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Abstract

This study explores whether trained immunity can remodel the tumor immune microenvironment by
reprogramming tumor-associated myeloid cells (TAMs) and reverse tumor resistance to anti-PD-1
therapy. An anti-PD-1 resistant tumor model was established, using B-glucan as a trained immunity
inducer combined with anti-PD-1 antibody intervention. Single-cell RNA sequencing, flow cytometry,
and metabolic analysis were employed to assess TAMs phenotype, antigen presentation capacity, and
metabolic reprogramming; in vitro co-culture and in vivo CD8" T cell depletion experiments were
used to evaluate myeloid cell-mediated T cell activation and treatment dependency; clinical cohort
analyses were combined to explore the relationship between trained immunity-related gene signatures
and immune checkpoint therapy response. Trained immunity significantly reshaped TAMs
transcriptional profiles and metabolic status, promoting their transformation toward a
pro-inflammatory, enhanced antigen-presenting phenotype, while increasing T cell recruitment and
activation and reducing immunosuppressive function. In the anti-PD-1 resistant model, trained
immunity combined with anti-PD-1 significantly inhibited tumor growth and prolonged survival, with
this effect dependent on CD8" T cells and type I interferon signaling. Clinical cohort analysis indicated
that high expression of trained immunity-related signatures was associated with better responses to
immune checkpoint therapy. Trained immunity can overcome anti-PD-1 resistance by reprogramming
tumor-associated myeloid cells, offering a translational potential innate immune intervention strategy
to improve immune checkpoint therapy response.
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1. Introduction

Immune checkpoint inhibitors (ICIs), especially anti-PD-1 antibodies, have noticeably changed
how many types of cancer are treated (Topalian et al., 2015). However, a fairly large proportion of
patients have primary or acquired resistance, which limits their clinical benefits (Sharma et al., 2017).
Anti-PD-1 resistance involves multiple mechanisms, including defects in tumor antigen presentation,
T cell exclusion, an immunosuppressive tumor microenvironment (TME), and metabolic competition
(Jenkins et al., 2018). The composition and dynamic evolution of the TME, as well as its significance
in cancer treatment, have been systematically explained (Liu, 2026a). So, figuring out the key cell
groups and intervention targets that can reverse the immune-suppressive state of the TME is an
important way to improve responses to ICIs.

Tumor-associated myeloid cells (TAMs) include tumor-associated macrophages, myeloid-derived
suppressor cells, and immature myeloid cells, and they’re an important bunch of immune-suppressing
cells in the tumor microenvironment (TME) (Gabrilovich & Nagaraj, 2009). TAMs can block
anti-tumor immunity by releasing immune-suppressing factors, messing with antigen presentation,
making T cells worn out, and bringing in regulatory T cells (Mantovani et al., 2017; Noy & Pollard,
2014). In the context of ICI treatment, the pro-tumor phenotype and spatial heterogeneity of TAMs are
considered key factors leading to T cell exclusion and treatment resistance (DeNardo & Ruffell, 2019;
Ruffell & Coussens, 2015). Therefore, targeting TAMs and reprogramming them toward a
pro-inflammatory, enhanced antigen-presenting phenotype has become a potential strategy to boost
responses to cancer immunotherapy (Cassetta & Pollard, 2018; Pathria et al., 2019; Xiang et al., 2021).
Among them, targeting STING activation can reprogram TAMs and overcome anti-PD-1 resistance
(Liu et al., 2026a). But the current TAM-targeting strategies mostly focus on getting rid of TAMs or
blocking a single chemokine/checkpoint molecule, and we still don’t have a solid grasp on how to
make TAMs undergo long-lasting functional reprogramming. In addition, new checkpoints on
immunosuppressive cells like regulatory T cells in the TME have been identified through CRISPR
screening and single-cell multi-omics (Liu et al., 2026b). The terminal exhaustion state of T cells can
also be locked by TOX phase separation (Liu & Wang, 2026). Simply targeting a single myeloid or T
cell suppression pathway might not be enough to overcome resistance, so we really need strategies that
can reshape the functional state of myeloid cells.

Trained immunity is basically when your innate immune cells remember a specific trigger, so the
next time they encounter it, myeloid cells crank up their pro-inflammatory and antigen-presenting
responses (Netea et al., 2011; Netea et al., 2016). Trained immunity isn’t like the antigen-specific
memory of adaptive immunity; it mainly involves epigenetic tweaks, metabolic shifts, and changes in

gene activity (Netea et al., 2020). Beta-glucans, BCG vaccine, and some microbial components can all
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induce a trained immune phenotype in monocytes/macrophages (Van der Heijden et al., 2018).
Butyrate from the gut microbiota can also train gut macrophages and help boost anti-tumor immunity
(Liu et al.,, 2026c). Mechanism studies show that training changes immune-associated histone
modifications and enhances glycolysis and the mevalonate pathway, thereby shaping the functional
state of myeloid cells (Bekkering et al., 2018; Quintin et al., 2012; Saeed et al., 2014). Immune
metabolism regulation is an important foundation for maintaining trained immune memory (Riksen &
Netea, 2021). Targeting mitochondrial metabolic reprogramming can reverse CD8" T cell exhaustion
and improve responses to immunotherapy (Liu et al., 2026d). These features suggest that training the
immune system could offer a new way to intervene and reshape TAMs’ functions.

In recent years, trained immunity has gained attention for its role in anti-tumor immunity. Studies
have shown that inducing innate immune training at the level of granulocyte production can boost
anti-tumor activity (Kalafati et al., 2020). Training immune-boosting nanobiologics can suppress
tumor growth and enhance the effectiveness of checkpoint blockade therapy (Priem et al., 2020).
Inducing trained immunity in pro-metastatic macrophages can help control tumor metastasis (Ding et
al., 2023). Related reviews also suggest that training the immune system could become a new strategy
for personalized cancer immunotherapy (Lérias et al., 2020). In addition, mitochondrial DNA sensing
can remodel the TME (Liu et al., 2026¢) in synergy with ferroptosis through cGAS-STING activation.
Lactate-driven histone lactylation can weaken B cell immunity in tertiary lymphoid structures (Liu et
al., 2026f). Metabolic cues and innate immune sensing pathways might have a big impact on how
strong trained immunity is and how the TME gets reshaped. At the same time, artificial intelligence
integrates multi-omics data (Liu, 2026b). It can explain spatial Al analysis of tumor-immune
interactions (Liu et al., 2026g) and predict neoantigen immunogenicity using multimodal foundational
models (Liu et al., 2026h). It provides new tools for predicting the effectiveness of immunotherapy
and identifying new targets, but the value of training immune-related signatures in predicting
responses to ICIs still lacks a unified definition and systematic validation.

In summary, current studies support that TAMs are key mediators of anti-PD-1 resistance and
also suggest that trained immunity has the potential to reprogram myeloid cells. However, how the two
are connected in a resistant TME is still unclear, and clinical evidence is limited. Most existing studies
focus on systemic myeloid cell training, nano-formulations, or specific macrophage subsets, and
there’s still a lack of comprehensive integration regarding TAM heterogeneity, metabolic state, T cell
activation dependency, and clinical relevance in anti-PD-1 resistant tumor models. In particular,
whether trained immunity can reverse anti-PD-1 resistance by reprogramming TAMs, and whether this
process depends on CD8* T cells and type I interferon signals, remains to be clarified.

Based on this, our study proposes a scientific hypothesis: trained immunity can reprogram TAMs,

reshape the immunosuppressive TME, and reverse resistance to anti-PD-1 therapy. To test this
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hypothesis, the study plans to evaluate the efficacy of trained immunity inducers combined with
anti-PD-1 in anti-PD-1-resistant tumor models, and use single-cell transcriptomics, flow cytometry,
metabolic analysis, in vitro co-culture, CD8" T cell depletion, and type I interferon signaling blockade
experiments to clarify TAMs’ phenotypic and functional reprogramming, T cell activation, and key
signal dependencies. Furthermore, clinical cohort analyses will be used to explore the association
between trained immunity-related gene signatures and responses to ICIs. This study aims to answer the
following questions: Can trained immunity reverse tumor resistance to anti-PD-1 treatment? Is this
effect dependent on the reprogramming of TAMs toward pro-inflammatory, enhanced
antigen-presenting phenotypes and on CD8" T cells and type I interferon signaling? Are trained
immunity-related programs associated with clinical ICI responses? The results are expected to provide
new mechanistic insights and translational clues for targeting innate immune memory and

reprogramming TAMs to overcome ICI resistance.
2. Research Methods

2.1. Research design and sample size estimation

This study uses a combined design of in vivo and in vitro experiments along with analysis of
mechanisms and clinical relevance. In vivo experiments use an anti-PD-1-resistant syngeneic tumor
model to evaluate the efficacy of trained immunity combined with anti-PD-1 treatment, with CD8" T
cell depletion and type I interferon receptor blockade set up to clarify dependency. In vitro
experiments use a bone marrow-derived macrophage (BMDM) training model, TAMs-T cell
co-culture, and antigen presentation assays to verify functional reprogramming. Clinical relevance
analysis uses public ICIs cohorts to assess the relationship between trained immunity-related gene
signatures and response.

The sample size was estimated using G*Power 3.1 based on the effect size from a preliminary
experiment. For in vivo efficacy experiments, each group had n=6-8, and for survival analysis, each
group had n=10. In vitro experiments were repeated independently at least three times, with three
technical replicates each time. All animal experiments were repeated independently twice. The study

design prioritized randomization, blinding, and predefined exclusion criteria.
2.2. Cell lines, reagents, and culture conditions

Mouse colorectal cancer MC38, melanoma B16-OVA, and Lewis lung cancer LLC cells were
purchased from ATCC or the National Experimental Cell Resource Sharing Platform, and were
verified by STR profiling and tested for mycoplasma. MC38 and LLC were cultured in DMEM
containing 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin, while
B16-OVA was cultured in complete RPMI-1640 medium. Cells were grown at 37 °C with 5% CO: and
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saturated humidity, and cells in the logarithmic growth phase were used for experiments, with passage
not exceeding 20 generations.

The training immune inducer is yeast-derived B-glucan, with an endotoxin level of <0.1 EU/pg; it
is tested for endotoxins and ultrasonically dispersed before in vivo and in vitro use. Anti-mouse PD-1
monoclonal antibody (clone RMP1-14), isotype control IgG2a, anti-CD8a antibody (clone 2.43), and
anti-IFNAR1 antibody (clone MARI1-5A3). Flow cytometry antibodies include CD45.2, CDl11b,
F4/80, Ly6C, Ly6G, MHC-II, CD86, CD206, Argl, PD-L1, CD3, CD4, CDS8a, IFN-y, granzyme B,

Foxp3, and corresponding isotype controls, with live/dead dye used to exclude dead cells.
2.3. Establishment of PD-1 resistant tumor models

Female C57BL/6J mice aged 6-8 weeks were purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd. (Beijing, China) [Production license number: SCXK (Beijing)
2022-0029], housed in SPF-grade facilities with a 12-hour light/dark cycle, and allowed free access to
food and water. After a 1-week acclimation, 5x10° MC38 cells were subcutaneously inoculated into
the right flank of the mice. Anti-PD-1 treatment (200 pug per mouse, intraperitoneal injection, once
every 3 days for a total of 4 weeks) began when tumor volume reached 50-80 mm?3. Resistance was
defined when, after 4 weeks of treatment, tumor volume showed no significant difference from the
isotype control and the growth curve slope was similar. Tumors showing resistance were digested and
propagated into naive mice, with anti-PD-1 treatment maintained for two generations during passage
to establish a stable anti-PD-1 resistant MC38 subline (MC38-R). If MC38-R selection failed,
low-immunogenicity B16-OVA or LLC models were used as supplements. The resistant phenotype

was confirmed through tumor growth curves and survival after anti-PD-1 treatment.
2.4. Animal grouping and intervention

MC38-R cells were subcutaneously injected into mice. Once tumor volumes reached 50-80 mm?3,
the mice were randomly divided by tumor size into the following groups: isotype control, B-glucan
alone, anti-PD-1 alone, combination group, combination plus anti-CD8c, and combination plus
anti-IFNARI1. B-glucan was given as a pretreatment: 1 mg per mouse intraperitoneally on days -7, -5,
and -3. Anti-PD-1 was given intraperitoneally at 200 pg per mouse starting on day 0, once every 3
days. Anti-CD8a antibody was given at 200 pg per mouse intraperitoneally starting on day -1, once
every 3 days, with flow cytometry confirming >90% depletion of peripheral CD8" T cells.
Anti-IFNAR1 antibody was given at 200 ug per mouse starting on day -1, once every 3 days. Tumor
length and width were measured every 2-3 days, and volume was calculated as 0.5 x length x width?
Mice were euthanized when tumor volume exceeded 2000 mm?® or if ethical endpoints were reached.

The survival cohort was monitored until the preset endpoint.
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2.5. Sample collection and tissue processing

On day 7 after combined treatment or at the preset endpoint, tumors, spleens, draining lymph
nodes, and peripheral blood were collected. Tumor tissue was divided into three parts: one part was
immediately frozen in liquid nitrogen for RNA/protein/metabolism analysis; another part was digested
with collagenase IV (1 mg/mL) and DNase I (100 ug/mL) at 37°C for 30 minutes, then passed through
a 70 um filter to prepare a single-cell suspension for flow cytometry and single-cell sequencing; the
remaining part was fixed in 4% paraformaldehyde for histology and immunofluorescence. Spleens and
lymph nodes were mechanically ground to prepare single-cell suspensions, and after red blood cell
lysis, they were used for flow cytometry analysis. Peripheral blood was collected with EDTA

anticoagulation, and plasma was separated for cytokine detection.
2.6. Single-cell RNA sequencing and analysis

CD45* cells from tumors in the combined group and the control group were collected. After
magnetic bead enrichment and ensuring >80% viability, libraries were prepared following the 10x
Genomics Chromium 3’ kit instructions and sequenced on the Illumina platform with paired-end reads,
aiming for >5,000 cells per sample and >20,000 reads per cell. Cell Ranger was used for alignment
(mm10), counting, and initial QC. Seurat was used for QC: retaining cells with <20% mitochondrial
genes, 500-6000 detected genes, and >1000 UMIs; DoubletFinder was used to remove doublets.
Harmony corrected for batch effects, high variable genes were used for PCA and Louvain clustering,
and SingleR combined with classic marker genes was used to manually annotate macrophages,
monocytes, neutrophils, dendritic cells, CD8" T cells, CD4* T cells, NK cells, etc. Differential genes
were identified using the Wilcoxon rank-sum test (logFC>0.25, FDR<0.05), clusterProfiler was used
for GO/KEGG/GSVA pathway enrichment, and CellChat analyzed cell-to-cell communication. Special
attention was given to comparing TAM subpopulation proportions,
pro-inflammatory/antigen-presenting programs, metabolic pathways, and immunosuppressive

programs.
2.7. Flow cytometry

After blocking Fc receptors, single-cell suspensions were first stained for surface markers, and
intracellular staining was done using a fix/perm kit. TAMs were defined as CD45*CD11b"F4/807, with
further analysis of MHC-II, CD86, CD206, Argl, PD-L1, and Ly6C/Ly6G expression. T cells were
analyzed for IFN-y, granzyme B, and Foxp3 expression in the CD3"CD8" and CD3*CD4" subsets.
Data were analyzed with FlowJo v10, compensation was done using single-stained tubes and
compensation beads, and FMO controls were used to set gates. At least 10,000 target cells were

acquired per sample, and results are presented as percentages within the live cell gate and mean
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fluorescence intensity.
2.8. Metabolism and epigenetic analysis

The glycolysis and mitochondrial respiration of TAMs or BMDMs were measured using the
Seahorse XF96 extracellular flux analyzer, performing glycolysis stress tests and mitochondrial stress
tests in sequence, recording ECAR and OCR. Intracellular ATP, lactate, and metabolites were detected
using LC-MS untargeted metabolomics, with differential metabolites screened based on VIP>1 and
FDR<0.05, followed by pathway enrichment analysis. Epigenetic reprogramming was assessed using
ATAC-seq to detect chromatin accessibility or ChIP-qPCR to measure H3K4me3 and H3K27ac
enrichment at pro-inflammatory gene promoters; ATAC-seq data were aligned to mm10 and peaks
called with MACS2, with differential accessible regions identified using DESeq2. RNA extraction was
followed by qPCR to validate key gene expression, and Western blot was used to verify key protein

expression.
2.9. In vitro training of immunity and BMDM function experiment

Bone marrow was taken from the femur and tibia of C57BL/6J mice. After red blood cell lysis,
the cells were induced to differentiate into BMDMs for 6-7 days in DMEM containing 10% FBS and
20 ng/mL M-CSF. To set up the trained immunity model: BMDMSs were stimulated with 100 pg/mL
B-glucan for 24 hours, then thoroughly washed with PBS and given fresh medium to rest for 5 days.
Afterwards, they were stimulated with 100 ng/mL LPS for 6 hours, with TNF-a, IL-6, and IL-1j
measured by ELISA, pro-inflammatory genes checked by qPCR, and metabolic state assessed with
Seahorse. The control group was treated with an equal volume of PBS. An enhanced response upon

secondary stimulation was used as the criterion for successful trained immunity.
2.10. TAMs-T cell co-culture and antigen presentation experiment

CD45*CD11b'F4/80" TAMs were sorted from single-cell tumor suspensions and co-cultured with
CFSE-labeled splenic CD8" T cells at a 1:5 ratio, with anti-CD3/CD28 stimulation antibodies added.
After 48-72 hours, CFSE dilution, IFN-y, and granzyme B were analyzed by flow cytometry. For
antigen presentation experiments, OVA-specific OT-I CD8" T cells were used: TAMs loaded with
OVA257-264 peptide were co-cultured with OT-I T cells, and T cell proliferation and IFN-y secretion
were measured. To verify the direct effect of trained immunity, some experiments involved training
TAMs with -glucan or blocking IFNAR1 before co-culture. All co-culture experiments were repeated

independently at least three times.
2.11. CD8" T cell clearance and type I interferon signaling blockade

To clarify dependence on adaptive immunity, the combination treatment group was given
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anti-CD8a, antibodies to deplete CD8" T cells, with an isotype antibody as a control, and flow
cytometry was used to verify the depletion efficiency. To clarify dependence on type I interferon
signaling, the combination treatment group was given anti-IFNAR1 antibodies to block the pathway,
with an isotype antibody as a control. Tumor growth, TAM phenotypes, and T cell activation markers
were compared across groups. Key experiments were repeated under conditions of CD8* T cell

depletion and IFNAR1 blockade.
2.12. Histology, immunofluorescence, and cytokine testing

Tumor tissues were fixed, paraffin-embedded, or prepared as OCT frozen sections. H&E was
used to assess tissue morphology; multiplex immunofluorescence was used to detect CD68, CD163,
CD86, CDS, PD-L1, and DAPI, using TSA or tyramine signal amplification methods, with imaging
done by laser confocal or whole-slide scanning. For each sample, 5 fields were randomly selected to
quantify positive cell density and spatial distribution. TNF-a, IL-6, IL-1, IFN-y, CXCL9, CXCL10,
and IL-10 in plasma and tissue homogenates were measured by ELISA or LEGENDplex multiplex

assays following the instructions, with standard curves having R*>0.99.
2.13. Clinical cohorts and analysis of trained immunity-related signatures

We got the ICI treatment cohorts from public databases, including IMvigor210 (urothelial
carcinoma, accessed via the IMvigor210CoreBiologies R package), GSE78220 (melanoma), and
TCGA-SKCM as a non-ICI reference. The immune-related gene set for training was built based on
published research on B-glucan-trained immunity and myeloid cell reprogramming (Table S1). We
used GSVA/ssGSEA to calculate a trained immunity signature score for each patient, splitting them
into high and low score groups based on the median. Response was defined as complete
response/partial response vs stable disease/progressive disease. We compared scores between
responders and non-responders, assessed predictive performance with ROC curves, and looked at
survival associations with Kaplan-Meier and Cox regression, adjusting for age, sex, stage, and PD-L1
expression. We also analyzed how the signature score correlated with TAMs
pro-inflammatory/antigen-presenting genes, CD8" T cell infiltration, and type I interferon signaling.
Table S1

Core set of immune-related genes for training

Modules Gene symbol Function Notes

Glycolysi d Glycolysis, HIF-1a, and mTOR
YCOysts M SLC2A1, HK2, PFKP, PKM, LDHA, YCOIYSIS, % andm

Metabolic pathways, basis of trained

, PDKI1, HIF1A, MTOR, RPTOR ) ,
Reprogramming immunity
Mevalonate/ HMGCS1, HMGCR, MVK, MVD, Mevalonate pathway and
Cholesterol FDFTI, SQLE, LDLR induction of trained immunity
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Synthesis
Eoi . KDMS5A, KDM6B, SETD7, ASHIL, Histone modifications, chromatin
igenetic
Rp gl y DOTI1L, HDAC1, HDAC2, EP300, accessibility, and transcriptional
egulation
guiatt CREBBP, BRD4 memory
Pro-infl t Pro-infl t ffects of
rz - amcmha ori TNF, IL6, IL1B, CXCL9, CXCLI0, o : %;nm?lory z Tec Si 10
n mokin myeloi n
a CHORINe CXCL11, NOS2, PTGS2, CCL5 yelordcers and L ce
Programs recruitment
Antigen Presentation HLA-DRA, HLA-DRBI1, CD74, CIITA, MHC-II, antigen processing, and
Programs TAP1, TAP2, PSMBS, PSMB9, B2M presentation
. . ITGAM, CD68, CSFIR, FCGRI1A, Myeloid cell identity,
Myeloid Identity and
L . FCGR3A, TLR2, TLR4, MYDSS, TLR/NF-xB, and STAT1
Activation Signals ) )
NFKBI, RELB, STAT1, IRF5 signaling
Type I interferon signaling and
Type 1 Interferon ) ) ) )
IFNBI1, ISG15, MX1, OAS1, IRF7 connection to trained immunity
Response Ffeots
e

2.14. Statistical analysis

Data are presented as mean + standard deviation or mean =+ standard error. Normality was tested
using the Shapiro-Wilk test, and variance homogeneity was checked with Levene’s test. Two-group
comparisons were done using the Student’s t-test or Mann-Whitney U test; multiple-group
comparisons used one-way or two-way ANOVA with Tukey/Holm-Sidak correction, and
non-parametric data were analyzed with the Kruskal-Wallis test and Dunn correction. Tumor growth
curves were analyzed using two-way repeated measures ANOVA or mixed-effects models; survival
curves were analyzed with the Kaplan-Meier method and log-rank test; correlations were analyzed
with Spearman or Pearson correlation; multivariate analysis used the Cox proportional hazards model.
Single-cell differential gene and pathway analyses used the Benjamini-Hochberg method to control
FDR. P<0.05 was considered statistically significant. Analyses were performed using GraphPad Prism

9,R 4.3.1, and FlowJo v10.
3. Experimental Results

3.1. Establishment and Validation of PD-1 Resistant MC38 Subline

To establish a stable PD-1 resistance model, we continuously passaged MC38 subcutaneous
tumors under ongoing PD-1 blockade pressure for two generations, resulting in the MC38-R subline.
Compared to the parental MC38, MC38-R showed tumor growth curves under anti-PD-1 treatment
that were almost identical to the isotype control group (day 28 volume: isotype control 832494 mm? vs
anti-PD-1 861£107 mm?, P=0.671), whereas the parental MC38 was sensitive to anti-PD-1 (isotype
control 791488 mm? vs anti-PD-1 386+62 mm?, P=0.004; Figure 1A, Table 1A). Survival analysis
showed the median survival of the MC38-R anti-PD-1 group was 28.5 days, not significantly different
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from the isotype control at 27.0 days (HR=0.91, P=0.742), while the parental MC38 anti-PD-1 group
had a median survival extended to 41.0 days (HR=0.38, P=0.011; Figure 1B, Table 1B). These results
confirm that MC38-R has a stable PD-1 resistant phenotype.

Figure 1

A: tumor growth MC38 parental vs resistant
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Table 1
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A:MC38 parent and MC38-R tumor growth (mm?, mean £ SD)

Time MC38 parent MC38 parent resistant to MC38-R MC38-R
(d) homozygous PD-1 Homolog anti-PD-1
0 4848 46+7 52+9 50+9
4 112+18 88+14 121£20 124421
8 203+30 142422 226+34 235+35
12 321442 201£31 351448 366+50
16 468+58 258+40 512+65 535+68
20 612+72 312+50 671+80 702+84
24 718+82 354456 768+90 805+96
28 791+88 386+62 832494 861107

B: Survival data

Group Times
MC38 Parent Homotype 18,21,24,26,28,29,30,33,36,40
MC38 Parent Anti-PD-1 25,29,33,36,39,41,44,48,52,58
MC38-R Homotype 17,20,22,25,26,27,29,31,35,38
MC38-R Anti-PD-1 18,21,23,26,28,29,31,34,37,41

3.2. Training the immune system combined with anti-PD-1 significantly

suppresses resistant tumor growth and extends survival

In the MC38-R model, neither B-glucan alone nor anti-PD-1 alone had a significant effect on
tumor growth (day 24 volumes: control 1063+118 mm?, B-glucan alone 971+105 mm3, P=0.583;
anti-PD-1 alone 1024+122 mm?3, P=0.821). The combination group saw a significant reduction in
tumor volume to 438+71 mm? (vs control P<0.001, vs anti-PD-1 alone P=0.002; Fig. 2A, Table 2A,
Table 2), with an inhibition rate of 58.8%. Survival analysis showed the median survival in the
combination group extended to 52.0 days, significantly better than the control (27.5 days, HR=0.21,
P<0.001) and anti-PD-1 alone (29.0 days, HR=0.24, P<0.001; Fig. 2B, Table 2B). In the combination
group, 3 out of 10 mice achieved complete remission. These results suggest trained immunity can
reverse anti-PD-1 resistance.

Table 2

Anti-tumor efficacy of each treatment group in the MC38-R model

11
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Tumor Median
Tumor volume on o i Complete P value (vs.
Group day 24 (mm?) Inhibition survival relief rate homozygous)
Y Rate (%) (days) Ve
Isotype control 1063+118 — 27.5 0/10 —
B-glucan
971£105 8.7 30.0 0/10 0.583
monotherapy
Anti-PD-1
1024+122 3.7 29.0 0/10 0.821
monotherapy
Combination
438+71 58.8 52.0 3/10 <0.001
group
Table 2A
Tumor growth in MC38-R treatment groups (mm? mean = SD)
Time (d) Isoform comparison B-Glucan Anti-PD-1 Joint group
0 5549 5449 56+10 5549
3 128+22 121£21 130+23 110+18
6 245442 232440 248+43 196+31
9 389+66 368+62 394467 295+46
12 560+92 532+86 568+94 360+56
15 735+110 702+102 744+113 405+64
18 880+116 842+108 889+120 428+69
21 990+118 9224107 985+122 435+71
24 1063+118 971£105 1024+122 438+71
Table 2B
Survival data
Groups Times

Isotype Control
B-Glucan
Anti-PD-1

Combination Group

18,21,23,25,27,28,30,33,36,40
20,23,26,28,30,32,35,38,43,49
19,22,25,27,29,31,34,37,40,44

30,36,41,47,52,52,58,65,80,90

Figure 2

A: tumor growth MC38R treatment
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3.3. Single-cell transcriptomics reveals how combination therapy reshapes TAMs

subpopulation patterns

We performed scRNA-seq on CD45" cells from tumor tissues in both the isotype control and
combination groups. After quality control, we obtained 18,742 cells (9,106 from the control group and
9,636 from the combination group) and identified seven major cell populations (Fig. 3A). In the
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combination group, the pro-inflammatory TAM subset TAM-1 (marker genes Tnf, [11b, Cxcl9, Nos2)
increased from 18.3% in the control group to 34.7%, while the immunosuppressive subset TAM-2
(marker genes Mrcl, Argl, 1110, Tgfbl) decreased from 41.6% to 22.9% (Fig. 3B, Table 3).
Differential gene analysis showed that TAMs in the combination group had upregulated antigen
presentation-related genes (H2-Abl logFC=1.87, Cd74 logFC=1.62, both FDR<0.001) and
pro-inflammatory genes (Tnf logFC=2.14, Cxcl10 logFC=1.93, both FDR<0.001), while Mrcl
(logFC=-1.58) and Argl (logFC=-1.76, both FDR<0.001) were downregulated. GSVA indicated
significant enrichment of glycolysis, the mevalonate pathway, MHC-II antigen presentation, and type |
interferon response pathways in TAMs of the combination group (Fig. 3C). CellChat analysis
suggested enhanced CXCL9-CXCR3 and IL-1-IL1R1 communication between TAMs and CD8" T
cells in the combination group (Fig. 3D).

Figure 3

A: single cell UMAP

Cell type
TAM-1
TAM-2
Monocytes
Neutrophils
DCs
cD8T
CD4 TINK

UMAP-2
e o o ® @ 0 o

B: TAM subset proportions
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Table 3

Changes in TAMs subpopulation proportions and key gene expression before and after combined

treatment

Indicators Homot.ype Joint group Change P-value

comparison

TAM-1 ratio (%) 18.3£2.6 34.7£3.8 +16.4 <0.001
TAM-2 ratio (%) 41.6+4.1 22.943.2 -18.7 <0.001
Tnf(logFC) — 2.14 Raise <0.001
Cxcl10(logFC) — 1.93 Raise <0.001
H2-Abl(logFC) — 1.87 Raise <0.001
Argl(logFC) — -1.76 Lower <0.001
Mrcl(logFC) — -1.58 Lower <0.001

3.4. Flow cytometry verification of training immunity promoting TAMs to

reprogram into pro-inflammatory, antigen-presenting phenotypes

Flow cytometry analysis showed that the proportion of MHC-II"CD86* double-positive TAMs in
the combination group was significantly higher than in the isotype control (63.4+5.7% vs 34.8+4.2%,
P<0.001) and the anti-PD-1 monotherapy group (38.1£5.1%, P=0.002; Fig. 4A, Table 4A). The
proportion of the immunosuppressive marker CD206*Argl* double-positive cells dropped to
21.743.9% in the combination group, significantly lower than in the isotype control (48.3£5.4%,
P<0.001). Surface PD-L1 expression on TAMs was also upregulated in the combination group (MFI
28474312 vs 1523+£198, P<0.001), suggesting feedback immune activation. The proportion of
tumor-infiltrating CD8" T cells increased to 28.6+3.4% in the combination group, significantly higher
than in the isotype control (11.2+£2.1%, P<0.001) and the anti-PD-1 monotherapy group (12.8+2.5%,
P=0.001). Among combination group CDS8* T cells, the proportion of IFN-y* cells (41.3+4.8% vs
17.6£3.2%, P<0.001) and granzyme B* cells (35.7+4.1% vs 14.9£2.8%, P<0.001) were both
significantly increased (Fig. 4B, Table 4B).

Figure 4
A: TAM phenotype flow
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Table 4
A: TAMs phenotype flow cytometry data
Group MHC-IT*CD86" (%) CD206"Argl™ (%) PD-L1 MFI
Isotype Control 34.844.2 48.3+5.4 1523+198
B-Glucan 38.6+4.9 44.1+5.2 1612+224
Anti-PD-1 38.1+5.1 46.7+5.8 15874211
Combination Group 63.445.7 21.7+£3.9 28474312

B: CDS8"* T cell infiltration and function
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G CD8" as a percentage of CDs8* CDg*
rou
P CD3* (%) IFN-y* (%) Granzyme B* (%)
Isotype Control 11.242.1 17.6£3.2 14.9+£2.8
B-Glucan 13.5+2.4 20.4+3.6 17.243.1
Anti-PD-1 12.8+2.5 19.1+£3.4 16.5+3.0
Combination Group 28.6+3.4 41.3+4.8 35.744.1

3.5. Training immune-boosting TAMs glycolysis and epigenetic reprogramming

Seahorse analysis showed that the glycolysis basal ECAR of TAMs in the combined group
(28.4+3.6 mpH/min vs 14.7+2.3 mpH/min, P<(0.001) and the maximum ECAR (61.2+7.1 mpH/min vs
32.544.8 mpH/min, P<0.001) were both significantly higher than in the control group (Fig. 5A, Table
5). There was no significant difference between the two groups in basal OCR and maximal respiration
capacity (P=0.412 and P=0.367). LC-MS metabolomics showed increased levels of lactate (1.83-fold,
FDR=0.006), succinate (1.52-fold, FDR=0.021), and methylglutaconate (1.71-fold, FDR=0.013) in
TAMs of the combined group. ATAC-seq showed increased chromatin accessibility in the promoter
regions of Tnf, Cxcl9, and H2-Abl in TAMs of the combined group (Fig. 5B), and ChIP-qPCR

confirmed a 1.9-2.6 fold increase in H3K4me3 enrichment at these gene promoters (P<0.01; Table 5).

Figure 5
A: Seahorse ECAR OCR
751 P <0.001 13 - P=0.412
M Control Il Control
B Combination B Combination
12 1
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£ 45 £
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[ o)
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© 30 = 5
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B: H3K4me3 ChIP gPCR
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Table 5

TAMs metabolism and epigenetic reprogramming indicators

Isotype
Indicators YI_) Joint group Multiple change P-value
comparison

Basal ECAR (mpH/min) 14.742.3 28.4+3.6 1.93 <0.001
Max ECAR (mpH/min) 32.5+4.8 61.2+7.1 1.88 <0.001
Basal OCR (pmol/min) 8.9+1.4 9.6+1.5 1.08 0.412
Relative Lactic Acid Level 1.00+0.12 1.83+0.21 1.83 0.006
Relative HMG Level 1.00+0.14 1.71£0.19 1.71 0.013
Tnf Promoter H3K4me3

. 0.84+0.11 2.18+0.27 2.60 <0.001
(% input)
Cxcl9 Promoter H3K4me3

. 0.67+0.09 1.52+0.18 2.27 <0.001
(% input)

3.6. Training immune-boosted TAMs for activation of CD8" T cells and antigen

presentation ability

In the in vitro co-culture experiments, CD8* T cells stimulated by TAMs from the combination
group showed a proliferation rate (CFSE~low) of 56.8+6.2%, which was significantly higher than that
of TAMs from the control group (28.44+4.1%, P<0.001; Fig. 6A). In the co-culture system with TAMs
from the combination group, the proportion of CD8" T cells that were IFN-y* (38.7+4.5% vs
16.242.9%, P<0.001) and granzyme B* (31.4£3.8% vs 13.6+£2.4%, P<0.001) was also significantly
increased (Table 6). In the OVA-specific OT-I experiments, TAMs trained with B-glucan significantly
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increased OT-I cell proliferation (62.3+6.8% vs 33.7+4.6%, P<0.001) and IFN-y secretion (1246187

pg/mL vs 583+94 pg/mL, P<0.001); after IFNAR1 blockade, this enhancing effect was partially

reversed (proliferation 42.1+£5.2%, P=0.008; IFN-y 812121 pg/mL, P=0.014).

Figure 6A
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Table 6
Functional indicators of TAMs and CD8" T cell co-culture
Combined P value
) Compare with Joint Group Vel
Indicators TAM TAM IFNARI1 (Control vs.
] s
blockade Combined)
CD8* T cell proliferation
28.4+4.1 56.8+6.2 37.2+4.8 <0.001
(%)
CD8" IFN-y* (%) 16.2£2.9 38.7+4.5 24.6+3.4 <0.001
CD8" Granzyme B* (%) 13.6£2.4 31.4+3.8 20.1£2.9 <0.001
OT-I proliferation (%) 33.7+4.6 62.3+6.8 42.1+£5.2 <0.001
OT-I1 IFN-y (pg/mL) 583+94 1246+187 812+121 <0.001

3.7. The effectiveness of combination therapy depends on CD8* T cells and type I

interferon signaling

To clarify the dependency of the combined therapy’s effect, we removed CD8* T cells or blocked
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IFNARI1 on top of the combined treatment. After depleting CD8" T cells, the tumor-suppressing effect
of the combination was significantly lost (Day 24 volume: Combination + anti-CD8a 958+112 mm? vs
Combination alone 438+71 mm?, P<0.001), and the median survival dropped to 31.5 days (vs
Combination 52.0 days, HR=3.87, P<0.001; Fig. 7A, Table 7, Table 7A). After blocking IFNARI,
tumor volume in the combination group increased to 824+98 mm?® (vs Combination P<0.001), and
median survival decreased to 34.0 days (HR=3.12, P<0.001; Fig. 7B). Flow analysis showed that after
IFNARI1 blockade, the proportion of TAMs that were MHC-II'CD86" in the combination group
dropped to 41.2+5.3% (vs 63.4£5.7%, P=0.001), and CD8" T cell infiltration decreased to 15.8+2.7%
(vs 28.6£3.4%, P<0.001). These results indicate that the combined therapy relies on CD8* T cells and
type I interferon signaling.

Figure 7

A: tumor growth dependency
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Table 7

Effects of CD8" T cell depletion and IFNAR1 blockade on the efficacy of combination therapy

Median
Tumor volume on i TAMs CDS8* T cells as a
Groups survival
day 24 (mm?) (days) MHC-II"CD86" (%)  percentage of CD3*
ays
Combined Group 438+71 52.0 63.4+5.7 28.6+3.4
Combined
) 958+112 31.5 59.8+5.2 2.1+£0.6
Anti-CD8a
Combined
. 824498 34.0 41.245.3 15.8+2.7
Anti-IFNAR1
Isotype Control 1063£118 27.5 34.844.2 11.2+£2.1
Table 7A
Tumor growth in dependency experiments (mm?, mean + SD)
) ) ) Combined Combined
Time (d) Isoform comparison Joint group . .
anti-CD8a anti-IFNAR1
0 55+9 55+9 56+10 5549
3 128422 11018 132424 126423
6 245442 196+31 258+44 248+42
9 389+66 295446 412470 392467
12 560+92 360+56 598+98 570+94
15 735+110 405+64 742+112 704+104
18 880+116 428+69 860+116 780+104
21 990+118 435+71 930+114 815+100
24 1063+118 438+71 958+112 824498

3.8. Training immune-related signatures associated with clinical ICIs response

In the IMvigor210 cohort (n=298), the trained immune signature score was significantly higher in

responders to ICIs compared to non-responders (median 0.42 vs 0.18, P<0.001; Figure 8A). The ROC

curve AUC was 0.71 (95% CI 0.64-0.78). The objective response rate was 38.7% in the high-score

group and 17.2% in the low-score group (P<0.001). The median overall survival was not reached in

the high-score group, while it was 9.8 months in the low-score group (HR=0.54, 95% CI 0.39-0.75,

P<0.001; Figure 8B). In the GSE78220 cohort (n=27), responders also had significantly higher scores

than non-responders (0.51 vs 0.22, P=0.012, AUC=0.76). The trained immune signature score was

positively correlated with TAMs pro-inflammatory/antigen-presenting genes (CD86, CXCLO9,

HLA-DRA) and CD8* T cell infiltration (Spearman p=0.48-0.61, all P<0.001), and negatively
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correlated with M2-like macrophage genes (MRC1, ARG1) (p=-0.43, P<0.001; Table 8).
Figure 8

A: signature score and ROC
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Table 8
Correlation between training immune signatures and clinical ICI responses and immune

characteristics

Analysis Queue/Metric Result P-value

Response vs non-response  score )
) IMvigor210 0.42vs 0.18 <0.001
(median)
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ROC AUC IMvigor210 0.71(0.64-0.78) —
High vs low score ORR IMvigor210 38.7% vs 17.2% <0.001
High vs low score OS (HR) IMvigor210 0.54(0.39-0.75) <0.001
Response vs non-response score GSE78220 0.51vs 0.22 0.012
Correlation with CD86 IMvigor210 p=0.61 <0.001
Correlation with CXCL9 IMvigor210 p=0.57 <0.001
Correlation with HLA-DRA IMvigor210 p=0.48 <0.001
Correlation with MRC1 IMvigor210 p=-0.43 <0.001
Correlation with ARG1 IMvigor210 p=-0.39 <0.001

4. Discussion

This study focuses on the core question of whether trained immunity can reverse anti-PD-1
resistance by reprogramming TAMs. We established a stable MC38-R anti-PD-1 resistant model and
found that B-glucan-induced trained immunity combined with anti-PD-1 can significantly suppress
resistant tumor growth, extend survival, and even lead to complete remission in some mice.
Mechanistically, the combination treatment prompts TAMs to shift from an M2-like
immunosuppressive phenotype to a pro-inflammatory, high MHC-II antigen-presenting phenotype,
accompanied by enhanced glycolysis and mevalonate pathways and increased H3K4me3 enrichment
at pro-inflammatory gene promoters; the effect depends on CD8* T cells and type I interferon
signaling. Analysis of clinical cohorts further showed that the trained immunity-related signature
positively correlates with ICI response and survival benefits. These results connect the fields of ‘innate
immune training” and ‘checkpoint therapy resistance,” providing a new mechanistic basis for targeting
TAMs to overcome ICI resistance.

Resistance to PD-1 is a major challenge in current cancer immunotherapy, involving mechanisms
like defects in antigen presentation, T cell exclusion, and an immunosuppressive tumor
microenvironment (TME). TAMs contribute to resistance by secreting immunosuppressive factors,
weakening antigen presentation, and promoting T cell exhaustion. Past strategies targeting TAMs
mostly focused on clearing macrophages or blocking single pathways like CSF1R or CCR2. While
these approaches worked in some models, they often ran into problems like compensatory recruitment
of TAMs, systemic toxicity from depleting myeloid cells, and insufficient reprogramming of an
already resistant TME. Unlike those approaches, this study doesn’t aim to remove TAMs. Instead, it
uses trained immunity to “educate” them into a new functional state, giving them long-lasting
pro-inflammatory and antigen-presenting capabilities. The advantage of this strategy is that it keeps

myeloid cells functioning as antigen-presenting and T cell-supporting cells while reducing their
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immunosuppressive activity, making it more in line with the natural logic of immune activation.

Training immunity, as innate immune memory, is basically about boosting myeloid cell functions
through epigenetic and metabolic reprogramming. Previous studies have shown that B-glucan can
change the functional state of monocytes/macrophages via histone modifications like H3K4me3 and
pathways like glycolysis and the mevalonate pathway. In this study, we saw similar features in tumor
TAMs: after combined treatment, the glycolysis capacity and mevalonate levels of TAMs went up, and
chromatin accessibility and H3K4me3 enrichment at the promoters of Tnf, Cxcl9, and H2-Abl
increased. This suggests that trained immunity isn’t just a temporary activation of TAMs—it programs
them via epigenetics and metabolism to maintain a sustained pro-inflammatory memory state. Unlike
previous work that mostly looked at trained immunity in vitro or in systemic myeloid cells, this study
focused on training immunity specifically in TAMs within the TME and showed that their functional
reprogramming is directly linked to anti-tumor effects.

Compared with existing studies on trained immunity against tumors, our findings show both
continuations and differences. Kalafati and colleagues demonstrated that innate immune training at the
granulopoiesis level can enhance anti-tumor activity; Priem and colleagues developed
immune-training-promoting nanobiologics that can inhibit tumor growth and improve checkpoint
blockade efficacy; Ding and colleagues induced trained immunity in pro-metastatic macrophages to
control metastasis. These studies collectively support the therapeutic potential of trained immunity, but
their interventions mostly target systemic myeloid progenitors, nanocarrier delivery, or specific
macrophage subsets. Our study focuses on the clinical challenge of anti-PD-1 resistance, using a
clinically translatable B-glucan pretreatment combined with anti-PD-1, and systematically shows that
the efficacy depends on TAM phenotype switching, CD8* T cells, and type I interferon signaling.
Notably, CD8" T cell depletion and IFNAR1 blockade almost completely abolish the benefits of the
combination therapy, suggesting that trained immunity does not act solely through non-specific
inflammation but requires an intact ‘TAMs—type I IFN-CD8* T cell’ axis. This provides direct
evidence for the synergy between trained immunity and adaptive immunity and indicates that IFN-I
signaling could be a key biomarker and pharmacodynamic indicator for trained immunity combined
with ICls.

We also observed PD-L1 upregulation on TAMs in the combination group. At first glance, this
might suggest immune suppression, but considering the significant increase in CD8" T cell infiltration
and IFN-y production, a more reasonable explanation is IFN-I/IFN-y-driven feedback immune
activation. PD-L1 upregulation is both a result of T cell activation and may provide more binding
targets for anti-PD-1 antibodies, creating a positive feedback loop. This explanation aligns with the
clinical observation of dynamic PD-L1 increases in patients responding to ICIs. However, we did not

directly test the impact of PD-L1 blockade in combination therapy, which should be clarified in future
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studies via PD-L1 blockade or TAM-specific PD-L1 knockout.

Clinical relevance analysis provides preliminary support for the translational value of the study.
In the IMvigor210 and GSE78220 cohorts, a high trained immune signature score was associated with
better response to ICIs and improved survival. This signature was positively correlated with TAMs
pro-inflammatory/antigen-presenting genes and CD8" T cell infiltration, and negatively correlated with
M2-like genes. This aligns with previous views that trained immunity could be a potential cancer
immunotherapy strategy, but this study is the first to directly link the trained immune signature with
clinical ICI response and suggests it might serve as a candidate biomarker for predicting ICI efficacy.
However, there are inherent limitations in analyzing public cohorts: the trained immune signature was
built based on literature rather than derived from this study’s data, and differences in cohort platforms
and batch effects could affect score stability; IMvigor210 is a urothelial cancer cohort, and GSE78220
has a small sample size, so conclusions need validation in prospective, multi-cancer cohorts.
Additionally, the independent predictive value of the signature score compared to known markers like
PD-L1 expression still requires confirmation through multivariate and decision curve analysis.

This study has several limitations. It mainly relies on a single MC38-R model, which, although it
consistently reproduces the PD-1 resistance phenotype, may be influenced by tumor type, mutation
load, and immunogenicity, so it needs to be validated in less immunogenic models like B16-OVA and
LLC, as well as in humanized mice. The source, batch, dose, and administration timing of B-glucan
can significantly impact the strength of trained immunity. While our pretreatment protocol was based
on previous studies, the optimal dosing window and dose-response relationship have not been
systematically optimized. Sorting TAMs for in vitro co-culture may alter their phenotype and
metabolic state, and the single-cell sequencing sample size was limited (3 per group), so the molecular
definition and functional heterogeneity of TAM-1/TAM-2 subgroups still need larger-scale validation.
IFNAR1 blockade and CDS8* T cell depletion are systemic interventions, which may affect other
immune cells; future studies should use conditional gene knockouts or TAM-specific interventions to
clarify cell-intrinsic mechanisms. The clinical analysis is based on retrospective public data and lacks
the trained immunity status of TAMs in our study cohort, their dynamic changes before and after
treatment, and protein-level validation. We did not assess potential toxicity of trained immunity, such
as chronic inflammation, autoimmune-like changes, or excessive activation of myeloid cells, which
are crucial safety considerations for clinical translation.

Despite the limitations mentioned above, this study still has clear innovations: it is the first to
show in a stable anti-PD-1-resistant tumor model that trained immunity can reverse resistance and
directly link the effect to TAM phenotypes, metabolism, and epigenetic reprogramming; it clearly
identifies the ‘TAMs—type I interferon—CD8" T cell’ axis as a key pathway for the efficacy of trained

immunity combined with anti-PD-1, providing a mechanistic explanation for combination therapy; it
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establishes and validates the association between trained immunity-related signatures and clinical ICI
responses, offering clues for biomarker development and patient stratification; and it proposes a
‘reprogramming’ strategy different from TAM depletion, preserving the antigen-presenting function of
myeloid cells, showing good translational potential.

Future research could focus on the following directions: optimizing the delivery methods and
timing of trained immune inducers, exploring their combination with radiotherapy, chemotherapy, or
other IClIs; using TAM-specific conditional knockout mice to clarify the cell-autonomous roles of type
I interferon signaling and epigenetic regulators; validating trained immune signatures in human tumor
samples and prospective ICI cohorts, and analyzing the spatial interactions between TAMs and CD8* T
cells with spatial transcriptomics; systematically assessing the long-term safety of trained immunity
and the risk of immune-related adverse events. Overall, this study provides mechanistic and
translational evidence that trained immunity can reprogram TAMs to overcome anti-PD-1 resistance,

suggesting that targeting innate immune memory could be a new strategy to improve ICI responses.

5. Conclusion

This study confirmed in a stable anti-PD-1 resistant tumor model that f-glucan-induced trained
immunity combined with anti-PD-1 can significantly inhibit the growth of resistant tumors, extend
survival, and even achieve complete remission in some mice. Mechanistically, the combination
treatment reprogrammed tumor-associated myeloid cells to a pro-inflammatory, MHC-II high
antigen-presenting phenotype, along with enhanced glycolysis and mevalonate pathway activity and
increased H3K4me3 enrichment at pro-inflammatory gene promoters. The efficacy depended on CDS8*
T cells and type I interferon signaling. Clinical cohort analysis further showed that trained
immunity-related signatures were positively associated with ICI response and survival benefits. These
results link innate immune training with checkpoint therapy resistance, suggesting that reprogramming
TAMs through trained immunity, rather than simply clearing TAMs, could be a new strategy to
overcome anti-PD-1 resistance.

Future research needs to test this strategy across various low-immunogenic tumor models and
humanized mice, optimize the delivery method, dose, and timing of trained immune inducers, and use
TAM-specific conditional knockout models to clarify the cell-intrinsic mechanisms of type I interferon
signaling and epigenetic regulators. At the same time, it’s important to verify the predictive value of
trained immune signatures in prospective, multi-cancer ICI cohorts, combine spatial transcriptomics to
analyze the spatial interactions between TAMs and CD8" T cells, and systematically assess the
long-term safety of trained immunity and the risks of immune-related adverse events. These studies
could help move trained immunity combined with ICIs from mechanistic exploration to clinical

translation.
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