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Colorectal cancer (CRC) remains refractory to most immunotherapies, with
cancer vaccines failing due to an immunosuppressive tumor microenviron-
ment. Here, we show that -glucan-induced trained immunity overcomes

these barriers by reprogramming macrophages through H3K4me3-dependent
epigenetic modifications and metabolic rewiring. In female mice vaccinated
with peptide-coated adenovirus-based vaccine PeptiCrad, training enhances
glycolysis with creatine metabolism sustaining CXCL9/10 production,
enabling macrophages to recruit NK cells via CXCR3. In turn, NK cells produce
CCLS, driving ¢DCl infiltration and antigen presentation, which together
amplify effector memory CD8" T cell responses. Moreover, with human per-
ipheral blood mononuclear cells and CRC patient-derived organoids, trained
macrophages boost NK migration, antigen-specific T cell activation, and tumor

killing. These findings highlight trained immunity as a powerful adjuvant to
reinvigorate colorectal cancer vaccination.

Colorectal cancer (CRC) has attained significant negative attention due
to it being the second-leading cause of cancer-related deaths'. More-
over, colorectal cancer is the third most common cancer and the
second leading cause of cancer-related deaths worldwide, with an
estimated 1.9 million new cases and almost 1 million deaths in 20207
Despite its incidence plateauing or decreasing among older adults due
to the widespread use of screening, several studies reported a rise in
CRC diagnoses among younger adults globally (under 50 years)®.
Compared to late onset CRC, younger patients have a higher propor-
tion of advanced stage and, despite significantly better survival rates,

the overall survival (OS) in metastatic early onset CRC is 18 months,
highlighting the urgent need for improved screening strategies and
novel therapeutic approaches®.

Traditional treatment approaches rely on chemotherapy, radia-
tion and radical surgical resection, which, although effective in a
subset of patients, are burdened by various side effects and a high
relapse rate of around 70-75%, especially in more advanced CRC cases”.
A shift in the treatment paradigm occurred when cancer immu-
notherapies were introduced in the clinic. Significant advances with
immune checkpoint inhibitors (ICI) were observed in the treatment of
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CRC, especially with mismatch repair deficient CRC or high micro-
satellite instability owing to higher mutational burden®®. Nevertheless,
ICI proved largely ineffective in mismatch repair proficient or micro-
satellite instability low CRC with, accounting for 85% of all cases®"’. To
overcome this unmet medical need, various cancer vaccines have been
designed to enhance an active anti-tumor T cell response, and several
clinical trials have been conducted showing increased overall
responses"*. Nevertheless, the tumor microenvironment (TME) was
seen as a common factor limiting tumor eradication. Despite the for-
mation of an adequate CD8+T cell response/infiltration and IFN-y
response, the tumor-killing efficacy has been damped by the presence
of T-regs®™", myeloid-derived suppressor cells (MDSCs)*®*%*°, tumor-
associated macrophages (TAMs)”?* and immunosuppressive
cytokines® . Hence, modulation of the TME could be an effective
strategy to enhance cancer vaccines in CRC.

Trained immunity was described by Netea and colleagues as an
aspecific memory response of the innate immune system?. It involves
an epigenetic and metabolomic reprogramming of innate immune
cells, when exposed to specific stimuli, resulting in an enhanced
response when re-exposed to a heterologous stimulus. Many studies
have shown a protection against a heterologous challenge of patho-
gens including bacteria®*, viruses®>® or fungi. With respect to can-
cer, only recently has there been studies implicating tumor cells as
stimuli for trained immunity. These effects have been seen in
breast”*%, pancreatic®**° and lung cancer where an overall anti-tumor
inflammation was noticed in all studies. Specifically, a reduction of
MDSC and reprogramming of TAM and monocytes towards anti-tumor
have been observed leading to an increase in ICI therapy response®-*°,
Therefore, it is believed that trained immunity could enhance cancer
vaccination by modulating the TME, specifically the innate immune
populations. Moreover, it also believed that trained immunity could
further boost the strength of elicited adaptive immune responses by
strengthening the innate immune response. This is a concept that has
been hypothesized but never studied.

In this work, we utilize beta-glucan as an inducer of trained
immunity and test whether it could enhance the effect of PeptiCrad
(PC)**, a cancer vaccine platform in which tumor-specific peptides
are electrostatically coated onto the surface of adenoviruses, thereby
combining efficient viral delivery with antigen-specific T cell priming.
PC s currently under clinical evaluation (NCT05492682). When trained
immunity is induced in CRC-bearing mice, vaccination is shown to be
enhanced. Metabolomic studies reveal a rewiring of TAMs causing an
increase in the Warburg effect and epigenetic changes. Single-cell RNA
sequencing reveals that such TAMs upregulate CXCL9 and CXCL10
leading to an increase in NK cell infiltration. This increase of NK cells
results in the excretion of CCLS5 inducing conventional dendritic cells 1
(cDC1) populations further enhancing T-cell responses. In human
studies, we also show that PBMCs induced by trained immunity have
higher CD8 +T cells responses when treated with a cancer vaccine
leading to an enhanced tumor killing in CRC-patient derived
organoids.

Results

Glucan-induced trained immunity enhances vaccine response
To explore the immunological effects of glucan-induced trained
immunity, we re-analysed single-cell RNA sequencing data from a
previously published study*’. In that study C57BL/6 mice were trea-
ted with either PBS or whole glucan particles derived from cell walls
of yeast (WPG), and pancreas tissue was collected at days 3 and 7
post-treatment. Distinct shifts in immune cell populations were
observed between PBS- and WPG-treated mice (Fig. 1A, Supplemen-
tary Fig. 1A). Notably, clusters 7, 11, and 12 increased progressively in
WPG-treated mice (Fig. 1B) and were identified as Chil3 + Ly6C mac-
rophages and monocytes, suggesting their involvement in trained
immunity.

Average gene expression revealed increased antigen processing
and presentation genes in WPG mice at both time points (Supple-
mentary Fig. 1B-C). Hifla, a hallmark of trained immunity, was also
upregulated (Supplementary Fig. 1D). DEG analysis of clusters 7,11, and
12 confirmed upregulation of antigen presentation genes (Fig. 1C). In
cluster 11, b2m, h2-k1, ctss, and h2-q7 were elevated at day 7 (Fig. 1D-E),
while cluster 7 showed increased ctsc, h2-dma, h2-abl, and h2-aa, and
cluster 12 upregulated b2m. These changes align with enhanced MHC-I
and MHC-II pathways, supporting adaptive immune priming. Further-
more, cxcl9 and cxcllO were upregulated (Supplementary Fig. 1E),
suggesting increased NK and T cell recruitment. Importantly, this
focused analysis of clusters 7, 11, and 12—emphasizing antigen pre-
sentation and NK/T cell attraction—was not explored in the original
Geller dataset.

Since this analysis was restricted to the pancreas and immune cell
populations may differ, we further investigated whether WPG-induced
trained immunity could enhance a vaccine response systemically.
C57BL/6 mice were pre-treated with PBS or WPG and vaccinated with
adenovirus-based PC carrying SIINFEKL (Fig. 1F) as a proof of concept.
Flow cytometry revealed that SIINFEKL stimulation induced significant
shifts in T cell memory subsets (Supplementary Fig. 2A, and Supple-
mentary Fig. 3A). Trained mice showed reduced central memory (CM)
(CD44 +CD62L+) and increased effector memory (EM) (CD44 +
CD62L-) CD8+T cells (Fig. 1G), a phenotype linked to robust
responses. Moreover, CD8+T cells from trained mice expressed
higher IFN-y and TNF-a (Fig. 1H-I), with increased cytokine production
per cell (Supplementary Fig. 3B). IL-2 was not elevated (Supplementary
Fig. 3C). Additionally, SIINFEKL stimulation induced IL-2, TNF-«, and
IFN-y in CD4 + T cells (Supplementary Fig. 3D), likely reflecting indirect
CD8 + T cell effects™**. Together, these results demonstrate that WPG-
induced trained immunity enhances antigen presentation in myeloid
cells and promotes effector memory CD8+T cell responses,
strengthening vaccine-induced immunity.

Immunity enhances vaccine response in both a prophylactic and
therapy settings in CT26 bearing mice

After observing the effects of our initial in vivo vaccine model, we
proceeded to test our approach in a colon cancer setting using the
CT26 model. To mimic a prophylactic setting, Balb/c mice were first
treated with either PBS or WPG (Fig. 2A) before tumor implantation.
Following this, we utilized the same adenovirus-based vaccine (PC),
this time coated with a validated immunogenic CT26-derived/specific
peptide (Syl peptide)**. As shown, mice treated with the combination
of WPG and PeptiCRAd (Trained+PC) exhibited the strongest tumor
control, PC alone showed moderate suppression, and WPG alone had
no effect compared to mock (Fig. 2B, Supplementary Fig. 4A). Thus,
trained immunity alone was insufficient, but it primed the immune
system to enhance vaccine efficacy.

After sacrificing the mice, we analyzed dendritic cell subsets in
draining lymph nodes (Fig. 2C, Supplementary Fig. 5A). While cDC2
(CD103- MHCII+ CD1ic +) cells dominated across groups, WPG and
Trained+PC treatment increased ¢cDC1(CD103 + MHCII+ CD11c +) fre-
quency, with Trained+PC showing the strongest effect.

Next, we next assessed the systemic immune response by isolat-
ing splenocytes from treated mice and stimulating them ex vivo with
either PBS, adenovirus, or the Syl peptide. With PBS stimulation,
Trained+PC mice showed elevated EM T cells in both CD8+ (CD44 +
CD62L-) (Fig. 2D) and CD4+ (Fig. 2E) compartments, indicating sys-
temic priming. Upon Syl peptide restimulation, Trained+PC spleno-
cytes again exhibited more EM T cells and fewer CM T cells (CD44-
CD62L-) in CD8+ (Fig. 2F) and CD4+ (Fig. 2G) compartments, con-
firming peptide-specific memory. In contrast, WPG alone failed to
induce Syl-specific responses, though splenocytes responded robustly
to adenovirus, consistent with trained immunity boosting antiviral
pathways.
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Fig. 1| WPG stimulates the myeloid compartment to enhanced vaccine
responses. Single-cell RNA sequencing data, previously published*’, were re-
analysed from mice given PBS (n =3) or WPG (n =3) (sacrificed at day 3 and day 7
post WPG treatment). A Two-dimensional UMAP representation of 4803 cells from
the three treatment groups aggregated together. B UMAP dimension reduced of
PBS (1251 cells), WPG 3(2161) and WPG7 (1385). C Pathway impact analysis on DEG of
clusters 7, 11 and 12. Pathway significance was assessed using a two-sided hyper-
geometric test with FDR correction D Comparison between WPG and PBS in the
average expression of antigen presentation genes from clusters 11, 7 and 12. Sig-
nificance was assessed using a two-sided hypergeometric test; topology based on
degree centrality E Single cell RNA sequencing data showing a UMAP of expression
of Ctss, H2-Aa, H2-Ab1 and B2m in all clusters in WPG. F Schematic of treatment
dosage of mice vaccinated with PC (against SIINFEKL) (Created in BioRender.
Hamdan, F. (https://BioRender.com/otyn63b). G Flow-cytometry data showing a
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WPG treated mice after stimulating with SIINFEKL peptide at day 15. Expression of
IL-2, TNF-ac and IFN-y were also mapped in the UMAP obtained from n = 3 mice from
each treatment group. H IFN-y levels of splenocytes of PBS and WPG treated mice
after stimulation with media, Ad5/3 and SIINFEKL peptide obtained from n =3 mice
from each treatment group (“** p < 0.0001; ** p = 0.0023). Data are the
means + SD. Contour plots are representative images of splenocytes stimulated
with SIINFEKL peptide. I TNF-« levels of splenocytes of PBS and WPG treated mice
after stimulation with PBS, Ad5/3 and SIINFEKL peptide obtained from n =3 mice
from each treatment group (*“** p < 0.0001; “*** p = 0.0002). Data are the
means + SD. Contour plots are representative images of splenocytes stimulated
with SIINFEKL peptide. Statistical significance was assessed with one-way ANOVA
for the flow cytometry analysis along with a Tukey’s multiple comparisons test.
Source data are provided as a Source Data file.

To assess therapeutic potential, we tested established CT26
tumors. WPG was administered post-implantation, followed by vacci-
nation (Fig. 2K). Again, Trained+PC mice exhibited the lowest tumor
burden (Fig. 2L-M), whereas Mock, PC, or WPG alone had little effect.
TME analysis showed increased monocyte (Fig. 2N) and TAM infiltra-
tion (Fig. 20) in Trained and Trained+PC groups, while neutrophils
remained unchanged (Supplementary Fig. 6A). TAMs expressed higher
CD80 (Supplementary Fig. 6B) and monocytes higher CD86 (Supple-
mentary Fig. 6C), indicating activation.

Together, these results demonstrate that WPG-induced trained
immunity enhances CRC vaccination in both prophylactic and
therapeutic contexts. This synergy involves expansion of c¢DCl,
systemic effector memory T cell priming, increased cytokine pro-
duction, and remodeling of the TME to favor monocyte/TAM
activation.

Metabolomic profiling of CD11b+ cells reveals metabolic
reprogramming

Trained immunity has been previously shown to alter the metabolic
function of myeloid cells. To further investigate the metabolic state of
tumor-infiltrating CD11b* cells, we performed a comprehensive meta-
bolomic analysis following treatment. Given that CD11b* cells are the
primary immune population affected by our strategy, we sought to
determine how their metabolic landscape changes upon exposure to
PC versus WPG combined with PC (Trained+PC). Tumors were har-
vested, CD11b" cells were FACS-sorted, and subjected to metabolomic
profiling (Fig. 3A, Supplementary Fig. 7A).

Principal component analysis (PCA) revealed distinct clustering
between the two groups, with PC1 and PC2 accounting for 62.2% and
24.5% of the variance, respectively (Fig. 3B), highlighting a clear
divergence in metabolite composition after Trained+PC. Comparative
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Fig. 2 | WPG-induced trained immunity enhances vaccine responses in pro-
phylactic and therapeutic CT26 models. A Schematic of dosing schedule for
CT26 tumor-bearing mice (Created in BioRender. Hamdan, F. (https://BioRender.
com/i5tffm5). B Tumor growth curves from n =8 mice per group (PC, p=0.0013;
Trained, p=0.0002; Mock, p < 0.0001), analyzed by two-way ANOVA.

C Quantification of dendritic cell subsets in draining lymph nodes pooled from
n=8 mice per group (technical replicates n=3): cDC1 and cDC2. D Heat map of
CD8* T cell memory subsets from splenocytes stimulated with PBS, Ad5/3 (Ad), or
Syl peptide (n =3 mice per group). E Heat map of CD4* T cell memory subsets from
splenocytes stimulated with PBS, Ad5/3, or Syl peptide (n =8 mice per group). F-G
Representative flow cytometry dot plots of CD8* (F) and CD4* (G) T cell memory
subsets after Syl peptide stimulation in Trained+PC mice. H IFN-y production by
CD8* T cells following stimulation with media, Syl peptide (Peptide; “***”
p=0.0003; ““**” p < 0.0001), or Ad5/3 ((Adenovirus; “***” p < 0.0001) obtained
from n =8 mice per group. I TNF-a production by CD8" T cells after stimulation

with media, Syl peptide Peptide; (“*” p=0.023; “***” p < 0.0001), or Ad5/3 (Ade-
novirus; “***” p < 0.0001); n =8 mice per group. ] CD40L expression in CD4*

T cells after media, Syl peptide (Peptide; “***” p < 0.0001), or Ad5/3 (Adenovirus;
““ p=0.026; “**”, p < 0.0001); n =8 mice per group. K Therapeutic dosing
schedule in CT26-bearing mice (Created in BioRender. Hamdan, F. (2025) https://
BioRender.com/g9bsknf). L Summary of tumor size from n =8 mice per group.
M Individual tumor growth traces for each mouse. N Monocyte infiltration in the
TME at day 25 (“***” p < 0.0001). O Macrophage infiltration in the TME (n= 6 per
group; PC vs Trained+PC, p = 0.0010; PC vs Trained, p = 0.0012, Mock vs Trained
+PC, p=0.0003, Mock vs Trained, p = 0.003). Statistical significance was assessed
with two-way ANOVA for the tumor growth along with a Siddk’s multiple compar-
isons test. One-way ANOVA was used for all flow cytometry analyses along with a
Tukey’s multiple comparisons test. All data are presented as the mean + SD. Sche-
matics for experiments were created using Biorender.com. Source data are pro-
vided as a Source Data file.

analysis revealed pronounced increases in multiple amino acids (ala-
nine, serine, glutamic acid, valine, asparagine, malic acid, arginine),
fatty acids, and key intermediates of the creatine pathway (creatine,
creatine phosphate, creatinine) (Fig. 3C, and Supplementary
Fig. 7B-C). Differential metabolite analysis confirmed the upregulation
of several amino acids and creatinine (Fig. 3D, and Supplementary
Fig. 7D). Pathway impact analysis further identified upregulation of
amino acid biosynthesis (notably arginine, serine, glutamic acid), fatty
acid synthesis, and pathways linked to aerobic glycolysis and the
Warburg effect, supported by elevated lactate (Fig. 3E). Metabolite set
enrichment analysis reinforced these findings, showing enrichment of
glycolytic, amino acid, and lipid pathways (Fig. 3F). Collectively, these
data suggest Trained+PC promotes a coordinated shift toward bio-
synthetic and energy-generating programs. Given these findings, we
sought to explore how different metabolic pathways were inter-
connected (Supplementary Fig. 7D). Correlation analysis revealed

strong associations between nucleotide biosynthesis, amino acid
metabolism, fatty acid synthesis, and the Warburg effect. To visualize
the relationships among these metabolic pathways, we constructed a
network-based metabolite interaction map (Supplementary Fig. 7E).
This analysis revealed a clear interconnection between amino acid
metabolism, fatty acid biosynthesis, and nucleotide synthesis, further
supporting our hypothesis that Trained+PC treatment induces a
coordinated metabolic shift towards biosynthetic and energy-
generating pathways.

To functionally validate these observations, we performed Sea-
horse extracellular flux assays on isolated murine macrophages, due to
their high abundance in the tumor (Fig. 2J). Following 18 h of ex vivo
stimulation with PBS or WPG, trained macrophages exhibited sig-
nificantly higher oxygen consumption rates (OCR) across two plating
densities (40k and 80k cells) (Fig. 3H), with increases in basal and
maximal respiration (Supplementary Fig. 8A-C). Notably, a major part
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D Differential metabolite analysis on upregulated metabolites from Trained+PC
treated mice compared to PC treated mice. P-values were calculated using a two-
sided t-test and adjusted for multiple comparisons using FDR E Pathway impact
analysis on upregulated metabolites from Trained+PC treated mice. Pathway sig-
nificance was assessed using a two-sided hypergeometric test; topology was based
on relative-betweenness centrality. F Top 25 metabolic enriched pathways in
Trained+PC treated mice. G Graphical representation of workflow of animal
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experiment (Created in BioRender. Hamdan, F. (https://BioRender.com/ux8avhz).
Mice were sacrificed and macrophages were enriched from spleens. Cells were
plated at two different cell concentrations (40,000 and 80,000 cells) overnight.
Macrophages were then stimulated with WPG for 18 h H OCR analysis macrophages
treated with PBS or WPG for 18 h I ECAR analysis macrophages treated with PBS or
WPG for 18 h obtained from n =7 for each treatment group. J Graphical repre-
sentation of workflow of animal experiment (Created in BioRender. Hamdan, F.
(https://BioRender.com/ux8avhz). Mice were sacrificed and macrophages were
enriched from spleens. Cells were plated at two different cell concentrations
(40,000 and 80,000 cells) overnight. Macrophages were then stimulated with WPG
for 2 h K OCR analysis macrophages treated with PBS or WPG for 2 h L ECAR ana-
lysis macrophages treated with PBS or WPG for 2 h obtained from n =7 for each
treatment group. Graphical representation of workflow of animal experiment.
Statistical significance was assessed with one-way ANOVA for the flow cytometry
analysis. All data are presented as the mean + SD. Source data are provided as a
Source Data file.

of the basal OCR was attributable to non-mitochondrial oxygen con-
sumption (Supplementary Fig. 8D). In parallel, trained macrophages
displayed elevated extracellular acidification rates (ECAR), with higher
levels both at basal conditions and after inhibition of the mitochon-
drial ATP synthesis, consistent with an augmented glycolytic activity
(Fig. 31) and basal glycolysis levels (Supplementary Fig. 8D).

To probe the kinetics of this metabolic rewiring, we repeated the
assay after only 2h of stimulation. Under these conditions, OCR
remained comparable between groups (Fig. 3K; and Supplementary
Fig. 8F-H). Again, most OCR reflected non-mitochondrial oxygen
consumption (Supplementary Fig. 8I). Yet, ECAR was already sig-
nificantly increased in trained macrophages (Fig. 3L), accompanied by
elevated basal glycolysis (Supplementary Fig. 8)). These results
demonstrate that WPG rapidly reprograms macrophages toward gly-
colysis, consistent with a Warburg-like phenotype that is established
within hours and further reinforced over time

Together, metabolomic and bioenergetic profiling converge to
show that trained macrophages undergo broad metabolic rewiring
characterized by enhanced amino acid and lipid biosynthesis, creatine
metabolism, and a pronounced shift toward aerobic glycolysis. This
reprogramming provides the energy and biosynthetic capacity
required to sustain pro-inflammatory and anti-tumor functions in the
context of vaccination.

Single-cell RNA sequencing reveals a distinct innate immune
landscape following trained + PC therapy

To assess how Trained+PC alters the innate immune landscape in
tumors, we performed scRNA-seq on sorted CDI11b+ cells from
tumor-bearing mice treated with PC or Trained+PC. This allowed us
to capture treatment-driven changes across the myeloid compart-
ment. Clustering revealed diverse innate populations, with mac-
rophages, monocytes, and NK cells as dominant subsets (Fig. 4A,
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Fig. 4 | Single-cell RNA sequencing reveals an activation shift in Chil3+ Ly6C""
macrophages leading to NK and cDCl infiltration. A Single-RNA sequencing data
from sorted CD11b cells from the tumor microenvironment of PC and Trained+PC
groups obtained from n =3 mice from each treatment group. Two dimensional
UMAP representation of 7814 cells from the two treatment groups aggregated
together. B Deconvolution of UMAP dimensions from PC (1251 cells) and Trained
+PC (6563 cells) groups. C Relative frequency of cells in each cluster across samples
displayed in a bar graph. D Dot plot of 17 DEG activation genes across all clusters in
the Trained+PC group E Dot plot of 8 DEG inhbitory genes across all clusters in the
Trained+PC group. F Joint analysis of single cell RNA sequencing and metabolomic
data from Trained+PC group. Pathway impact was assesed based on DEG and
upregualted metabolites. Significance was assessed using a two-sided

hypergeometric test with FDR correction. G Dot plots on activation and inhibitory
genes of clusters 2 and 7 of Trained+PC group. H UMAP of sinlge cell RNA
sequencing data showing Cxcl9, Cxcl10 and /[15 expression in all clusters of Trained
+PC group. I Dot plots on certain genes to phenotype clusters 1 of Trained+PC
group. J UMAP of sinlge cell RNA sequencing data showing Ccl5, Ccl4 and XclI
expression in all clusters of Trained+PC group. K Dot plots on certain genes to
phenotype clusters 12 and 13 of Trained+PC group. L UMAP of sinlge cell RNA
sequencing data showing Cd80, Cd83 and H2-Aa expression in all clusters of
Trained+PC group. Statistical significance was assessed with one-way ANOVA for
the flow cytometry analysis. Schematics for experiments were created using Bior-
ender.com. Source data are provided as a Source Data file.

and Supplementary Figure 9 A). Clusters 0, 3, 2, 7, 10, and 1 (mac-
rophages, monocytes, NK cells) were significantly expanded in
Trained+PC, demonstrating remodeling of the TME (Fig. 4B, C).
Consistent with this, Trained+PC upregulated cytokines such as
cxcl9 and cxcl2 (Supplementary Fig. 9B), suggesting enhanced
recruitment of T and NK cells. Analysis did reveal a clear expression
of itgam (CD11b) on majority of clusters (Supplementary Fig. 9C),
with  minimal contamination, demonstrating successful
enrichment.

We next sought to identify the functional programs within these
clusters. Stratification revealed two major inflammatory patterns
(Fig. 4D). First, clusters 2 (chil3+ ly6Chi macrophages, Supplementary
Fig. 9D), 14 (NK), 13 (cDC1), 7 (monocytes), and 9 (ILCs) upregulated
fegrl, ccl9, cxcl9/10, cd86, and irf5, consistent with a pro-inflammatory
phenotype. Expression of lyz2 and tnfaip2 in these clusters (Supple-
mentary Fig. 9E) further supported myeloid-driven inflammation, with
cluster 2 showing the strongest response. Second, clusters 1 (NK), 8
(monocytes), and 11 (NKT) displayed a type I IFN signature (Ifngrl). We
also examined B-glucan sensing and found clec’a (dectin-1), a key
receptor involved in B-glucan recognition***’, broadly expressed in

inflammatory clusters (Supplementary Fig. 9F), except NK/NKT cells,
suggesting indirect NK activation via cytokines and chemokine cross-
talk within the tumor microenvironment.To test whether Trained+PC
shifted cells toward suppression, we analyzed anti-inflammatory
genes. Few were detected (Fig. 4E): cluster 2 macrophages showed
limited nos2/argl expression, but this was confined to a minority. Thus,
Trained+PC promoted durable inflammatory activation rather than
compensatory suppression.

To further dissect a mechanisn of action, we performed a joint-
pathway enrichment analysis, integrating scRNA-seq data with pre-
viously obtained metabolomic screening (Fig. 4F). Notably, pathways
associated with T cell activation, including TCR signaling and Th1/Th2
differentiation, were significantly enriched, suggesting that Trained
+PC therapy enhanced adaptive immune priming. Additionally, che-
mokine signaling and JAK-STAT pathways emerged as key regulatory
networks, indicating that cytokine-driven immune modulation was a
central feature of the treatment-induced changes. Interestingly, NK
cell-mediated cytotoxicity was among the most significantly upregu-
lated pathways, despite NK cells themselves not expressing dectin-1.
This strongly suggests that their expansion and activation were

Nature Communications | (2026)17:1757


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-68466-5

secondary to inflammatory cues from other myeloid populations
rather than direct WPG signaling.

To dissect the mechanisms driving NK cell expansion, we analyzed
monocyte and macrophage clusters, as these cells are primary pro-
ducers of cytokines known to recruit and activate NK cells (Fig. 4G).
Cluster 2 macrophages exhibited a markedly heightened inflammatory
profile compared to cluster 7 monocytes, suggesting a dominant role
in orchestrating the immune response. Expression analysis confirmed
that cluster 2 macrophages strongly upregulated cxcl9, cxcliO, and
il15—key factors known to drive NK cell recruitment, proliferation, and
cytotoxicity (Fig. 4H). These findings imply that trained immunity-
induced macrophages (Chil3+ Ly6Chi macrophages) act as central
regulators of NK cell expansion and function within the tumor
microenvironment.

Given the substantial NK cell infiltration observed in Trained+PC-
treated tumors, we further characterized cluster 1 NK cells to define
their functional phenotype (Fig. 41), based on previous classification
methods®. By classifying these cells into resting, cytokine-responsive,
activated, and type I IFN-responsive subpopulations, we observed a
predominant enrichment of cytokine-responsive NK cells (Fig. 41). This
was accompanied by robust upregulation of chemokines such as ccl5,
ccl4, and xcl1 (Fig. 4)), which are known to facilitate the recruitment of
conventional dendritic cells (¢cDCs). Moreover, among the top genes
with the principal component analysis was ccl5 (Supplementary
Fig. 9G) further demonstrating its importance. Hence, the chemokine-
producing NK phenotype suggests a critical role for NK cells in shaping
subsequent antigen-presenting cell (APC) activation. Moreover, cluster
1 NK cells from Trained+PC treated mice were seen to have similar
levels of pdcdli, tigit, havcr2 indicating no exhaustion effects (Supple-
mentary Fig. 10A). This was further confirmed when analysing the NK
cells from the tumor microenvironment of mice trained after tumor
implantation (Supplementary Fig. 10B).

To examine the downstream impact on APC function, we analyzed
clusters 12 and 13, representing plasmacytoid dendritic cells (pDCs)
and conventional dendritic cells (cDC1), respectively (Fig. 4K). cDCls
(cluster 13) showed marked upregulation of antigen-presentation
genes cd80, cd83, and h2-Aa (Fig. 4K, L), consistent with an activated
phenotype. Thus, Trained+PC did not merely expand cDCls but
enhanced their functional capacity.

Together, these experiments reveal a possible sequential activa-
tion cascade: trained macrophages (cluster 2) secrete Cxcl9/10 and
1115, recruiting NK cells; NK cells secrete Ccl5/Xcll, enhancing cDC1
infiltration and activation; c¢DCls then prime T cells. This
macrophage-NK-cDC1 axis could provide a mechanistic explanation
for the superior efficacy of Trained+PC compared to PC alone.

Creatine Regulation in Trained Immunity Enhances Pro-
Inflammatory Cytokine Release and NK cell infiltration

To dissect the metabolic requirements of trained immunity, we enri-
ched splenic CD11b* cells, exposed them to PBS or WPG, and resti-
mulated them with adenovirus in the presence or absence of metabolic
inhibitors targeting glycolysis/mTOR (rapamycin), HIF-1x stabilization
(ascorbate), or creatine uptake (B-GPA) (Fig. 5A). PBS-treated cells
produced no TNF-a, whereas WPG-trained cells showed robust TNF-o
and IL-6 induction, both of which were significantly reduced by inhi-
bitors (Fig. 5A, B). Since our scRNA-seq data highlighted CXCL9 and
CXCL10 as key chemokines strongly upregulated in trained macro-
phages, we next assessed their secretion. Consistent with our single-
cell findings, trained CD11b" cells secreted significantly higher levels of
CXCL9 and CXCL10 compared to PBS controls. However, secretion
was abolished when rapamycin, ascorbate, or 3-GPA were added,
demonstrating that both glycolytic and creatine-dependent metabo-

Since the initial experiments tested inhibitor effects only during
secondary stimuation, we repeated the assays by adding inhibitors
during the priming stage of WPG training. As expected, trained cells
produced elevated IL-6, TNF-a, CXCL9, and CXCL10 upon adenovirus
stimulation, yet this was severely blunted by all inhibitors when given
at priming (Supplementary Fig. 11A-E). Moreover, when we washed [3-
GPA and supplemented with creatine, CXCL9 and CXCL10 expressions
were rescued (Supplementary Fig. 11D and E). To directly test whether
creatine metabolism impacts epigenetic programming or only effector
function, we focused on macrophages, as they emerged in our single-
cell analysis as the key trained population driving the NK-cDC1 axis.
CD11b*F4/80* macrophages were therefore enriched and stained for
H3K4me3, a histone mark associated with trained immunity. Com-
pared to PBS controls, WPG-trained macrophages showed a marked
increase in H3K4me3 after adenovirus stimulation (Supplementary
Fig. 11F). This enrichment was preserved even in the presence of 3-GPA
(Supplementary Fig. 11G), indicating that creatine does not influence
the acquisition of trained epigenetic marks but rather sustains effector
function during secondary challenge. We next assessed whether WPG-
induced epigenetic remodeling regulates expression of the creatine
transporter Slc6a8. ChIP-qPCR for H3K4me3 showed no enrichment at
the Slc6a8locus (Supplementary Fig. 11H). However, RT-qPCR revealed
asignificant increase in Slc6a8 transcript levels in trained macrophages
compared to PBS-treated controls (Supplementary Fig. 111), suggesting
that upregulation of creatine transport occurs independently of
H3K4me3-mediated epigenetic induction.

To assess the role of creatine in adaptive immunity induced by PC,
we tested whether B-GPA treatment affected tumor control. CT26-
bearing mice were treated with PBS or WPG (trained) and vaccinated
with PC, with a subset receiving daily 3-GPA to block creatine uptake
(Fig. 5C). As expected, Trained+PC provided the strongest tumor
control (Fig. 5D, and Supplementary Fig. 12A). In contrast, 3-GPA
treatment partially impaired this effect, with tumors growing larger
than in Trained+PC but remaining smaller than in mock controls
(Fig. 5C, D, and Supplementary Fig. 12A). B-GPA alone did not affect
tumor growth, confirming it has no intrinsic anti- or pro-tumor activity.

To dissect immune alterations, we analyzed tumor infiltration of
macrophages and NK cells (Supplementary Fig. 11B). Macrophage
numbers were unchanged between Trained+PC and Trained+PC+f3-
GPA groups (Fig. 5E and F), whereas NK cell infiltration was markedly
reduced in 3-GPA-treated tumors (Figures G and H). This aligns with
our earlier finding that 3-GPA suppresses CXCL9/CXCL1O secretion
from trained CDI11b* cells, chemokines critical for NK recruitment.

To evaluate epigenetic remodeling in vivo, we stained tumor-
derived CD11b*F4/80* macrophages. Trained+PC increased H3K4me3
compared to PBS controls (Fig. 51, J). Importantly, this enrichment
persisted despite 3-GPA, reinforcing that creatine does not drive epi-
genetic programming but instead supports effector responses. Toge-
ther, these results demonstrate that creatine metabolism is a central
driver of the effector phase of trained immunity in CRC, sustaining
cytokine and chemokine production (including CXCL9 and CXCL10)
and enabling NK cell recruitment, without altering the underlying
epigenetic reprogramming.

Macrophage-NK cell crosstalk promotes DC infiltration and
CDS8 + T cell memory in trained immunity

To clarify the functional roles of macrophages and NK cells in trained
immunity-mediated tumor control, we selectively depleted these
subsets in CT26-bearing mice prior to WPG training and PC vaccination
(Fig. 6A). Flow cytometry confirmed efficient depletion (Supplemen-
tary Fig. 13A). Tumor growth showed that loss of either subset
impaired control, while dual depletion abolished efficacy (Fig. 6B,

lism support the pro-inflammatory reprogramming of trained Supplementary Fig. 13B), demonstrating non-redundant, com-
macrophages. plementary roles.
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Fig. 5 | Creatine aids trained macrophages but meeting high energy require-
ments for chemokine expression. A Schematic of workflow of metabolic inhibi-
tion of trained immunity (Created in BioRender. Hamdan, F. (https://BioRender.
com/16b56c0). B Quantification of TNF-a (“***” p=0.0003), IL6 (“**” p=0.0003),
CXCL9 (“**” p=0.0001)and CXCL10 (“**” p=0.0002) from non-trained and
trained cells treated with different metabolic inhibitors and stimulated with media
or adenovirus obtained from n =3 mice from each treatment group.s. C Graphical
representation of mouse experiment blocking creatine (Created in BioRender.
Hamdan, F. (https://BioRender.com/3nxhps2). Balb/C mice were injected sub-
cutaneously with CT26 and then given daily injections of B-GPA. D Tumor sizes
were measured for each group every 2-3 days and summarized. For Trained+PC and
Trained+PC + 3-GPA data points were obtained from n = 8 mice, while for Mock and
Mock + B-GPA obtained from n =35 mice. (“*” p=0.0263; “***’ p < 0.0001)

E Quantification of macrophages in the tumor microenvironments at day 23
obtained from n = 6 mice from each treatment group. Contour plots of macrophage
populations in the tumor microenvironments. F Absolute numbers of macrophages
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in the tumor microenvironments across each group obtained from n = 6 mice from
each treatment group. G Quantification of NK cells in the tumor microenviron-
ments at day 23. Contour plots of macrophage populations in the tumor micro-
environments obtained from n = 6 mice from each treatment group (“**” p = 0.002)
H Absolute numbers of NK cells in the tumor microenvironments across each
group obtained from n =6 mice from each treatment group. (“**” p=0.012)

I Immunofluorescence staining of CD11b + F4/80+ enriched macrophages for
trained immunity marker, H3K4me3, and DAPI across groups at day 23 obtained
from n =3 mice from each treatment group (scale bars of 200um). J Image intensity
analysis of H3K4me3 signal across each group. Statistical significance was assessed
with two-way ANOVA for the tumor growth along with a Sidk’s multiple compar-
isons test. For the flow cytometry and H3K4me3 density analysis, a one-way ANOVA
test was performed along with a Tukey’s multiple comparisons test. For metabolic
inhibition studies, a two-way ANOVA test was performed along with a Tukey’s
multiple comparisons test. All data are presented as the mean + SD. Source data are
provided as a Source Data file.

We next asked how these cells influence systemic immunity.
Splenocytes from Trained+PC mice contained abundant EM CD8 + T
and CM CD8+T cells after Syl peptide restimulation (Fig. 6C),
whereas depletion of macrophages or NK cells reduced both popu-
lations (Fig. 6D). This correlated with impaired DC recruitment,
particularly c¢DC1, as shown by flow cytometry (Supplementary
Fig. 14A, B). Functionally, CD8" T cell cytokine production (IFN-y,
TNF-a) was strongly reduced in depleted groups (Supplementary
Fig. 14C, D). Together, these results indicated that macrophages and
NK cells together form a critical upstream axis necessary to establish
effective adaptive immunity. To further define the role of T cells, we
repeated the experiments in CT26-bearing mice treated with Trained
+PC but depleted of CD8" T cells (Supplementary Fig. 15A). Suc-
cessful depletion was confirmed by blood analysis (Supplementary
Fig. 15B), and we observed that these mice completely lost tumor
control (Supplementary Fig. 15C). Thus, trained macrophages or NK

cells alone are insufficient to mediate tumor control in the absence of
CD8* T cells.

To dissect this relationship further, we performed adoptive
transfer experiments with PBS- or WPG-treated macrophages and NK
cells into CT26-bearing mice that were subsequently vaccinated with
PC (Fig. 6E, Supplementary Fig. 16A and B). Remarkably, only mice
receiving trained macrophages in combination with PC exhibited sig-
nificant tumor growth reduction (Fig. 6F). Transfer of trained NK cells
alone did not affect tumor burden, establishing macrophages as the
primary initiating population in this circuit. Consistently, trained
macrophage transfer led to higher frequencies of splenic EM
CD8 +T cells (Fig. 6G) and enhanced cytokine responses upon antigen
restimulation, with significantly elevated IFN-y and TNF-a production
in CD8 +T cells (Fig. 6H, I).

Analysis of the tumor microenvironment further supported this
hierarchy. Mice receiving trained macrophages plus PC displayed
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Fig. 6 | Macrophages and NK cells are required for trained immunity to enhance
vaccine efficacy. A Dosing scheme for macrophage and NK cell depletion in CT26-
bearing mice (Created in BioRender. Hamdan, F. (https://BioRender.com/sckv9it).
B Tumor sizes from n = 8 mice per group (“***” p < 0.0001). C UMAP projection of
CD8* splenocytes at day 23 (n=3 per group). D Heat maps showing CD8* T-cell
memory subsets stimulated with PBS or Syl peptide (n= 6 per group). E Dosing
scheme for macrophage and NK adoptive transfer (Created in BioRender. Hamdan,
F. (https://BioRender.com/knbij2y). F Tumor sizes from n=5 mice per group.

G Heat maps of CD8" T-cell memory subsets stimulated with Syl peptide (n=3 per
group). H Quantification of IFN-y* CD8* splenocytes after Syl stimulation at day 23
(n=3 per group) (PC + Trained Macrophages vs. Mock + Macrophages p = 0.0001;
vs. Mock + Trained Macrophages p = 0.0003; vs. Mock + NK p = 0.0001; vs. Mock +
Trained NK p =0.0001; vs. PC + Macrophages p = 0.0021; vs. PC + NK p = 0.0003;
vs. PC + Trained NK p = 0.0003). I Quantification of TNF-ot* CD8* splenocytes after
Syl stimulation at day 23 (n =3 per group) (PC + Trained Macrophages vs. Mock +

Macrophages p = 0.0003; vs. Mock + Trained Macrophages p = 0.0006; vs. Mock +
NK p = 0.0031; vs. Mock + Trained NK p = 0.0014; vs. PC + Macrophages p < 0.0001;
vs. PC + NK p = 0.0015; vs. PC + Trained NK p = 0.0190). J Schematic of NK che-
motaxis transwell assay (Created in BioRender. Hamdan, F. (https://BioRender.
com/8yxqtln): CFSE-labeled NK cells placed in the upper chamber migrated toward
macrophages stimulated with Ad5/3; NK cells were treated with 10 yg/mL anti-
CXCR3 antibody (n = 3 technical replicates). K Confocal images of CFSE-labeled NK
cells migrating toward macrophages. L DC chemotaxis assay in which NK cells
stimulated with Ad5/3 were treated with 10 ug/mL anti-CCL5 antibody (n =3 tech-
nical replicates). M Confocal images of CFSE-labeled DCs migrating toward NK
cells. Statistical significance was assessed with two-way ANOVA for tumor growth
along with a Sidak’s multiple comparisons test. A one-way ANOVA for flow cyto-
metry and cell migration analyses along with a Tukey’s multiple comparisons test.
All data are presented as the mean + SD. Source data are provided as a Source
Data file.

increased intratumoral macrophages (Supplementary Fig. 17A) and NK
cells (Supplementary Fig. 17B). Importantly, these NK cells were func-
tionally activated, as demonstrated by increased perforin expression
(Supplementary Fig. 17C). While no changes were detected in plas-
macytoid DCs (pDCs; Supplementary Fig. 17D) or cDC2 populations
(Supplementary Fig. 17E-F), c¢DC1 tumor infiltration was markedly
increased in the trained macrophage + PC group (Supplementary
Fig. 17G). This increase coincided with the expansion of EM CD8 +
T cells in the TME (Supplementary Fig. 17H), reinforcing the link
between macrophage-driven NK cell recruitment, subsequent ¢DC1
activation, and effective T cell priming.

To directly assess the crosstalk between macrophages and NK
cells, we employed a transwell migration assay in which CFSE-labeled
NK cells were placed in the upper chamber and macrophages isolated
from Trained+PC or mock tumors were placed below. NK cells showed

greater migration toward Trained+PC-derived macrophages com-
pared to controls (Fig. 6J, K). Microscopy confirmed this enhanced
recruitment. Importantly, pre-treatment of NK cells with a CXCR3-
blocking antibody markedly reduced migration, demonstrating that
macrophages recruit NK cells via the CXCL9/CXCL10-CXCR3 axis.
We next asked whether NK cells could, in turn, recruit dendritic
cells (DCs). Using the same transwell system, NK cells isolated from the
TME of Trained+PC-treated mice, but not from mock tumors, pro-
moted DC migration (Fig. 6L, M). This effect was abrogated by CCL5
blockade, implicating NK cell-derived CCLS in DC recruitment
(Fig. 6L). FLT3L blockade did not affect DC recruitment, further
highlighting the need of CCL5 (Supplementary Fig. 18A). Notably,
mock NK cells treated with WPG in vitro did not increase DC migration,
suggesting that NK cell functional activation requires signals present
within the trained TME rather than direct B-glucan exposure.
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To investigate the transcriptional basis of these observations, we
performed ChIP-qPCR on macrophages isolated from PBS- or WPG-
treated mice. Trained macrophages displayed elevated H3K4me3
enrichment at cxcl9 and cxclIO loci (Supplementary Fig. 18B), con-
sistent with epigenetic rewiring driving sustained chemokine produc-
tion. In contrast, NK cells from either PBS- or WPG-treated mice did not
show H3K4me3 enrichment at ccl5, ccl4, or flt3 loci (Supplementary
Fig. 18C). Similarly, NK cells isolated from the TME of Trained+PC mice
lacked detectable epigenetic marks at these genes. However, RT-qPCR
of whole-cell lysates revealed that NK cells from Trained+PC tumors
did express increased levels of cclS mRNA (Supplementary Fig. 18D).
These results suggest that NK cells are not epigenetically rewired by
trained immunity but are instead secondarily activated within the TME,
likely through macrophage-derived cues.

Because creatine metabolism sustained macrophage CXCL9/10
output, we asked whether it also maintains the macrophage-NK-cDC1
axis. Adoptive transfer of trained macrophages plus PC vaccination
was combined with 3-GPA treatment (Supplementary Fig. 19A). 3-GPA
impaired tumor control (Supplementary Fig. 19B) and reduced NK
infiltration (Supplementary Fig. 19D) without affecting macrophage
numbers (Supplementary Fig. 19C).

To determine whether creatine metabolism itself was epigeneti-
cally imprinted, we performed ChIP-qPCR for H3K4me3 at the creatine
transporter gene slc6a8. No enrichment was detected in trained mac-
rophages (Supplementary Fig. 119E), yet RT-qPCR of cell lysates
revealed increased slc6a8 expression (Supplementary Fig. 19F). Thus,
trained macrophages acquire enhanced creatine reliance, but this
metabolic adaptation is transcriptional rather than epigenetic.

Together, these experiments establish that trained macrophages
are the initiating population, epigenetically rewired to secrete CXCL9/
10, which recruit NK cells via CXCR3. NK cells then amplify immunity
by producing CCL5, driving ¢DC1 infiltration and T cell priming.
Creatine metabolism sustains this axis by maintaining macrophage
chemokine output, highlighting a hierarchical, metabolically sup-
ported macrophage-NK-cDCI-T cell circuit critical for anti-tumor
efficacy.

Trained immunity enhances vaccine efficacy in the MC38 and
colon-26 tumor model

To determine whether the effects of trained immunity extended
beyond the CT26 model, we next tested the MC38 colorectal cancer
model. Mice were depleted of macrophages and/or NK cells before PBS
or WPG training and peptide vaccination (Fig. 7A). Trained+PC treat-
ment produced superior tumor control, with many mice achieving
complete clearance (Fig. 7B, and Supplementary Fig. 20A). Depletion
of either subset partially impaired protection, while combined deple-
tion abolished it, mirroring CT26 results.

We then evaluated adaptive immunity. Splenic profiling showed
marked expansion of EM and CM CD8* T cells in Trained+PC mice
(Fig. 7C, D, and Supplementary Fig. 20B), together with elevated IFN-y
and TNF-a after peptide stimulation (Fig. 7E, F, and Supplementary
Fig. 20C, D). These responses were lost with macrophage or NK
depletion. In draining lymph nodes, Trained+PC mice displayed
increased cDCl1 frequencies, consistent with enhanced cross-pre-
sentation, whereas depletion shifted the balance toward ¢DC2 dom-
inance (Fig. 7G, and Supplementary Fig. 20E).

Because creatine metabolism sustained chemokine production in
earlier experiments, we asked whether it also regulated Trained+PC
efficacy in vivo. Mice received [3-GPA to block creatine uptake (Fig. 7H).
While Trained+PC again provided robust control, B-GPA treatment
partially reversed protection (Fig. 71, and Supplementary Fig. 20F),
reducing EM/CM CD8* T cells (Fig. 7)), IFN-y and TNF-a production
(Fig. 7K, L), and cDC1 accumulation in draining lymph nodes (Fig. 7N).
These results confirm that creatine metabolism is required for NK- and
DC-dependent amplification of trained immunity.

Finally, to validate findings in a more immunosuppressive con-
text, we used the Colon-26 model, which is APC-mutant, refractory to
PD-1/PD-L1 therapy, and considered more clinically relevant to human
CRC (Supplementary Fig. 21A). Vaccination alone failed to con-
trol tumors, whereas Trained+PC significantly suppressed growth
(Supplementary Fig. 21B, C). Trained+PC tumors showed increased
macrophage infiltration (Supplementary Fig. 21D), greater NK accu-
mulation (Supplementary Fig. 21E), and enhanced ¢DC1 recruitment in
draining lymph nodes (Supplementary Fig. 21F). Splenocytes from
Trained+PC mice produced higher IFN-y and IL-2 upon A1H5 peptide
restimulation (Supplementary Fig. 21H-1) and exhibited increased EM
CD8* T cells (Supplementary Fig. 21)).

Together, these results demonstrate that the
macrophage-NK-cDC1 axis drives vaccine efficacy not only in CT26
but also in MC38 and the highly immunosuppressive Colon-26 model.
Trained immunity consistently promoted cDCI1 recruitment, robust
effector and memory CD8* T cell responses, and dependence on
creatine metabolism, supporting its potential as a broadly applicable
enhancer of CRC vaccination.

Trained Immunity Enhances Vaccine Responses and Tumor
Killing in CRC Patient Derived Organoids

To extend our preclinical findings to human settings, we first examined
the clinical significance of macrophage subsets using publicly available
datasets. In a cohort of 163 patients with CRC (cBioPortal), stratifica-
tion by CD206 expression—a marker typically associated with M2-like
macrophages—revealed that patients with high CD206 expression had
significantly longer disease-free survival compared to those with low
expression (Fig. 8A). Further stratification of the CD206-high cohort
(n=123) based on CXCL9 expression demonstrated that individuals
with elevated CXCL9 levels displayed superior outcomes (Fig. 8B).
These results suggest that macrophages acquiring a CXCL9* pheno-
type may promote improved anti-tumor immunity, consistent with the
macrophage-NK-cDCl1 axis we identified in our murine models.

We next sought to determine whether WPG-induced trained
immunity could be recapitulated in human immune cells and whether
it could augment vaccine responses. PBMCs and monocytes from
healthy donors were trained with WPG for 24 h, washed, and subse-
quently stimulated with adenovirus, the adjuvant used in the PC vac-
cine. While non-trained monocytes produced modest IL-6 and TNF-a
responses, trained monocytes exhibited markedly higher cytokine
frequencies and concentrations following adenovirus stimulation
(Supplementary Fig. 22 A). Differentiation of trained monocytes into
macrophages or dendritic cells retained these effects: trained macro-
phages produced significantly higher IL-6 and TNF-a levels, while
trained DCs exhibited increased IFN-y secretion and elevated expres-
sion of CD83, a costimulatory molecule critical for T cell priming
(Supplementary Fig. 22B-C). These findings indicate that trained
immunity enhances the responsiveness of the myeloid compartment
to adenoviral stimulation, potentially amplifying downstream vaccine
effects.

We then evaluated whether trained PBMCs could enhance
antigen-specific T cell responses to a clinically tested HLA-
A2-restricted CEA peptide vaccine. PBMCs from HLA-A2* donors were
treated with PBS or WPG, stimulated with peptide, and restimulated on
day 6 (Fig. 8C). Across three independent donors, trained PBMCs
exhibited enhanced IFN-y responses compared to PBS controls
(Fig. 8D-E), confirming that trained immunity augments vaccine-
induced T cell activation in a human context.

To assess functional relevance against tumors, we tested trained
PBMCs in co-culture with CRC patient-derived organoids (PDOs).
PBMCs from HLA-A2* donors were trained with WPG and expanded
with CEA peptide, followed by CD8* T cell enrichment and co-culture
with PDOs (Fig. 8F). After 24 h, microscopy and Z-stack imaging
revealed increased PI staining of tumor cells in PDO#2 and PDO#3
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Fig. 7 | Trained immunity enhances vaccine responses in MC38 tumor models.
A Treatment schedule for MC38-bearing mice (Created in BioRender. Hamdan, F.
(https://BioRender.com/3c0jk7s). B Tumor sizes from n =5 mice per group. C
UMAP projection of CD8" splenocytes at day 33 after MC38 peptide stimulation
(n=5 per group). D Heat map quantifying CD8* T-cell responses after MC38 pep-
tide stimulation (n =35 per group). E Quantification of IFN-y-producing CD8" sple-
nocytes stimulated with MC38 peptides at day 33 (n = 5 per group). F Quantification
of TNF-ai-producing CD8* splenocytes stimulated with PBS or Syl peptides at day
33 (n=5 per group). G Analysis of dendritic cell subsets from draining lymph nodes
at day 33; lymph nodes from n = 5 mice per group were pooled and each data point
represents a technical replicate (n =3). H Treatment schedule for a second MC38
tumor experiment (Created in BioRender. Hamdan, F. (https://BioRender.com/

3nxhps2). I Tumor sizes from n =5 mice per group. J UMAP projection of CD8*
splenocytes at day 33 after MC38 peptide stimulation (n = 5 per group). K Heat map
quantifying CD8* T-cell responses after MC38 peptide stimulation (n =5 per
group). L Quantification of IFN-y-producing CD8* splenocytes at day 33 (n=>5 per
group). M Quantification of TNF-a—producing CD8* splenocytes stimulated with
PBS or Syl peptides at day 33 (n =5 per group). N Draining lymph node dendritic cell
analysis at day 33; lymph nodes from n =5 mice were pooled and each data point
represents a technical replicate (n = 3). Statistical significance was assessed using
two-way ANOVA for tumor growth along with a Siddk’s multiple comparisons test. A
one-way ANOVA for flow cytometry analyses along with a Tukey’s multiple com-
parisons test. All data are presented as the mean + SD. Source data are provided in
the Source Data file.

when cultured with trained PBMCs compared to non-trained controls
(Fig. 8G, H, and Supplementary Fig. 23A). LDH cytotoxicity assays
confirmed enhanced tumor cell killing across multiple PDOs (Fig. 8I).
Importantly, macrophages trained with WPG did not exhibit any direct
tumoricidal activity when co-cultured with PDOs (Supplementary
Fig. 23B), suggesting that their role is indirect, mediated through
orchestration of NK and T cell responses.

To directly test whether macrophages are essential for trained
immunity in human settings, we first examined their metabolic and
epigenetic changes. Compared to PBS controls, WPG-trained macro-
phages showed higher glucose uptake (Supplementary Fig. 23C),
indicating metabolic activation. ChIP-qPCR further revealed increased
H3K4me3 enrichment at the Cxcl9 and Cxcli10 loci (Supplementary
Fig. 23D), demonstrating that trained macrophages undergo epige-
netic remodeling to boost chemokine expression. Functionally,
trained macrophages promoted NK cell migration in a transwell assay
dependent on the CXCR3 axis, consistent with their role in initiating
the NK-cDC1 axis (Supplementary Fig. 23E).

We next tested whether macrophages are required for boosting
vaccine-induced responses. PBMCs from HLA-A2* donors were either

left intact or depleted of monocytes/macrophages before WPG train-
ing. Both groups were then stimulated with a clinically tested CEA
peptide vaccine and tested in a killing assay against HCT116 CRC cells.
Intact PBMCs trained with WPG exhibited significantly enhanced
tumor killing compared to non-trained controls (Supplementary
Fig. 23F). In contrast, PBMCs lacking monocytes/macrophages failed to
show any increase in tumor killing after WPG training, even when the
vaccine peptide was provided (Supplementary Fig. 23F). This demon-
strates that macrophages are indispensable for trained immunity in
humans: they provide the initial reprogramming signal that enables NK
cell recruitment, DC activation, and ultimately stronger CD8* T
cell-mediated tumor killing.

Discussion

Advancing cancer vaccines in colorectal cancer (CRC), particularly for
tumors with a lower mutational burden, demands a deeper under-
standing of the crosstalk among various components of the tumor
microenvironment (TME) in response to vaccination. In this study, we
integrated publicly available data on a pancreatic cancer model*,
single-cell RNAseq (scRNAseq), flow cytometry and metabolomics data
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when stimulated with PC against CRC peptides obtained from n =3 technical
repeats from each healthy donor. F Schematic of workflow of organoid culture and
T cell killing. CRC tumor samples were obtained from patients and grew as orga-
noids. Expanded PBMCs against CRC peptides were enriched for CD8 + T cells and
labeled with CellTracker™ Green and co-cultured with PDOs. Killing was observed
under a microscope and performing an LDH assay (Created in BioRender. Hamdan,
F. (https://BioRender.com/9hnhrpy). G Confocal images of T-cell killing of PDO
obtained from patient #1. Killing was analysed by PI staining. H Z-stalks of confocal
images for T-cell killing of PDO obtained from patient #2 and #3. I Quantification of
specific lysis, from LDH release, from each patient across treatment groups
obtained from n =3 technical repeats for each CRC PDO. All data are presented as
the mean + SD. Schematics for experiments were created using Biorender.com.
Source data are provided as a Source Data file.

on our in vivo model of CRC, followed by validation on a different
in vivo model and PDOs to dissect the role of trained immunity in
enhancing the efficacy of PC vaccination. A key finding was that WPG
exposure plays a pivotal role in the metabolic and epigenetic adapta-
tion of immune cells, particularly macrophages, allowing an enhanced
pro-inflammatory cytokine secretion. This adaptation facilitates the
recruitment and activation of other immune cells, such as NK cells and
¢DCl cells, establishing a robust anti-tumor T-cell response. Previous
studies have provided compelling evidence supporting the use of
trained immunity in cancer’*°, For example, Kalafati and colleagues
showed that B-glucan-induced training enhances myeloid cell activa-
tion and tumor infiltration, leading to significant tumor suppression®,
Moreover, BCG-induced trained immunity has been shown to repro-
gram innate immune cells to overcome immunosuppressive barriers.
More recently, Wattenberg and colleagues reported that co-activation
of myeloid receptors like CD40 and Dectin-1 synergistically boosts
trained immunity, resulting in improved T cell-mediated tumor

control®. Together, these findings underscore the therapeutic poten-
tial of leveraging trained immunity to elicit durable anti-tumor
responses and provide a strong rationale for integrating this strategy
into CRC immunotherapy.

Our re-analysis of publicly available data from Geller and
colleagues*® supports the notion that WPG treatment induces sus-
tained myeloid reprogramming, reinforcing trained immunity
mechanisms in their pancreatic cancer model. The progressive accu-
mulation of Chil3 +Ly6C+ macrophages and monocytes over time
suggests a lasting imprint on the innate immune compartment, sup-
ported by an enhanced expression of the antigen presentation
machinery, as well as activation of the adaptive immunity. Consistent
with this, in their cancer vaccine model, WPG-pretreated mice dis-
played significant alterations in T cell memory subsets, with a shift
from central to effector memory CD8 +T cells. Furthermore, these
trained mice exhibited heightened IFN-y and TNF-a production upon
antigenic stimulation, underscoring an enhanced functional response.
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These findings suggest that WPG-mediated trained immunity not only
remodels the myeloid landscape but also drives a more robust and
durable T cell response, aligning with the broader implications of
innate-adaptive crosstalk in anti-tumor immunity.

An increase in cDC1, monocytes and macrophages were observed
in mice treated solely with WPG yet this did not have a substantial anti-
tumor effect with our colon cancer models. Wattenberg and collea-
gues also showed a similar trend where mice trained with the BCG
vaccine displayed a similar tumor control to mock mice with pan-
creatic cancer implanted subcutaneously®. Only when mice trained
with BCG and treated with anti-CD40 antibodies did a superior tumor
control was observed. This may indicate that subcutaneous engrafted
tumors specific may need further immune activation might be
required to gain an effective anti-response from trained immunity.

The NK-macrophage-cDCl1 axis has emerged as a key component
of effective anti-tumor immunity in multiple tumor models***’. Mac-
rophages have been shown to be key in orchestrating effective anti-
tumor responses. A recent study showed that disrupting CD206+
macrophages led to a decreased NK infiltration which in response
reduced cDCl1 infiltration*®, Similar to our results, they demonstrated
CXCL9 as a key chemokine expressed by CD206+ macrophages in
recruiting NK cells. Human patients having an intact macrophage-NK-
¢DC1 axis were shown to have a better survival compared to patients
whose axis was disrupted. In CRC, these macrophages are often
skewed toward immunosuppressive phenotypes*’~°, impairing effec-
tive immune activation and possibly recruitment of the NK-cDC1 axis.
By reprogramming macrophages through trained immunity, we can
potentially restore this axis, enabling enhanced tumor antigen pre-
sentation, cytokine secretion, and subsequent T cell priming (Sup-
plementary Fig. 24).

Our scRNA-seq analysis revealed that Chil3+Ly6C"e" macrophages
were the primary cell population driving the NK-cDC1 axis. This is
surprising given that these macrophages are typically classified as
regulatory or pro-tumoral cells, often associated with wound healing
and immune suppression in the TME” . However, under trained
immunity conditions, these macrophages displayed a phenotype more
aligned with pro-inflammatory and anti-tumor functions, suggesting
that their role in the immune response may be more plastic than
previously thought. One possible explanation for this shift is that
trained immunity reprograms these macrophages to adopt a hybrid
phenotype, retaining some regulatory functions while acquiring the
ability to produce pro-inflammatory cytokines. Another possibility is
that the increased presence of IFN-y in the trained environment altered
the macrophage polarization state, pushing Chil3+ Ly6C"&" macro-
phages toward an M1-like phenotype capable of supporting anti-tumor
activity.

A key hallmark of trained immunity is the metabolic rewiring that
underpins long-term functional changes in innate immune cells. Our
metabolomic analysis revealed significant shifts in central metabolic
pathways, particularly in amino acid metabolism and energy produc-
tion. These changes align with previous studies showing that trained
macrophages undergo a shift toward glycolysis, pentose phosphate
pathway activation, and cholesterol biosynthesis, all of which support
increased cytokine production and inflammatory activity®. Interest-
ingly, our data revealed a significant increase in creatine metabolism, a
finding that has not been extensively explored in the context of trained
immunity. Creatine is traditionally associated with muscle energy
metabolism, but recent evidence suggests it plays an important role in
immune cell activation by buffering ATP levels. This has been
demonstrated with macrophages and T cells, where creatine supple-
mentation enhanced anti-tumor activity®. Given that trained macro-
phages require a large ATP supply to sustain cytokine and chemokine
synthesis, we hypothesize that creatine metabolism is essential for
fueling the high metabolic demands of trained immunity. Specifically,
macrophages may rely on creatine to support the expression of key

inflammatory chemokines such as CXCL9 and CXCL1O, which are
crucial for T cell and NK cell recruitment. This finding suggests that
creatine metabolism may be an overlooked yet essential component of
myeloid cell activation and could represent a potential target for
enhancing trained immunity-based therapies.

Our findings show that trained immunity can enhance vaccine
efficacy in CRC by reprogramming myeloid cells to sustain long-term
immune activation. The clinical relevance of this approach is sup-
ported by the use of PDOs, which provide a highly predictive model for
patient-specific responses to immunotherapy. Additionally, the use of
a clinically tested CEA peptide vaccine highlights the translational
potential of our strategy, as CEA is a well-established tumor antigen
with ongoing trials in multiple cancer types®’. From a broader per-
spective, these findings have implications for the development of next-
generation cancer vaccines. By integrating trained immunity with
established immunotherapy approaches, we may be able to overcome
the limitations of current vaccines and checkpoint inhibitors, parti-
cularly in tumors resistant to traditional T cell-mediated approaches.
Ultimately, our study provides a strong rationale for further explora-
tion of trained immunity in cancer immunotherapy, specifically cancer
vaccine therapy. Given its ability to reprogram the innate immune
system for sustained anti-tumor activity, trained immunity-based
approaches could represent a paradigm shift in cancer treatment,
offering hope for patients with cancer vaccine-resistant malignancies.

While our study provides evidence for the role of trained immu-
nity in enhancing colorectal cancer vaccination, several limitations
should be acknowledged. First, our in vivo models, though robust, may
not fully recapitulate the complexity and heterogeneity of human CRC,
and further validation in diverse patient cohorts, including patient-
derived models, is required to strengthen translational relevance.
Second, while we delineated the metabolic and epigenetic mechan-
isms underpinning 3-glucan-induced training, we did not assess how
long these functional changes persist. Our functional assays demon-
strate efficacy several weeks after training, yet dedicated longitudinal
experiments—such as late tumor inoculation, immune rechallenge,
and serial profiling of trained macrophages—will be critical to define
persistence and memory-like features in cancer contexts. Finally, as
with all preclinical studies, translation to the clinic will require not
only mechanistic validation in human immune subsets but also eva-
luation of safety, dosing, and combinatorial regimens with existing
therapies.

Methods

Ethical permits

The iCAN Flagship Project biobank study is based on a biobank con-
sent and was reviewed by the HUS Ethical Committee and is executed
based on a HUS research permit (4.5.2023 §38 (HUS/223/2023), a
Findata data permit (THL/1338/14.02.00/2022), and MTAs with Hel-
sinki Biobank (HBP20210170) and Finnish Hematology and Registry
Biobank FHRB (12.5.2022).

All animal studies were evaluated and authorized by the Experi-
mental Animal Committee of the University of Helsinki and the Pro-
vincial Government of Southern Finland (permits ESAVI/11895/2019
and ESAVI/12722/2022). Our ethical authorization limits tumor size to a
maximum diameter of 18 mm, and this limit was not exceeded in any
experiment conducted for this study.

Murine cell lines

Murine colon adenocarcinoma CT26 (ATCC Cat# CRL-2638) was pur-
chased from the American Type Culture Collection (ATCC) after 2013.
Murine colon adenocarcinoma MC38 (Kindly provided by Cristian
Smerdou, Cima Universidad de Navarra). Murine colon adenocarci-
noma Colon-2 was purchased from Cytion (Product number: 400156).
Cell lines were thawed at passage 5 and kept in culture until reaching
passage 15. All cell lines were authenticated by the ATCC, cultured
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under appropriate conditions and regularly checked for mycoplasma
contamination.

Preparation of conditionally replicating adenovirus

All adenoviruses were generated as conditionally replicating adeno-
viruses using standard protocols previously described*®®’. In short,
adenovirus viruses are of the chimeric 5/3 serotype with a 24-
nucleotide deletion and deleteion of the gpl9k region in the EIA
region resulting in selective replication in Rb-deficient pathway cells.

PC complex formation

The PeptiCab complex was generated by combining the adenoviral
vector with a peptide that includes a polyK tail. Twenty micrograms of
PolyK-extended epitopes were incubated with the 1 x 10° viral particles
for 15minutes at room temperature prior to treatment with the
resulting complexes. Detailed information on the stability and forma-
tion of the complex has been reported previously**>. The specific
quantities of peptide and virus used in each experiment are provided
in the corresponding figure legends.

PBMCs, PMNs and monocyte collection

Polymorphonuclear cells (PMNs) and peripheral blood mononuclear
cells (PBMCs) were isolated from buffy coats as previously described®.
The PBMC and PMN layers were subsequently removed between
serum and Ficoll (Cytivia, Cat# 1714400) or in the Histopaque (Sigma-
Aldrich, Cat# 11191) layer, respectively, and cultured in 1XRPMI (Ros-
well Park Memorial Institute, Gibco, Cat# 21875034),

PBMC were processed for monocyte enrichment using density
gradient centrifugation with Percoll(Sigma-Aldrich,Cat# P1644) solu-
tions. PBMC suspension (containing approximately 150 —200 x 10°
cells) was carefully layered onto a hyper-osmotic Percoll. Tubes were
centrifuged at 580 g for 15 min and cells at the interface were collected
and then centrifuged at 350 g for 7 min. Cell pellet resuspended in
RPMI medium to produce a monocyte-enriched suspension. To further
purify the monocyte population by removing platelets and dead cells,
10 mL of iso-osmotic Percoll solution was overlaid with 3 mL of the
monocyte-enriched suspension (up to 200 x10° cells) followed by
centrifugation at 350 g for 15 min. The supernatant was removed, and
cell pellets were resuspended in RPMI medium. Samples were taken
from buffy coats from the Finnish Red Cross blood service (ethical
permit 26/2025).

Tumor implantation and innate immune training for animal
experiments

All animal experiments were reviewed and approved by the Experi-
mental Animal Committee of the University of Helsinki and the Pro-
vincial Government of Southern Finland (license number ESAVI/11895/
2019). Around 4-6-week-old immunocompetent female BALB/c mice,
purchased from Envigo (Venray, Netherlands), injected in the right
flank with 500,000 CT26 cells. As for MC38 tumors, C57BL/6 mice
purchased from Envigo (Venray, Netherlands) were injected in the
right flank with 500,000 cells. All mice were maintained on a standard
rodent chow diet provided ad libitum. Animals received dry pellet feed
(Envigo; Catalog No. 2018S) unless otherwise specified. Food and
water were always available throughout the experiments. Tumor
volume was calculated using the following formula:

long measure x (short measure)*

Tumor Volume= 3

A complete randomization was performed on the day of the
treatment. Details on the schedule of the treatment can be found in the
figure legends. The viral dose used was 1x109 vp/tumor complexed
with 20 ug of a single peptide. The tumors were measured with a

caliper and the mice were sacrificed when the humane ethical endpoint
was met.

For prophylactic settings, mice were trained by injecting two I.P
administrators of 1 mg of WPG (Invivogen, Cat# tlrl-wgp) 7 and 4 days
before tumor implantation. For therapeutic settings, mice were first
implanted with tumors and then at day 4 and 7 post-tumor implanta-
tion were injected with two administering of 1 mg of WPG (Invivogen,
Cat# tirl-wgp) I.P.

For adoptive transfer experiments, macrophages and NK cells
were isolated from splenocytes of donor mice. CD11b* cells were first
enriched using CD11b magnetic beads (BioLegend, 480109, 5pl/1
million cells of biotin, 10 pl/1 million cells of nanobeads) and further
purified into F4/80* macrophages using F4/80 magnetic beads (Bio-
Legend, 480169, 5 pl/1 million cells of biotin, 10 pl/1 million cells of
nanobeads). NK cells were enriched using a NK isolation beads (Bio-
Legend, 480049, 5 pl/1 million cells of biotin, 10 pl/1 million cells of
nanobeads). Purified macrophages or NK cells were stimulated with
1pg/mL WPG for 24 h, washed extensively, and subsequently trans-
ferred into recipient mice (1 x 10° cells per mouse, I.P.).

In vivo depletion of specific immune cell types

For macrophage depletion, mice were administered i.p. with 200 pl of
chlodronate liposomes (Liposoma, Cat# C-005) 1day after tumor
implantations and then every four days until the end of the experi-
ment. As for NK depletion, mice were treated with 50 pl of anti-Asialo-
GM1 antibodies (Purified anti-Asialo-GM1 Antibody, BioLegend, Cat #
146002) day after tumor implantations and given every four days until
the end of the experiment. For depletion of both immune population,
mice were treated with both treatments 1 day after tumor implanations
and given every four days until the end of the experiment. For CD8 + T
cell depletion, mice were given a bolus treatment of 500 ug of anti-CD8
antibody (BioXcell, Cat# #BE0O061) given L.P 1 day prior the first PC
treatment and was further sustained by injecting 100 ug of anti-CD8
antibody L.P every 3 days.

Seahorse metabolic assay
A Seahorse XFe96 Analyzer (Agilent) was used to determine oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) in
macrophages. Macrophages were enriched using F4/80 microbeads
(BioLegend, Cat#480169). Purified macrophages were transferred to
Seahorse XF Base medium (Agilent) supplemented with glucose
(10 mM), sodium pyruvate (5 mM), and L-glutamine (5 mM) (Gibco),
pH 7.4, at 37 °C. Cells were plated at either 0.5 x 10° or 0.8 x 10° cells
per well onto Seahorse XF96 cell culture plates and allowed to
adhere. Macrophages were then stimulated with either 1 ug/ml whole
B-glucan particles (WPG; InvivoGen, Cat#tlrl-bgp) or PBS control for
either 2h (short-term stimulation) or overnight (16 h; long-term
stimulation).

OCR and ECAR were measured using a standard Mito Stress Test.
The following inhibitors were sequentially injected during the assay:
oligomycin (1uM), carbonyl cyanide 4-(trifluoromethoxy) phenylhy-
drazone (FCCP; 1uM), and a mix of antimycin A and rotenone (1uM
each). Assay parameters were 3 min mixing, no wait, and 3 min mea-
surement, repeated 3 times at baseline and after each injection. Fol-
lowing measurements protein determination was performed, and
results were normalized for total protein content.

Creatine inhibition

Mice received I.P injection of B-GPA (500 mg/kg in 100 plf PBS)
(Sigma-Adlrich, Cat#G6878) 1 day after tumor implantations and given
every day until the end of the experiment.

Intracellular stimulation and staining
Intracellular stimulation and staining were performed on 2 x 10 mur-
ine splenocytes incubated in a 96-well U-bottom plate with brefeldin A
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(Biolegend, Cat# 420601) (1:1,000) and monensin A (Biolegend, Cat#
420701) (1:1,000) at 37°C for 5h. Stimulants were added at con-
centrations of 2 ug for peptides and 40 MOI for adenovirus. Following
stimulation, samples were stored overnight at 4 °C. The cells were then
centrifuged and the pellets were resuspended in murine Fc-block
(BioLegend, Cat# 156613) at 4 °C for 15 minutes. Extracellular proteins
were stained using the following antibodies: BV711 CD3 (BD Bios-
ciences, #563123,0.5 pl/1 million cells), BV510 CD8 (BD Biosciences,
#563068, 1 pl/1 million cells), PE-CF594 CD4 (BD Biosciences, #562285
0.5 pl/1 million cells), APC CD62L (eBioscience, #17-0621-81 0.5 pl/1
million cells), AF700 CD44 (BioLegend, #103026, 1 /1 million cells),
and v450 CCR7 (BD Biosciences, #560805, 1pl/1 million cells). After
extracellular staining, the cells were fixed and permeabilized using a
Fixation/Permeabilization kit (BD Biosciences) according to the man-
ufacturer’s instructions. Intracellular proteins were then stained with
BV650 TNF-a (BioLegend, #506333, 1pl/1 million cells), PE-Cy7 IL-2
(BioLegend, #503832, 1pl/1 million cells), PE IFN-y (BiolLegend,
#505808, 1 /1 million cells), and FITC IL-6 (BioLegend, #503806, 1 I/
1 million cells). Finally, the samples were acquired on a Fortessa flow
cytometer (BD Biosciences) and analyzed with FlowJo software (ver-
sion 10.8.2).

Flow cytometry of tumor samples

Tumors from mice were passed through a 70 um cell strainer (Falcon)
to obtain a cell suspension. One million cells were then platedina96 vV
bottom well plate (Sarstedt) and stained with the following antibodies:
BV711 CD3 (clone: 145-2C11, cat: 563123, BD Biosciences, 0.5 pl/1 million
cells), BV510 CD8 (clone: 53-6.7, cat: 563068, BD Biosciences, 1 pl/1
million cells), PE-CF594 CD4 (clone: RM4-5, cat: 562285, BD Bios-
ciences, 0.5 pl/1 million cells), APC CD62L (clone: MEL-14, cat: 17-0621-
81, eBioscience, 0.5 pl/1 million cells), AF700 CD44 (clone: IM7, cat:
103026, BioLegend, 1/1 million cells), v450 CCR7 (clone: 4B12, cat:
560805, BD Biosciences, 1 pl/1 million cells), BV650 TNF-a (clone: MP6-
XT22, cat: 506333, BioLegend, 1 pl/1 million cells), PE-Cy7 IL-2 (clone:
JES6-5H4, cat: 503832, BioLegend, 1 pl/1 million cells), PE IFN-y (clone:
XMG1.2, cat: 505808, BioLegend, 1pl/1 million cells), BV711 CD11b
(clone: M1/70, cat: 101241, BioLegend, 0.5 pl/1 million cells), FITC
CDllIc (clone: N418, cat: 25-0114-82, eBioscience, 0.5 pl/1 million cells),
PerCP/cy5.5H2-Kd (clone: AF6-88S, cat: 116516, BioLegend, 1 pl/1 mil-
lion cells), PE CD103 (clone: 2E7, cat: 121406, BioLegend, 1 pl/1 million
cells), APC PDCA (clone: 927, cat: 127015, BioLegend, 1pl/1 million
cells), APC anti-mouse CD3 (clone: 17A2, cat: 100236, BiolLegend,
0.5pg/1 million cells), FITC anti-mouse CD8a (clone: 53-6.7, cat:
100706, BioLegend, 1pg/1 million cells) and PerCP/cy5.5 anti-mouse
CD107a (LAMP-1) (clone: 1D4B, cat: 121625, BioLegend, 5 /1 million
cells), All antibody mixes were incubated in a final volume of 100 pl and
generally used according to their respective manufacturer
instructions.

In-vitro human immune cell training and stimulation

100,000 purified monocytes were resuspended in a volume of 100 pL
was dispensed into flat-bottom 96-well plates (Corning, NY, USA) and
allowed to adhere to the polystyrene surface for 1 h at 37 °C. Afterward,
cells were washed with pre-warmed. Monocytes were then incubated
with either RPMI culture medium as a negative control or with 1 pg/mL
of B-glucan at 37 °C for 24 h. After, cells were treated with brefeldin A
(1:1,000) and monensin A (1:1,000) at 37 °C and stimulated with 40
MOI of adenoviruses or LPS (Invivogen, Cat#, tlrl-3pelps) (10 ng/ml) for
5h. As for macrophages, monocytes were differentiated into MO
macrophages by supplementing RPMI media with 10% human heat-
inactivated serum for five days. For DCs, monocytes were stimulated
with GM-CSF (1000 U/ml) and IL-4 (800 U/ml) for 4 days. DCs and
macrophages were then incubated with either RPMI culture medium as
a negative control or with 1 pg/mL of B-glucan at 37 °C for 24 h. After,
cells were treated with brefeldin A (1:1,000) and monensin A (1:1,000)

at 37 °C and stimulated with 40 MOI of adenoviruses or LPS (Invivogen,
Cat#, tlrl-3pelps) (10 ng/ml) for 5 h.

Ex-vivo metabolomic inhibiton

Balb/c mice were first trained with either PBS or WPG and then sacri-
ficed. Spleens were isolated and were then passed through a 70 um cell
strainer (Falcon) to obtain a cell suspension. CD11b* cells were isolated
using CD11b magnetic beads (BioLegend, 480109, 5 pl/1 million cells of
biotin, 10 pl/1 million cells of nanobeads) and plated in dispensed into
flat-bottom 96-well plates and allowed to adhere. CD11b* cells were
then treated with 10 nM rapamycin (Sigma), 500 nM of ascorbic
(Merck, Cat# APO456787373) and 10 mM of 3-GPA for 5 days and then
washed with PBS. CD11b" cells were then stimulated with PBS or 40
MOI of adenoviruses for 5h. For TNF-a (BioLegend, 502909, 1pl/1
million cells) and IL-6 measurement-a (BioLegend, 501112, 1 pl/1 million
cells), CD11b" cells were treated with brefeldin A (1:1000) and mon-
ensin A (1:1000) to measure levels with intracellular flowcytometry. As
for CXCL9 and CXCLI1O, the concentrations of each cytokine was
determined in the cell culture supernatant by ELISA using MIG/CXCL9
(ThermoFisher,Cat#250-18-20UG) and murine CXCL10/IP-10 ELISA kit
(R&D, Cat# DY466-05).

Immunofluorescence on F4/80 macrophages

Tumors from mice were passed through a 70 um cell strainer (Falcon)
to obtain a cell suspension. CD11b" cells were isolated using CD11b
magnetic beads (BioLegend, 480109, 5 pl/1 million cells of biotin,
10 pl/1 million cells of nanobeads) and then further enriched for F4/
80 macrophages using F4/80 beads (Biologend, 480169, 5 pl/1 mil-
lion cells of biotin, 10 pl/1 million cells of nanobeads). F4/80 mac-
rophage cells were plated on 8 well Nunc; Lab-Tek; Il Chamber Slides
and cultured for 4 days. Cells were fixed in 4% cold paraformaldehyde
and stained with H3K4me3 antibody (1:200, Diagnode, C15410003)
and DAPI (1pg/ml, Invitrogen™, P36941) Microscopy pictures were
taken using an EVOS FL cell imaging system (Thermo Fisher
Scientific).

Transwell assay

Tumors from mice were passed through a 70 um cell strainer (Falcon)
to obtain a single-cell suspension. CD11b* cells were isolated using
CD11b magnetic beads (BioLegend, 480109) and further enriched for
F4/80* macrophages using F4/80 beads (BioLegend, 480169), NK cells
using the mouse NK cell isolation kit (BioLegend, 480049, 5 /1 mil-
lion cells of biotin, 10 pl/1 million cells of nanobeads) or DCs using
Mouse Pan Dendritic Cell Isolation Kit (BioLegend, 480097, 10 pl/1
million cells of biotin, 10 pl/1 million cells of nanobeads).

For murine macrophage-NK migration assays, F4/80* macro-
phages were plated in the bottom chamber and stimulated with 40
MOI of adenovirus. NK cells were fluorescently labeled with 5puM
CellTracker™ Green CMFDA Dye (Thermo Fisher Scientific,
Cat#C2925) and seeded in the upper chamber of 6.5 mm Transwell®
polycarbonate membrane inserts with 5.0um pore size (Corning).
Where indicated, NK cells were pre-incubated with 10 ug/ml of anti-
mouse CXCR3 antibody (BioXcell, Cat#BE0249) prior to migration.
After 24 h, migrated NK cells were quantified using a BD LSRFortessa
(BD Biosciences) with Precision Count Beads™ (BioLegend,
Cat#424902, 5 pl per sample).

For murine NK-DC migration assays, NK cells were isolated from
the TME using the NK cell isolation kit (BioLegend, 480049, 5 ul/1
million cells of biotin, 10 pl/1 million cells of nanobeads), while DCs
were isolated using the MojoSort™ Mouse Pan Dendritic Cell Isolation
Kit (BioLegend, 480097, 10 pl/1 million cells of biotin, 10 pl/1 million
cells of nanobeads). Where indicated, NK cells were stimulated with
1 pg/ml of WPG overnight and then washed with PBS. DCs were labeled
with 5uM CellTracker™ Green CMFDA Dye and placed in the upper
chamber of Transwell® inserts (5.0 um). NK cells were plated in the
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lower chamber and stimulated with 40 MOI of adenovirus. In selected
conditions, NK cells were treated with 10 pg/ml of anti-CCL5 antibody
(BioXcell, Cat#BE0449) prior to migration. After 24 hours, migrated
DCs were quantified by flow cytometry on a BD LSRFortessa using
Precision Count Beads™.

ChIP-qPCR on murine samples

Chromatin immunoprecipitation (ChIP) was performed to assess
H3K4me3 enrichment at target loci. Briefly, 1x10 cells were cross-
linked in culture with 0.75% formaldehyde for 10 min at room tem-
perature, followed by quenching with 125 mM glycine for 5 min. Cells
were washed twice in cold PBS, collected by scraping, pelleted, and
resuspended in FA lysis buffer (750 ul per 1x107 cells). Nuclei were
disrupted by sonication for 15 cycles (1min ON and 1min OFF) for
murine samples while for human samples 25 cycles (1 min ON and 1 min
OFF) to generate chromatin fragments of 500-1,000 bp, confirmed
on a 15% agarose gel. Input samples were saved prior to
immunoprecipitation.

For ChIP, 25 ug protein per reaction was diluted 1:10 in RIPA buffer
and incubated overnight at 4 °C with anti-H3K4me3 antibody or with
control IgG antibody (1 ug antibody per 25 ug protein) and Protein A/G
beads (pre-blocked with herring sperm DNA and BSA). Bead-only
samples served as negative controls. Beads were sequentially washed
three times with wash buffer and once with final wash buffer before
elution in 120 pl elution buffer. Cross-links were reversed at 65 °C for
4-5h with RNase A and proteinase K treatment. DNA was purified
using a PCR purification kit (Qiagen) according to the manufacturer’s
instructions.

Purified DNA was analyzed by quantitative PCR using primers
specific for target promoters (e.g., CXCL9, CXCL10, Slc6a8). Ct values
from immunoprecipitated samples were first corrected by subtracting
IgG background. Data were then normalized to input DNA to account
for differences in chromatin quantity. Enrichment was expressed as
fold enrichment relative to control samples (non-trained). Primer can
be found in Supplementary Table 1.

RT-qPCR

NK cells were isolated from mouse tumors using the MojoSort™ Mouse
NK Cell Isolation Kit (BioLegend, Cat#480049) according to the
manufacturer’s instructions. Total RNA was extracted using the
RNeasy Mini Kit (Qiagen, Cat#74104), and RNA concentration and
purity were determined using a NanoDrop spectrophotometer
(Thermo Fisher Scientific). For cDNA synthesis, RNA sample was
reverse transcribed using Maxima Reverse Transcriptase (200 U/pL;
Thermo Fisher Scientific, Cat#EP0742) following the manufacturer’s
protocol.

Quantitative PCR (qPCR) was performed using GoTaq® qPCR
Master Mix (Promega, Cat#A6002) on a QuantStudio 5 Real-Time PCR
System (Applied Biosystems). Each reaction was run in technical tri-
plicates with the following cycling conditions: 95 °C for 2 min, followed
by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Expression levels were
normalized to Gapdh, and fold change was calculated using the AACt
method relative to PBS-treated NK cell controls. Primer can be found in
Supplementary Table 1.

Long-term generation of peptide-specific CD8 + T cells

Isolated PBMCs were trained using PBS or 1pg/mL of WPG for 24 h.
Trained PBMCs were cultured with GM-CSF (1000 U/mL) and IL-4
(800 U/mL) for 4 days to differentiate into monocyte-derived dendritic
cells (moDCs). To stimulate peptide-specific T cells, PBMCs were
pulsed with PC (10 pM of peptides complexed with 10° viral particles).
Subsequently, TNFa (10 ng/mL, Peprotech) and LPS (10 ng/mL) were
directly applied which were incubated for 4 h to generate semi-mature
dendritic cells. After, IL-21 (60 ng/mL, Peprotech) was added to
enhance T-cell expansion. After 10-12 days, the T cells were re-

stimulated with PC for an additional 10 days. The cultures were
maintained by feeding every 2-3 days with IL-2 (50 U/mL, STEMCELL
Technologies).

Short-term generation of peptide-specific CD8 + T cells

10° PBMCs were plated in a 24-well plate and treated with PBS or 1 pg/
mL of WPG for 24 h. Cells were then washed and stimulated with PC
(10 pM of peptides complexed with 10° viral particles). After three
days, IL-2 (50 U/mL, STEMCELL Technologies) was added to further
expand T cells. PBMCs were then restimulated with PC and treated
with brefeldin A (1:1,000) and monensin A (1:1,000) at 37 °C for 5 h.

Microscopy and quantification

Microscopy visualization of PDO killing was conducted with EVOS
M7000 Imaging System (Thermo Fisher Scientific) where images of
green labeled CD8 + T-cells and cell death (using PI) were obtained in
the transmitted, Green Fluorescent Protein (GFP) and Red Fluorescent
Protein (RFP) channels respectively. Settings including brightness,
focus and counts per image were established manually, with the
desired targets per image. After manual calibration automated image
acquisition was performed to obtain 50 images per well across multi-
ple channels and build a Z-stack. Automated image acquisition for this
study included transmitted (for conventional colored precipitate
product), RFP and GFP.

Metabolomic profiling

Sorted CD11b+ cells from murine tumors were add to 400 pl of cold
extraction solvent, followed immediately by centrifugation at
14,000 rpm for 5 minutes at 4 °C. The supernatants were then loaded
onto an Ostro 96-well plate (25 mg; Waters) and processed using a
robotic vacuum. The resulting filtrates were transferred into poly-
propylene tubes and dried completely in a nitrogen gas evaporator.
The dried residues were reconstituted in 40 pl of extraction solvent,
vortexed for 2 minutes, and then transferred into HPLC glass auto-
sampler vials. Two microliters of each sample were injected into a
Thermo Vanquish UHPLC system coupled with a Q-Exactive Orbitrap
quadrupole mass spectrometer fitted with a heated electrospray
ionization (H-ESI) source (Thermo Fisher Scientific). Chromatographic
separation was performed using a SeQuant ZIC-pHILIC column
(2.1mm x 100 mm, 5 pm particle size; Merck) under gradient elution at
a flow rate of 0.100 ml/min. Mobile phase A, composed of 20 mM
ammonium hydrogen carbonate adjusted to pH 9.4 with a 25%
ammonium solution, and acetonitrile as mobile phase B were used in
the following gradient: starting at 20% A and 80% B, maintained until
2 minutes, then gradually increasing mobile phase A to 80% by
17 minutes, and finally reducing back to 20% A at 17.1 minutes, which
was held until 24 minutes. The column oven and autosampler were
maintained at 40° + 3 °C and 5° + 3 °C, respectively. Mass spectrometry
was performed with polarity switching under the following conditions:
a resolution of 35,000; spray voltages of 4250V (positive mode) and
3250V (negative mode); sheath gas at 25 arbitrary units; auxiliary gas
at 15 arbitrary units; sweep gas flow of O; capillary temperature at
275°C; and an S-lens RF level of 50.0. The instrument was operated
using Xcalibur 4.1.31.9 software (Thermo Fisher Scientific), and meta-
bolites were annotated for 462 metabolites with TraceFinder 4.1 soft-
ware (Thermo Fisher Scientific) using mass to charge ratios and
retention time of standards (MSMLS-1EA, Merck). Throughout the run,
the data quality was monitored by including a pooled serum quality
control (QC) sample every 10th injection. The final data was pre-
filtered for metabolites having poor chromatograph, high variation in
pooled QC samples >20% RSD or background noise >20% when
compared to blank samples. Data was analysed with MetaboAnalyst 5.0
(https://www.metaboanalyst.ca/). Missing variables were imputed by
replacing with 1/5 of the minimum positive values of individual fea-
tures. The data was further normalized with loglO-transformation and
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auto-scaling. In multivariate clustering analysis the heatmap was
computed using distance measure euclidean for up to 25 most sig-
nificant features (t-test). Principal component analysis (PCA) was used
to visualize the data. For Univariate analysis t-test and volcano plot
analysis were performed with fold changel.5 and raw p-value < 0.05.
Quantitative metabolite set enrichment analysis (MSEA) was per-
formed in the MetaboAnalyst 5.0 using the mouse KEGG database.

Hashting samples for Single-cell RNA sequencing

Sorted CD11b" cells were washed 2-3 times with 10 mL of PBS and then
resuspended in 100 pL of Cell Staining Buffer (BioLegend, Cat#
420201). Next, 10 pL of TruStain FcX blocking reagent (BioLegend,
Cat# 420510) was added, and the cells were incubated for 10 minutes
to block non-specific binding. A unique TotalSeq-A hashing antibody
(BioLegend, Cat#1603-1608, 1pl/1 million cells) was then added to
each sample at a concentration of 1-2 puL (or 1-2 pg per sample) and
incubated for 30 min at 4 °C in the dark. Following this, the cells were
washed 3-5 times with 3 mL of staining buffer, combined into a single
1 mL volume of staining buffer, centrifuged, and finally resuspended in
PBS containing 0.04% bovine serum albumin (BSA) before proceeding
to scRNA-seq.

Single-cell RNA sequencing

The Chromium Single Cell 3’RNAseq run and library preparations were
performed using the 10x Genomics Chromium Next GEM Single Cell 3’
Gene Expression v3.1 Dual Index chemistry, with modifications out-
lined by Stoeckius et al.22 (https://cite-seq.com/) and based on an
updated protocol available at www.biolegend.com/en-us/protocols/
totalseqg-a-antibodies-and-cell-hashing-with-10x-single-cell-3-reagent-
kit-v3-3-1-protocol. Approximately 15,000 cells were aimed per 10x
lane (GEM well) that contained hashed samples from 13 cell lines,
which were cultured either alone or in combination with NK cells, with
separate GEM wells allocated for each treatment group. This setup
resulted in targeting roughly 1000-1200 cells for sequencing from
each cell line in mono- or co-culture. The 3’ GEX and Cell Hashing
(multiplexing) libraries were sequenced on an lllumina NovaSeq
6000 system, with read lengths set at 28 bp for Read 1, 10 bp for the i7
Index, 10 bp for the i5 Index, and 90 bp for Read 2.

Single-Cell RNA sequencing analysis

scRNA-seq data were processed using Seurat (v6.0) in R (v4.3.2). For
quality control, cells were filtered to exclude those with <200 or
>2500 detected genes, >30% mitochondrial gene content, or genes
expressed in fewer than three cells. Cells with abnormally high
ribosomal content (>50%) or low UMI counts (<700) were also
removed.

Gene expression values were normalized with the NormalizeData
function using the LogNormalize method (scaling factor = 10,000).
Highly variable genes (HVGs; n =2000) were identified using the “vst”
method in FindVariableFeatures. Data were scaled and centered using
the ScaleData function. To control for cell-cycle heterogeneity, cell-
cycle scores were computed with CellCycleScoring (G2/M and S mar-
kers provided in Seurat) and regressed out during scaling.

Dimensionality reduction was performed by principal component
analysis (PCA) on HVGs. The top 30 PCs were selected based on elbow
plot inspection and JackStraw resampling. To mitigate batch effects
across experiments, we applied Harmony (v1.0) with default para-
meters, using sample identity as the covariate.

Clustering was performed using the FindNeighbors and
FindClusters functions. For global clustering across all immune cells,
we used a resolution of 0.5; for lymphoid cell-focused subclustering, a
resolution of 0.5 was applied; and for TAM/monocyte analyses, we
used 0.4. Two-dimensional visualization was performed with UMAP
(RunUMAP, 30 PCs, default settings).

Cluster annotation was guided by differentially expressed (DE)
markers, identified with the FindAlIMarkers function (Wilcoxon rank-
sum test, log2 fold-change >0.8 or <-0.8, adjusted p value<0.05,
Bonferroni correction). Differential expression between experimental
groups was performed with the FindMarkers function using the same
thresholds. Cell type identities were then assigned by manual review of
cluster-specific DEGs and confirmed using the InmGen MyGeneSet
tool, rather than automated classification tools, to ensure biologically
grounded annotations.

Tissue collection for PDO culture and ethical perimits

Tissue samples were obtained by surgeon either via endoscopic biopsy
forceps or via biopsy from surgical specimen. The samples were
transported to the laboratory in a transfer medium (DMEM supple-
mented with 1% Penicillin-Streptomycin solution) and processed
within 24 h after collection. The iCAN Flagship Project biobank study is
based on a biobank consent and was reviewed by the HUS Ethical
Committee and is executed based on a HUS research permit (4.5.2023
§38 (HUS/223/2023), a Findata data permit (THL/1338/14.02.00/2022),
and MTAs with Helsinki Biobank (HBP20210170) and Finnish Hema-
tology and Registry Biobank FHRB (12.5.2022). All samples used in this
study were destroyed after the analysis.

PDO culture

Tissue samples were dissociated mechanically by P1000 pipette, fol-
lowed, if necessary, by a ten-minute enzymatic digestion with Orga-
noid Digestion Medium to increase biomass output. Dissociated cells
were washed 1 or 3 (in case of enzymatic digestion) times by cen-
trifugation (5min at 4 °C, 200g) in Wash medium, resuspended in
Matrigel (Corning, Cat# 354230) and plated as a single domes (50 pL
each) on a 24-well plate (1 dome/well). After Matrigel solidifying (15-
30 min in 37 °C), 500 pL of Organoid Culture Medium supplemented
with 1uL/mL Rho-associated coiled-coil kinase inhibitor Y-27632 was
added to cover the domes, and plates were returned to 37 °C (with 21%
02 and 5% CO2) and cultured for expansion. Organoid Culture Medium
was changed every 7 days. Organoids were passaged every 14 days (or
7 days if necessary).

T-cell killing assays with PDOs

CRC PDOs were co-cultured with 100,000 expanded CDS8 + T-cells.
CD8+T cells were injected using a 27 G needle straight into the
matrigel. Propidium iodide was added (1:1000) to the culture to
visualize death. After 24 h of incubation at 37 °C, cell killing was mea-
sured by determining the amount of LDH released using a colometric
assay (CyQUANT LDH Cytotoxicity Assay, Cat# C20303). Specific lysis
was then calculated using the following formula: Percent cytotoxicity =
(“experimental”’-“target spontaneous”)/(“target maximum”-“target
spontaneous”) x 100%, where “experimental” corresponds to the sig-
nal measured in a treated sample, “target spontaneous” corresponds
to the signal measured in PDOs alone and “target maximum” corre-
sponds to the signal measured in the presence of detergent lysed
tumor cells.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All scRNA sequencing data generated in this study have been depos-
ited in the Genome Sequence Archive (GSA) under the accession
number CRA024974 (https://ngdc.cncb.ac.cn/gsa/browse/
CRA024974). The full dataset of the metabolomics data can be
found in the Source Data (Supplementary Fig. 7A). The remaining data
supporting the findings of this study are available within the Article or
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its Supplementary Information. Source data are provided with
this paper.
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