4/80+) and monocytes (CD45+ CD11c- CD11b+ Ly6G- 

Ly6C+ F4/80-) as percentages of CD45+ CD11c- CD11b+ Ly6G- Ly6C+ cells; (c) Tumor-infiltrating lymphoid cell changes. T helper cells (CD45+CD4+) and cytotoxic T cells (CD45+ 

CD8+) are shown as percentages of CD45+ cells. CD4+ effector T helper cells (CD45+ CD4+ Foxp3-) and Tregs (CD45+ CD4+ Foxp3+) are shown as percentages of CD45+ CD4+ 

cells; (d) GMFI of PD-L1 in specified myeloid populations. n = 5-6. n = biologically independent mouse samples. Data are shown as mean ± SD, p values obtained by unpaired t 

tests, *p ≤ 0.05 and **p ≤ 0.01. TME: tumor microenvironment; PBS: phosphate buffered saline; GMFI: geometric mean fluorescence intensities.

Analysis of T cell populations revealed a significant increase in CD8+ cytotoxic T cells and T regulatory cells (Tregs, CD4+ Foxp3+) in the 
tumors of the mice that received AS01, with a decrease in CD4+ Foxp3- T effector helper cells (Figure 4c, gating strategy in Figure S3C). 
Indicative of increased antigen uptake[34], intratumoral cDCs upregulated their expression of immune checkpoint molecule PD-L1 in 
the AS01-treated mice (Figure 4d). Interestingly, tumor-associated neutrophils and monocytes exhibited a markedly decreased 
expression of PD-L1, suggesting a shift of the TME toward a more immunoresponsive, ‘hot’ tumor phenotype (Figure 4d).

Total leukocyte numbers were also increased in the TME of MB49 bladder tumors after AS01 treatment (Figure S4A, gating strategy in 
Figure S5). Similar lymphocyte trends as in B16-F10 tumors were observed (Figure S4C). In the myeloid compartment, neutrophils and 
monocytes were also enriched in the tumors of AS01-treated mice. However, no increased recruitment of cDCs was observed and the 
decrease in intratumoral Ly6C- macrophages was less pronounced than in B16-F10 melanomas and not statistically significant 
(Figure S4B), suggesting a tumor type-specific immune remodeling effect of AS01.

4. Discussion
AS01 is an adjuvant used in several vaccines (both clinically approved and candidate), and its use has been associated with 
heterologous protective effects[25,30]. However, the mechanism underlying these heterologous effects remains poorly understood. In 
this study, we have assessed the potential of AS01 to induce trained immunity in in vitro studies using human primary cells, and 
subsequently in experimental cancer models. We show that AS01 can trigger a trained immunity phenotype, as monocytes exposed to 
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AS01 displayed an enhanced IL-6 and TNF production in response to LPS challenge. This response did not result from sustained early 
inflammatory activation, as AS01 did not trigger the acute release of pro-inflammatory cytokines or ROS production. Subsequently, 
administration of AS01 slowed the growth of experimental melanoma and bladder carcinoma in mice.

There is strong evidence that trained immunity inducers can reprogram the immune cells of the TME toward an anti-tumorigenic 
phenotype[11,20,21,35]. Moreover, recent studies have demonstrated that the protection induced by BCG against bladder cancer 
carcinoma is due to epigenetic reprogramming of myeloid immune cells and their progenitors in the bone marrow[16,36]. Nonetheless, 
the identification of alternative vaccines or adjuvants with antitumorigenic effects remains desirable, as 40-50% of bladder cancer 
patients do not respond to BCG treatment[37]. Moreover, BCG is an attenuated strain of Mycobacterium bovis that carries the risk of 
infectious complications in immunocompromised individuals. In this study, we show that AS01 successfully slows tumor growth in 
preclinical models of both melanoma and bladder cancer, supporting its potential as a trained-immunity antitumor therapy. AS01 
treatment resulted in increased recruitment of neutrophils and monocytes, consistent with an acute inflammation response. 
Furthermore, these monocytes and neutrophils exhibited decreased PD-L1 expression, indicative of functional reprogramming. The 
TME of AS01-injected mice also showed fewer tumor-associated macrophages (TAMs), a cell type frequently associated with immune 
suppression and poor prognosis[5,23]. Altogether, these findings suggest that AS01 reshapes the myeloid cell landscape of the TME 
toward a more pro-inflammatory and tumor-suppressive phenotype.

Despite the reduction in tumor burden, AS01 did not result in a complete inhibition of cancer progression in the experimental models 
tested. Combination therapies incorporating trained immunity inducers and immune checkpoint inhibitors (ICI) have been used 
synergistically with promising results in other cancer models[21,22]. In our study, AS01-treated mice exhibited increased intratumoral 
infiltration of CD8+ cytotoxic T cells, accompanied by an upregulated PD-L1 expression on tumor-associated DCs. This immune profile 
indicates the establishment of a TME that may be more responsive to ICI therapy[34,38]. Interestingly, AS01 administration was also 
associated with increased Treg frequency. Although Tregs are classically linked to immunosuppression and poor cancer 
prognosis[39,40], ‘fragile’ Tregs (fTregs) have been described to be pro-inflammatory, boost anti-tumor immunity and synergize with ICI 
therapy[41,42]. Considering fTregs’ dependence on interferon-gamma (IFN-γ)[42] and AS01’s documented induction of IFN-γ in 
lymphocytes[43], it is tempting to speculate that AS01 induces fTregs, but this remains to be demonstrated. Supporting the rationale of 
combining AS01 with ICI, a recent phase-I clinical trial evaluated AS01 together with the CTLA-4 inhibitor ipilimumab in a DC vaccine 
for melanoma patients, with favorable safety results[44]. Consequently, future studies should investigate AS01’s effectiveness in 
combination with ICI therapy.

Trained immunity is defined as the long-term metabolic and epigenetic rewiring of innate immune cells[45,46]. Interestingly, a recent 
study found that AS01-vaccinated individuals exhibit long-term monocyte epigenetic rewiring, including altered chromatin 
accessibility for AP-1, C/EBP, GATA and IRF transcription factors[29]. These findings suggest that AS01 may induce trained immunity at 
the level of the bone marrow hematopoietic cells.

This study focused on the in vitro capacity of AS01 to induce trained immunity in cells of the monocytic lineage, as these are the 
best-characterized effector cells of trained immunity-mediated antitumor protection[11,19,21,23]. Nonetheless, other cell types, including 
neutrophils, dendritic cells, natural killer cells, as well as non-immune stromal and epithelial cells may also mount an innate memory 
response[46,47]. Notably, neutrophils have been identified as the principal effector cells mediating the antitumoral effect of 
β-glucan-induced trained immunity[20], and in a separate study, neutrophils primed with low-dose LPS suppressed tumor growth in a 
murine colon cancer model[48]. Further studies are needed to identify the principal effector cell types involved in AS01-mediated 
tumor suppression.

Beyond the nature of the stimulus, its timing, concentration and dosing frequency can greatly influence the magnitude of the innate 
response in trained immunity, as well as in immune tolerance and priming[12,48-52]. It is well documented that LPS, a TLR4 ligand 
closely related to AS01 constituent MPL, can either suppress or enhance innate immune responsiveness depending on its 
concentration, duration and number of stimulations and the interval before rechallenge[48-52]. Future experiments varying AS01 
concentrations and the timing of administration relative to tumor inoculation, combined with functional, epigenetic and metabolic 
profiling of immune cells in the TME, may help elucidate the link between AS01-induced trained immunity and its antitumor effects.

Another important aspect to consider is that AS01 failed to inhibit tumor growth in the Lewis lung carcinoma model, suggesting that 
the anticancer efficacy of trained immunity inducers may depend on tissue, tumor type or TME composition. A sex-dependent effect 
cannot be excluded, as male mice were used for the melanoma and bladder cancer models, whereas the non-responsive LLC model 
was performed in female mice. Previous studies have identified sex-dependent differences in trained immune responses in both in 
vitro and murine models[53-56]. Notably, Earhart et al. reported a diminished trained immune response in female mice upon 
rechallenge with a heterologous pathogen, which was associated with decreased survival[53]. Mechanistic insight into AS01’s mode of 
action, together with evaluation of sex as a biological variable, may help determine which malignancies are most likely to respond to 
therapeutic strategies containing this adjuvant. In addition, further studies should define biomarkers that predict host responsiveness 
to AS01 administration.
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Although acute inflammatory markers were not induced by AS01 in our in vitro model, we cannot completely exclude induction of 
inflammation in vivo. Indeed, one study found that AS01 can induce intracellular IL-1β and TNF in monocytes, albeit when PBMCs 
were stimulated with 50-fold higher concentrations than used in our study[57]. Notably, the same study documented that AS01 
stimulation induces HIF1α transcription factor overexpression[57], a hallmark molecular feature associated with trained immunity in 
monocytes[58].

There are several limitations to our study. First, in the murine cancer models, AS01 treatment was initiated at the time of tumor 
inoculation, rather than in established tumors. While this regimen was chosen to investigate AS01’s potential protective effects 
associated with trained immunity, future studies should administer AS01 after tumors have been established to better model the 
clinical setting. Second, the absence of component-specific studies limits our ability to determine which constituents of AS01 (MPL, 
QS-21 or the liposomal formulation) or which signaling pathways contribute to the observed immunological and antitumor effects. 
Third, the lack of response in the LLC model should be interpreted cautiously, as this model was conducted in female mice, whereas 
the melanoma and bladder cancer models were performed in male mice. Therefore, sex represents a potential confounder in our 
study that cannot be separated from tumor type-specific effects. Fourth, the phenotyping of tumor microenvironments reported 
relative frequencies, rather than absolute immune cell counts, which limits our ability to distinguish true changes in abundance from 
shifts in relative immune composition. Finally, although the proximity extension assay identified a pattern of increased secretion of 
inflammatory proteins in AS01-trained macrophages, the sample size was insufficient to identify statistically significant changes after 
correction for multiple testing.

5. Conclusion
In summary, our data establish AS01 as an inducer of trained immunity capable of reshaping the tumor microenvironment and 
suppressing tumor growth in preclinical models of melanoma and bladder cancer. By increasing tumor-infiltrating monocytes, 
neutrophils and CD8+ T cells, while reducing immunosuppressive TAMs, AS01 induces a shift in the TME toward a more antitumoral 
immune landscape. These findings support the repurposing of clinically approved adjuvants like AS01 for trained immunity-based 
cancer immunotherapies and warrant further investigation of their use in combination with immune checkpoint inhibitors.
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