
Article https://doi.org/10.1038/s41467-025-65945-z

Targeting tumor-intrinsic BCL9 reverses
immunotherapy resistance by eliciting
macrophage-mediated phagocytosis and
antigen presentation

Sui-Yi Wu1,2,3,16, Yuan-Yuan Zhu4,5,6,7,16, Jia-Lei Sun 2,3,16, Chun-Yan Wang8,16,
Yu-Lei Wang 9, Yan-Yan Nie10, Fei Song11,12, Xun Huang13, Zhong Chen11,12,
Tian He1,2,3, Li-An Shen4,5, Yang Xu1,2,3, Cheng Huang1,2,3, Shuang-Jian Qiu 1,2,3,
Jian Zhou 1,2,3, Andrew X. Zhu14 , Jia Fan 1,2,3 , Di Zhu 4,5,6,7 ,
Bo Hu1,2,3 & Xin-Rong Yang 1,2,3,15

Immune checkpoint inhibitors (ICI) benefit some cancer patients but de novo
resistance remains poorly understood. Analyzing transcriptional data from
two clinical trial cohorts, GO30140 and IMbrave150, we find B cell lymphoma 9
(BCL9), a Wnt/β-catenin co-factor, associated with resistance. We develop a
BCL9-targeting peptide, hsBCL9Z96, which suppresses tumor growth in com-
bination with anti-PD-L1 ab in preclinical hepatocellular carcinoma (HCC)
mouse models. Multi-omics analyses implicate targeting BCL9 inhibits BMP4
secretion and downregulates CD24 on tumor cells, reprogramming macro-
phages toward a tumor-suppressive phenotype and promoting macrophage
phagocytosis. This in turn rejuvenates T cell immunity via enhanced
macrophage-mediated antigen presentation. Our data extend our under-
standing of how tumor-derived Wnt/β-catenin signaling impedes the innate
and adaptive immune responses in the tumor microenvironment and provide
preliminary evidence that targeting BCL9 is a promising preclinical strategy to
mitigate ICI resistance in HCC.

Immune checkpoint inhibitors (ICI) have recently revolutionized the
field of clinical oncology, demonstrating remarkable efficacy against a
variety of solid tumors1. However, in hepatocellular carcinoma (HCC),
which ranks sixth and third in incidence and mortality worldwide,
respectively2, the objective response rate (ORR) of single-agent anti-
programmed cell death protein 1 (PD-1)/programmed cell death
ligand-1 (PD-L1) antibody (ab) remains unsatisfactory. Only ~15–20% of
HCCs respond as a result of de novo resistance3. Furthermore, those
who do benefit from ICI treatment will inevitably experience disease
progression due to the emergence of acquired resistance3,4. Despite
extensive research into biomarkers that might predict the efficacy of

ICI in HCC, such as the microbiome, tumor mutation burden (TMB),
microsatellite instability (MSI), and PD-L1 expression, none has been
proven accurate enough to be routinely used in the clinic5–7. Therefore,
there is an urgent and unmet medical need to identify more effective
“mechanistic indicators” that can explore potential targets to enhance
therapeutic response for ICI treatment and serve aspotential targets to
enhance the therapeutic response or mitigate ICI resistance.

The Wnt/β-catenin pathway is a key oncogenic signal in multiple
cancers, especially HCC8–10. Our previous investigation revealed that a
hyperactivated Wnt/β-catenin pathway is critical in promoting hepa-
tocarcinogenesis and represents a core molecular event during HCC
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development11,12. Furthermore, a desert (immune deficient) phenotype
for the tumor immunemicroenvironment (TIME)was identified inHCC
with Wnt/β-catenin pathway dysregulation, highlighting the feasibility
of targeting this pathway to mitigate ICI resistance13. Pharmacologi-
cally, β-catenin lacks DNA-binding and transcriptional activity, which
makes it difficult to target directly14. Additionally, blocking Wnt/β-
catenin signaling by variousWnt signaling inhibitors is associated with
significant limitations, such as a narrow therapeutic window, weak
penetration potential, or intolerable toxicity, which hampers the clin-
ical development of these agents15. Therefore, there remains an urgent
need to develop clinically translatable Wnt/β-catenin pathway inhibi-
tors to mitigate ICI resistance and improve the prognosis for patients
with unresectable HCC.

A recent studybyour groupdemonstrated that B cell lymphoma9
(BCL9) is not only a core coactivator for β-catenin-induced transcrip-
tion factor, but also a critical factor that drives HCC progression and is
associated with an immune-excluded TIME12. This suggests that BCL9
might contribute to alternative targeting approaches to mitigate ICI
resistance. Indeed, our previous study showed that targeting BCL9 can
significantly sensitize colorectal cancer to ICI treatment via selectively
inhibiting β-catenin signaling16. However, the composition of the TIME
is different between colon cancer and HCC17. Thus, further research is
needed to determine whether BCL9 can remodel the TIME as well as
whether it can serve as a target to mitigate ICI resistance in patients
with HCC.

In this study, we show that tumor-intrinsic BCL9 expression cor-
relates with resistance to ICI treatment in solid tumors. The genetic or
pharmacological inhibition of BCL9 can significantly enhance anti-
tumor innate immunity through reprogramming tumor-infiltrating
macrophages toward a phenotype with improved phagocytosis and
antigen presentation. A highly selective BCL9/β-catenin inhibitor with
low toxicity and improved tumor-penetrating capacity, hsBCL9Z96, is
developed and used to investigate its function in mitigating ICI resis-
tance in HCC. Preclinical evidence suggests that BCL9-mediated
immune reprogramming via specific inhibition can mitigate ICI resis-
tance in HCC.

Results
BCL9 expression correlates with de novo resistance to PD-(L)1-
based treatment in HCC
To explore mechanisms for ICI-based immunotherapy resistance in
HCC, we conducted an integrative analysis of RNA-sequencing (RNA-
seq) data between responders [defined as complete response (CR) or
partial response (PR)] and non-responders [defined as stable disease
(SD) or progressive disease (PD)] from patients who received atezoli-
zumab (Atezo, anti-PD-L1 ab) + bevacizumab (Bev, anti-VEGF ab), as
part of the GO30140 and IMbrave150 cohorts6. Three immunotherapy
validation cohorts were also included from our centre: an Atezo + Bev
cohort (n = 70), a PD-1 plus tyrosine kinase inhibitors (TKIs) cohort
(n = 44), and a patient-derived organotypic tumor spheroids (PDOTS)
cohort (n = 77) (Fig. 1A).

When we focused on the intracellular signaling transduction
pathway involved in immunotherapy resistance, which lacks sys-
tematic analysis in our previous research, it came to our attention that
Wnt/β-catenin signaling was the only enriched signaling pathway in
non-responders (Figs. 1B and S1A and Supplementary Table 1). Differ-
entially expressed genes analysis between the PD and CR subgroups
identified 7 genes involved in Wnt/β-catenin signaling that were sig-
nificantly upregulated in the PD subgroups, two of which (BCL9 and
EP300) were also highly expressed in tumor tissues from the Clinical
ProteomicTumorAnalysis Consortium (CPTAC)HCCcohort11 (Fig. 1C).

Further validation of BCL9 and EP300 was conducted against
tumor samples from a cohort of 70 patients with advanced HCC in our
hospital who received Atezo + Bev treatment. Approximately 32.9%,
47.1%, and 20.0%of patients were identified as having a PR, SD, and PD,

respectively, according to the RECIST 1.1 criteria (Fig. 1D). BCL9
expression showed an associationwith immunotherapy response (area
under the curve, AUC=0.80), higher than EP300 (AUC=0.69, Fig. 1E).
Besides, BCL9 expression correlated more significantly with
progression-free survival (PFS) (Figs. 1F and S1B) and response rate
(Figs. 1G and S1C) to Atezo + Bev immunotherapy than EP300. To
further assess the link between BCL9 and Wnt/β-catenin activity in
HCC,weperformed immunohistochemistry (IHC) staining ofβ-catenin
from Atezo + Bev-treated patients’ tumor. Tumor with low BCL9
expression showed predominantly membranous localization, while
those with high BCL9 expression exhibited mainly nuclear β-catenin
(Fig. S1D). Further analysis revealed that BCL9 expression with a
median cutoff was negatively correlated with several indicators of a
favorable response to ICI, including the inflammatory response, IFN-α
response, IFN-γ response, antigen processing and presentation path-
way, and cytotoxic T lymphocyte (CTL) (Fig. 1H). The AUC for BCL9
expressiondemonstrated a stronger correlation than either PD-1 (0.59)
or PD-L1 (0.57) expression alone in this cohort (Fig. S1E), suggesting
that BCL9 may reflect resistance features beyond these markers. In
addition, low expression of BCL9 was also correlated with a better
response to ICI in patients with melanoma (Fig. S1F).

Representative cases illustrated the trend; patient 1 (low BCL9)
was diagnosed with multifocal HCC, and his tumor was significantly
reduced after three cycles of Atezo + Bev treatment (Fig. 1I, left and
Fig. S1G, left). In contrast, patient 2 (high BCL9) was diagnosed to
progress and have multiple HCCs with metastases in the liver, and he
displayed no response toward Atezo + Bev treatment (Fig. 1I, right and
Fig. S1G, right). We explored the correlation of BCL9with the response
to ICI in another independent cohort of 44 patients with advanced
HCC who received anti-PD-1 ab plus TKIs treatment. High tumoral
BCL9 expression showed an association with a reduced response rate
than that in patients with low tumoral BCL9 expression in this cohort
as well (Fig. S1H). Two typical cases are shown in Fig. S1I.

BCL9 expression at both mRNA and protein levels was assessed
using qRT-PCR and IHC, respectively, in the Zhongshan T +A cohort
(n = 70) and Zhongshan PD-1-based ICI cohort (n = 44). BCL9 expres-
sion was significantly lower in responders compared to non-
responders (Fig. S1J, K). In the GO30140 + IMbrave150 cohort, CR
exhibited markedly lower BCL9 expression than patients with PD
(Fig. S1L).

HCC patient-derived PDOTS were previously used to evaluate the
efficacy of ICI in vitro18. We established HCC PDOTS (n = 77) to validate
the correlation of the BCL9 expression level with the response to anti-
PD-1 ab treatment (Fig. 1J). As expected, the killing index of the anti-PD-
1 abon theHCCPDOTSwasnegatively correlatedwith their expression
of BCL9 (Fig. 1K, L). Collectively, our data support that BCL9 expres-
sion correlates with a poor clinical response to PD-(L)1-based immu-
notherapy in HCC.

HighBCL9 expression is associatedwith an immune-suppressive
microenvironment in HCC
To ascertain the role of BCL9 in the resistance to cancer immu-
notherapy, we further explored the relationship between the expres-
sion of BCL9 and the tumor microenvironments in human HCC.
Immunohistochemical staining of patient specimens demonstrated
that BCL9was significantly associatedwithmacrophages, as evidenced
by the negative correlation between BCL9 expression and CD68+

macrophage density (Fig. 2A, B). We further evaluated the association
between BCL9 expression and relative immune cell abundance esti-
mated algorithmically by ESTIMATE, TIMER, and ssGSEA for a pan-
cancer population in the Cancer Genome Atlas (TCGA) dataset19.
Compared with the patients with low BCL9 expression, the patients
with high BCL9 expression showed relatively low immune cell abun-
dance, including activated CD8+ T cells and macrophages (Fig. 2C). To
further clarifywhether this pattern reflects immunedepletion or active
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suppression, we analyzed the correlation between BCL9 expression
and a panel of immunomodulatory genes across TCGA cancer types.
BCL9 expression was positively correlated with immunosuppressive
genes (such as VTCN1), and negatively correlated with antigen
presentation-related genes (such as HLA-A) and immune effector
genes (such as IFNG), which are typically associated with an active
immune environment (Fig. S1M).

These patterns were consistently observed across multiple tumor
types, suggesting that elevated BCL9 expression may be associated
with an immunosuppressive transcriptional profile, beyond reduced
immune infiltration alone. Cohorts from both the TCGA LIHC and
Zhongshan Hospital consistently confirmed that the infiltrating scores
for macrophages, but not other cells, were both elevated in patients
with low BCL9 expression (Fig. 2D, E). We also analyzed public single-
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cell RNA-sequencing (scRNA-seq) data for liver cancer (GSE151530)20,
and T cells derived from high BCL9 tumor tissues were frequently
found to exhibit an exhausted phenotype, as evidenced by the
downregulation of signature score involved in activatedCD8T cell and
effector memory CD8 T cell, and the upregulation of signature score
for exhausted CD8 T cell (Fig. 2F). Interestingly, only 22.2% (6/27) of
patients with low BCL9 expression were considered to have “cold”
HCC tumors,while60.7% (17/28) of patientswith highBCL9expression
were considered to have “cold” HCC tumors (Fig. 2G, H). These data
suggested a potential immunosuppressive role for tumoral
BCL9 in HCC.

Next, we establishedorthotopicHepa1-6-bearing andH22-bearing
mouse liver cancer models in both immunodeficient NOD clustered
regularly interspaced short palindromic repeats (CRISPR) Prkdc II2r
Gamma (NCG)mice and immunocompetent C57BL/6Jmice to evaluate
the extent to which tumor immunity contributes to BCL9-dependent
tumor progression. Knocking out BCL9 significantly suppressed tumor
growth in both orthotopic models in NCG mice, with tumor growth
inhibition rates (TGI) of ~25% (Fig. 2I). However,Bcl9 knockout (KO) led
to more substantial tumor growth inhibition of Hepa1-6 tumors
implanted inwild-type C57BL/6Jmice andH22 tumors growing in wild-
type BALB/cmice (both TGI were ~50%), suggesting potential immune-
mediated contributions to antitumor effects (Fig. 2J). Consistent with
our clinical findings, we observed intra-tumoral infiltration of CD8+

T cells in Bcl9-KO tumors compared to Ctrl-KO (Fig. 2K).
These findings extended the current knowledge regarding the

crucial role of BCL9 in regulating the TIME, as well as maintaining an
unfavourable “cold” TIME, which suggests that targeting BCL9 merits
investigation as a strategy to potentially mitigate ICI resistance and
improve the efficacy of PD-(L)1-based immunotherapy for HCC.

Design and characterization of a tumor-penetrating peptide
hsBCL9Z96 targeting BCL9
To investigate the feasibility of targeting BCL9 to overcome drug
resistance, we developed hsBCL9Z96, a peptide that directly targets
BCL9/β-catenin (Fig. 3A). Computational docking of hsBCL9Z96 with β-
catenin identified key binding sites in relevant hydrophobic regions
(Figs. 3B and S2A). hsBCL9Z96 showed increased potency to disrupt β-
catenin/BCL9 binding compared to a BCL9-HD2 linear peptide
(Figs. 3C, D and S2B, C). hsBCL9Z96 showed higher activity thanWnt/β-
catenin antagonist ICG-001, as evidenced by the LEF/TCF reporter
assay (IC50: 0.247μM vs. 1.272μM, respectively, Fig. 3E). We then
screened other BCL family members and measured the binding capa-
city of hsBCL9Z96 to these proteins. As shown in Fig. S2D–G, hsBCL9Z96
barely bound other BCL family proteins. Moreover, hsBCL9Z96
demonstrated stronger growth inhibition than hsBCL9CT-24 (a stapled
peptide of BCL9/β-catenin previously reported by our team16)
(Fig. S2H). Collectively, these in vitro data suggest that hsBCL9Z96 has

superior in vitro binding and β-catenin inhibition compared to other
synthetic inhibitors.

Due to the complex extracellular matrix, it is difficult for peptides
to penetrate deep into solid tumors, leading to reduced efficiency and
drug resistance21,22. Flow cytometry indicated a trend toward improved
membrane penetration with hsBCL9Z96 compared to hsBCL9CT-24
(Fig. 3F). In addition, in vivo imaging suggested improved tissue
penetration of hsBCL9Z96, but not hsBCL9CT-24, into liver tissues
(Figs. 3G–I and S2I). Structurally, the hsBCL9Z96 peptide contains a
transactivator of transcription (TAT) cell-penetrating signal and pal-
mitic acid modification that improved membrane targeting and cyto-
plasm transport compared to hsBCL9CT-24. Prior evidence suggests
Caveolins, specialized plasma membrane invaginations present in
most cell types, may mediate the cell-penetrating capacity of TAT cell-
penetrating peptides. Further structural analysis revealed that
hsBCL9Z96 forms 4 salt bonds and 10 hydrogen bonds with Caveolin-2
at the pocket outlet and binds to Caveolin-2 at 37 nM (Figs. 3J and S2J,
K). We found that Caveolin-2 is highly expressed in HCC cells (Fig. 3K).
These observations are consistent with a Caveolin-2-dependent man-
ner. To examine this possibility, we used methyl-beta-cyclodextrin
(MβCD), which destroys caveolae, and found that MβCD could largely
block the cell-penetrating capacity of hsBCL9Z96 (Figs. 3L and S2L).
However, treatment with EIPA and chlorpromazine showed no sub-
stantial inhibition of hsBCL9Z96 entry, suggesting that the macro-
pinocytosis and clathrin-mediated pathways are not essential for its
cell penetration (Fig. S2M).

To assess potential off-target effects of hsBCL9Z96, we conducted
multiple reporter assays and found that hsBCL9Z96’s IC50 values for
inhibiting non-Wnt signaling were 22-fold higher than those forWnt/β-
catenin signaling inhibition (Fig. 3M). At an intravenous dose of 5mg/
kg in rats, hsBCL9Z96 displayed low clearance with an extended half-
life, suggesting that efficacious exposure levels are achievable at a
therapeutic dose (Fig. S2N, O). Thus, hsBCL9Z96 demonstrated tumor-
penetrating capacity with a favorable pharmacokinetic profile. Fur-
thermore, no adverse side effects were observed following treatment
with up to fourteen daily doses of 100mg/kg (Fig. S2P–S).

Targeting BCL9 by hsBCL9Z96 mitigates ICI resistance in HCC
ex vivo and in vivo
To assess the ability of hsBCL9Z96 to improve the response to ICI,
PDOTS from HCC patients who underwent tumor resection (n = 20)
were applied for ex vivo tests. These PDOTS were treated ex vivo with
PD-L1-based immunotherapy in the presence or absence of hsBCL9Z96
(Fig. 4A). PDOTSwith a poor response to anti-PD-L1 ab alone exhibited
reduced viability when they were incubated with the combination of
anti-PD-L1 ab and hsBCL9Z96 (Fig. 4B). Furthermore, a negative corre-
lation was observed between BCL9 expression and the anti-PD-L1 kill-
ing index (Fig. 4C). We then used an oncogenic Myc-driven

Fig. 1 | BCL9 correlates with de novo resistance to PD-(L)1-based immu-
notherapy in solid tumors. A Schematic flowchart of the BCL9 study selection.
B Enrichment curves for hallmark Wnt/β-catenin signaling in non-responders ver-
sus responders to Atezo+ Bev combination therapy in the GO30140+ IMbrave150
cohorts. NES normalized enrichment score, FDR false discovery rate. C Venn dia-
gram representing overlapping genes of the Wnt/β-catenin signaling pathway that
were differentially expressed in the transcriptomic data for Atezo + Bev PD vs CR
from the GO30140+ IMBrave150 cohorts and CPTAC HCC proteomic data for
tumor vs normal tissue. D Waterfall plot showing the patient response to Atezo+
Bev from a cohort of 70 patients with advancedHCC treated at Zhongshan hospital
(classified according to the RECIST 1.1 criteria). E The ROC curve for BCL9 and
EP300 in predicting the response toAtezo+ Bev immunotherapy.FThe PFS ofHCC
patients receiving Atezo+ Bevwith different BCL9expression levels (n = 70, P value
was calculated by the two-sided Log-rank test). G Correlation analysis of BCL9
expression and treatment response in HCC patients receiving Atezo + Bev treat-
ment (n = 70). The association was evaluated using a two-sided chi-square test of

independence with SPSS software. H Enrichment of the indicated indicators of a
favorable response to immunotherapy, as calculated by the ssGSEA, in the BCL9
lowversus BCL9 high samples in the GO30140+ IMBrave150 cohorts. Data are from
n = 205 biologically independent patients, unpaired two-tailed t-test. The whiskers
represent the minimum and maximum values observed within the range of Q1 −
1.5 × IQR toQ3+ 1.5 × IQR. The box shows the interquartile range (IQR) between the
25th (Q1) and 75th (Q3)percentiles, and the line inside the box indicates themedian
(50th percentile). I BCL9 IHC staining and representative MRI. J Schematic repre-
sentation of the HCCpatient-derived organotypic tumor spheroid assay.K Viability
of PDOTS following anti-PD-1 treatment, and the BCL9 expression levels of corre-
sponding tumor tissues. L The correlation between the PD-1 kill index and BCL9
expression levels (n = 77). A two-sided spearman’s rank correlation test was per-
formed. The shaded band indicates the 95% confidence interval of the regression
fit. Schematic in A was created in BioRender. Wu, S. (2025) https://BioRender.com/
fo53mwm. Schematic in J was created in BioRender. Wu, S. (2025) https://
BioRender.com/l38givb.
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spontaneous HCC model, which was reported to be an ICI-resistant
model23. As expected, theseMyc-driven spontaneous tumors exhibited
primary resistance to anti-PD-L1 ab (Figs. 4D, E and S3A) with nuclear
accumulation of β-catenin (Fig. S3B). Consistent with the PDOTS
results, combination therapy with hsBCL9Z96 was associated with
reduced tumor burden, as evidenced by fewer tumor nodules in this
model (Fig. 4D, E). These therapeutic effects were reproduced in two

additional immunocompetent Hepa1-6/H22 orthotopic allograft
models (Figs. 4F, G and S3C, D). Hematoxylin and eosin (H&E) staining
revealed severe tumor necrosis and reduced metastatic lesions in the
lungs following treatment with the combination of anti-PD-L1 ab and
hsBCL9Z96 (Figs. 4H, I and S3E–H).

Cytometry by Time-of-Flight (CyTOF) and whole-transcriptome
RNA-sequencing were performed on Hepa1-6 tumors subjected to
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various treatments to investigate underlying molecular mechanisms
(Fig. S3I). FlowSOM clustering identified 8 immune cell subsets,
including B cells, CD4+ T cells, CD8+ T cells, dendritic cells (DCs),
double-negative T cells (DNTs), granulocytes, macrophages/mono-
cytes (MacroMonos), and undefined cells, based onmarker expression
(Figs. 4J and S3J). Notably, an increase in MacroMonos proportion was
observed following hsBCL9Z96 treatment or its combination with ICI
(Figs. 4K and S3K). To validate these findings, flow cytometry and IHC
confirmed a consistent increase in macrophage abundance following
BCL9 inhibition or combination treatment, corroborating the CyTOF-
based profiling (Fig. S3L, M). Importantly, depletion of tumor-
associated macrophages (TAMs) using an anti-CSF1 ab attenuated
the effects of BCL9 inhibition on tumor immunity, consistent with
TAMs, but not other immunocytes, were mainly responsible for the
tumoral BCL9-mediated immune modulation in HCC (Fig. 4L). These
data indicate that BCL9 inhibition selectively associated with macro-
phage recruitment and activation.

Collectively, these observations suggest that pharmacological
targeting BCL9 by hsBCL9Z96 enhances anti-tumor immunity in HCC
through a macrophage-dependent mechanism, thereby potentially
improving the efficacy of ICI-based therapies.

Targeting BCL9 reprograms the TIME mainly by reeducating
TAMs toward an M1 phenotype via decreasing BMP4 secretion
TAMs, the most abundant innate myeloid infiltrates in the TIME of
human solid malignancies24, exhibit a dynamic plasticity, oscillating
between a proinflammatory M1 type and an immunosuppressive M2
type. The latter often impedes the efficacy of immunotherapies25. A
deconvolution analysis of 24 immune cell types using CIBERSORT
suggested increased proportions of M1 macrophages and a reduced
proportion of M2macrophages following hsBCL9Z96 treatment. These
effects were further amplified in the hsBCL9Z96 and anti-PD-L1 ab
combination treatment group (Fig. 5A). RNA-seq profiling showed
trends toward M1 marker upregulation and a downregulation of M2
marker genes following hsBCL9Z96 treatment (Fig. 5B and Supple-
mentary Data 1).

In linewith these observations, the gene expression signatures for
the interferon-γpathwayandT-cell infiltrationwere enriched following
hsBCL9Z96 treatment. Combination therapy showed an even greater
change in the gene expression signature than single-agent treatment
(Fig. 5B). The GSEA also indicated positive enrichment of antitumoral
macrophages,macrophage activation, and T-cell activation, alongwith
reduced enrichment of signatures associated with the cell cycle in the
hsBCL9Z96 combination group compared to the vehicle control group
(Figs. 5C and S4A). Flow cytometry detected similar patterns, revealing
an increased proportion of iNOS+CD206− M1 macrophages and a

decreased proportion of iNOS−CD206+ M2 macrophages in tumor-
bearing mice receiving hsBCL9Z96 or the combination treatment
(Figs. 5D and S4B, C). Immunofluorescence staining also showed
increased infiltrationof F4/80+CD86+M1macrophages and a reduction
of F4/80+CD163+ M2 macrophages in tumors from mice treated with
hsBCL9Z96 or the combination treatment (Fig. S4D, E). Additional
single-cell data (GSE151530) consistently supported an inverse corre-
lation between BCL9 andM1marker genes (CCR7, IRF1, and CCL5) and
a positive correlation with M2markers (CD163, MARCO, and VEGFA)20

(Fig. S4F). Interestingly, treatment with bone marrow-derived macro-
phages (BMDMs) with hsBCL9Z96 alone did not affect the fractions of
M1 and M2 macrophages (Fig. S5A, B). This observation suggests that
hsBCL9Z96 plays an indirect role in regulating macrophage
polarization.

Supporting our in vivo data, ex vivo 3-D microfluidic PDOTS
experiments also showed that supernatant from hsBCL9Z96-treated
PDOTS had reduced concentrations of IL-10 and TGF-β1, key immu-
nosuppressive cytokines secreted by M2 macrophages. These cyto-
kines were further reduced in the anti-PD-L1 ab + hsBCL9Z96
combination group (n = 9, Fig. S5C, D). To ascertain the impact of
tumor BCL9 onmacrophage polarization, Bcl9 was depleted in Hepa1-
6 HCC cells using CRISPR-Cas9, and these cells were cocultured with
macrophages. Gene profiling and flow cytometry analyses revealed
that macrophages cocultured with Bcl9-KO Hepa1-6 cells exhibited an
M1-like, rather than an M2-like, phenotype (Fig. 5E–H). We also
implanted Bcl9-KO and Ctrl-KO Hepa1-6 cells into C57BL/6J mice and
found that Bcl9-KO resulted in increased M1, but decreased M2, mac-
rophages in vivo (Fig. S4G, H). These findings suggest that targeting
tumoral BCL9 with hsBCL9Z96 fosters antitumor activity by reed-
ucating immunosuppressive macrophages toward an M1 phenotype.

To unravel how tumoral BCL9 expression regulates macrophage
polarization, we assessed the transcriptomes of Hepa1-6 orthotopic
tumors and patients’ tumors from theGO30140 + IMbrave150 cohorts.
After applying a thresholdof > twofold change and a P-value < 0.05, we
identified 519 upregulated genes in the non-responders and 215
downregulated genes in hsBCL9Z96-treated mice, respectively. Among
the 10 overlapping genes in these groups, BMP4, a secreted protein
previously reported to induce macrophage polarization toward anM2
phenotype in bladder cancer cells26, was the most significantly altered
gene (Fig. 5I). We thus posited that BMP4might be a BCL9 target gene
that mediates macrophage polarization. A chromatin immunopreci-
pitation (ChIP)-qPCR analysis further validated that the BCL9 tran-
scription complex bound to the BMP4 promoter in Bcl9-OE Hepa1-6
cells (Fig. S5E).

We found that there was a significant decrease in Bmp4 mRNA
expression and secretion in the supernatants from Bcl9-KO Hepa1-6 or

Fig. 2 | BCL9 maintains an immune-suppressive microenvironment and pre-
vents immune clearance in HCC. A IHC staining for CD3+ T cells (CD3+), CD4+

T cells (CD4+), CD8+ T cells (CD8+), macrophages (CD68+), and regulatory T cells
(FOXP3+) in two representative patients with different BCL9 expression levels
treated at Zhongshan Hospital. B Correlation analysis of immune cell infiltration
and BCL9 expression in patients from Zhongshan Hospital was performed using
two-sided Pearson correlation. The shaded bands indicate the 95% confidence
intervals of the regression fits. C Heatmap displaying the correlations of BCL9
expression with immune cell abundances across the TCGA pan-cancer datasets. A
two-sided spearman’s rank correlation test was performed for BCL9 and indicated
immune cell abundances. D, E Enrichments of the indicated immune cell popula-
tions, estimated by TIMER, in BCL9 low versus BCL9 high samples, from the TCGA
LIHC cohort (D, data are from n = 186 biologically independent patients) and
Zhongshan HCC patients (E, data are from n = 24 biologically independent
patients). For each cell type, the comparison between BCL9 low and high groups
was performed using an unpaired two-sided student’s t-test. The whiskers repre-
sent theminimum andmaximum values observed within the range of Q1 - 1.5 × IQR
to Q3 + 1.5 × IQR. The box shows the IQR between the 25th (Q1) and 75th (Q3)

percentiles, and the line inside the box indicates the median (50th percentile).
F Single-cell sequencing analysis (GSE151530) identified differentially expressed
CD8 T cell signature scores between patients with high and low BCL9 expression.
Data are from n = 46 biologically independent samples and are compared using
unpaired two-sided t-tests (Welch’s correction was applied for comparisons with
unequal variance for Activated CD8 T cell). G Representative IHC staining of low
BCL9 expression in a “hot” tumor, and high BCL9 expression in a “cold” tumor. P
peri-tumor, T tumor.HCorrelation analysis of BCL9 expression and tumor-immune
classification in our Zhongshan cohort (“hot” or “cold” tumors, n = 55). The asso-
ciation was evaluated using a two-sided chi-square test of independence with SPSS
software. I, J Tumor growth curves for immunodeficient mice (NCG) and immu-
nocompetentmice (C57BL/6J or BALB/c) implantedwith subcutaneous liver cancer
cells (Hepa1-6/H22Bcl9-KOorHepa1-6/H22Ctrl-KOcells) thatwereallowed to grow
for 2 weeks (Data are presented as mean ± SD from n = 6 biological replicate).
K Quantification of CD8+ T cells in Hepa1-6 Ctrl-KO and Hepa1-6 Bcl9-KO tumors
from C57BL/6J mice. (Data are from n = 3 biologically independent mice in each
group and presented as mean values +/− SD.).
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Hepa1-6 treated with hsBCL9Z96 compared with the control groups
(Figs. 5J, K and S5F, G). BlockingBMP4 in the supernatant of a coculture
system with a specific BMP4-neutralizing ab resulted in a higher
proportion of CD11b+F4/80+iNOS+ macrophages and a reduced
population of CD11b+F4/80+CD206+ macrophages, suggesting that the

BMP4 secretedby tumor cellsmay contribute to theM2polarization of
macrophages (Figs. 5L and S5H). After RAW264.7 cellswere exposed to
conditioned medium from H22 cells treated with hsBCL9Z96, the
expression of M1 macrophage markers (Nos2 and Il-12) was sig-
nificantly increased, and the expression of M2 macrophage markers

Fig. 3 | Characterization of hsBCL9Z96 and its disruption of the BCL9/β-catenin
interaction. A Structures of hsBCL9Z96 (right) and hsBCL9CT-24 (left).BDocking of
hsBCL9Z96 (yellow) into the β-catenin hydrophobic pocket (blue) as illustrated
usingGlideXPMaestro Schrodinger.C hsBCL9Z96 inhibited β-catenin/BCL9binding
activity. D Biacore assay of β-catenin with hsBCL9Z96. E LEF/TCF Hepa1-6 reporter
assays showed that the IC50 values of hsBCL9Z96 and ICG001 were 0.247μM and
1.272μM, respectively. F The cell membrane penetration rates of hsBCL9Z96 and
hsBCL9CT-24 in the HCT116 cell line weremeasured by FACS. Data are presented as
mean ± SD from n = 3 biological replicates, with statistical significance determined
by two-sided one-way ANOVA followed by Tukey’s multiple comparisons test.
G, H The penetration rates of hsBCL9Z96 and hsBCL9CT-24 in liver tissues were
measured by in vivo imaging. The bar graphs represent data summarized as the
means ± SD from n = 3 independent biological replicates, which were analyzed by

one-way ANOVA. I The signal of FITC-positive cells in different regions from the
tumor border. Data are presented as mean± SD from n = 2 independent biological
replicates. The identical values for hsBCL9CT-24 at 1mm and 2mm depths confirm
that no peptide penetration occurred beyond 0.5mm. J hsBCL9Z96 (orange) forms
4 salt bonds and 10 hydrogen bonds with Caveolin-2 (gray). K The expression of
Caveolin-2 on Hepa1-6 cells was measured by immunofluorescence. Caveolin-2 is
mainly expressed in HCC cells. The experiment was independently repeated three
times with qualitatively identical results. L HeLa cells were treated with FITC-
labeled hsBCL9Z96 in the presence or absence of a specific Caveolin-2 inhibitor,
MβCD. The main fluorescence signals were measured by flow cytometry (Data are
presented as mean± SD from n = 3 independent biological replicates in each
group). M Reporter assay results for non-Wnt signaling cascades, denoting
hsBCL9Z96’s lack of off-target effects (IC50 > 10μM for all).
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(Arg1 and Il-10) was significantly decreased in the cells. Moreover, the
addition of recombinant BMP4 protein counteracted the effects of
hsBCL9Z96 treatment on the M2 to M1 macrophage polarization of
RAW264.7 cells cultured with HCC tumor cells (Fig. S5I, J). Further-
more, the addition of recombinant BMP4 protein to the cells could
counteract the effects of BCL9 depletion or hsBCL9Z96 treatment on

the proportion of M1 and M2 macrophages, supporting the role
of BMP4 in BCL9-induced macrophage polarization (Figs. 5M,
N and S5K).

Collectively, these data suggest that BCL9 transcriptionally reg-
ulates BMP4 expression, thereby promoting M2 polarization and
inhibiting M1 macrophage polarization.
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The enhanced phagocytosis and antigen presentation of TAMs
after targeting BCL9 occurs via the CD24-SIGLEC-10 axis
A Gene Ontology (GO) enrichment analysis of Hepa1-6 orthotopic
tumors after treatment with hsBCL9Z96 or hsBCL9Z96 + anti-PD-L1 ab
revealed upregulation of pathways related to macrophage activation,
antigen processing and presentation, as well as antitumor T-cell acti-
vation (Fig. 6A, B). These data suggest potential activation of antigen
processing and presentation of TAMs might be activated via their
phagocytic process when the tumoral BCL9 was targeted, since the
phagocytic process is crucial for tumor-macrophage interactions and
acts as a primary antitumor mechanism for M1 macrophages27.

Employing single-cell computational analyses with an integrated
HCC scRNA-seq data joint with GSE125449 and GSE14022828,29, we
confirmed that BCL9 is primarily expressed in malignant cells
(Fig. S6A), and ligand-receptor (L-R) analysis showedenrichmentof the
interactions of the top 10 L-R pairs between tumor cells and M1 mac-
rophages (Fig. 6C). To further investigate the potential mechanism
underlying how the macrophage-dependent anti-tumor effects are
mediatedby targetingBCL9, the correlationbetweenBCL9 and the top
10 receptors were analyzed in four independent HCC datasets, and a
correlation between BCL9 and CD24 was observed in these datasets,
including TCGA LIHC (R =0.350, P <0.001), GSE22058 (R = 0.566,
P <0.001), GSE43619 (R =0.487, P <0.001) and GSE19977 (R = 0.327,
P <0.001). These findings suggest that this pair may play a pivotal role
in mediating interactions between tumor cells and macrophages
(Fig. 6D). A positive correlation between BCL9 and CD24 was con-
firmed at both the mRNA and protein levels in clinical samples of HCC
(Fig. S6B, C). Moreover, the depletion of Bcl9 in Hepa1-6 cells led to
decreased Cd24a mRNA expression and a reduced fraction of CD24+

tumor cells (Figs. 6E and S6D). Similarly, hsBCL9Z96 diminished the
CD24+ cell fraction and Cd24a mRNA in a concentration-dependent
manner (Figs. 6F and S6E, F). ChIP-qPCR and RT-qPCR also confirmed
that BCL9 has a role in Cd24a transcription (Fig. 6G–I).

Since CD24 is the ligand for SIGLEC-10, their interaction acts as a
“don’t eat me” signal that enables tumor cells to evade macrophage-
mediated phagocytosis30. We therefore hypothesized that targeting
BCL9 might promote phagocytosis by disrupting tumoral CD24. Sup-
porting this, BMDMs cocultured with Bcl9-KO Hepa1-6 demonstrated
enhanced phagocytic capacity (Fig. S6G). Public HCC scRNA-seq
datasets and multiplex immunohistochemistry (mIHC) confirmed
SIGLEC-10 is expressed inM1macrophages28 (Fig. S6H, I).WhenHepa1-
6 were cocultured with BMDMs treated with hsBCL9Z96, the CD24
overexpression in HCC cells restored the phagocytic phenotype of the
macrophages, indicating that CD24 appears as a downstream effector
of BCL9 in regulating macrophage phagocytosis (Fig. S6J).

Additionally, hsBCL9Z96 or an anti-CD24 neutralizing ab educated
macrophage polarization in tumor-BMDMs coculture and enhanced
phagocytic activity of macrophages (Fig. S6K). mIHC also confirmed
that hsBCL9Z96 exposure resulted in a significant increase in inclusion
bodies derived from HCC cells (in white, labeled with HNF4α31) within
M1 macrophages (in green and red, labeled with F4/80 and CD86)
(Fig. 6J, K), indicating that hsBCL9Z96 activated M1 macrophages to
engulf tumor cells in vivo.

The antigen-presenting capacity ofM1-likemacrophages is crucial
to immunotherapy32–38. Given that antigen-presenting cells (APC)
initiate innate antitumor immunity39,40, we exploredwhether inhibiting
tumoral BCL9-mediated macrophage phagocytosis could enhance the
antigen presentation process. We noted a diminished antigen pro-
cessing and presentation score in the high BCL9 group, and a negative
correlation between BCL9 and antigen processing and presentation
was identified in the GO30140 + IMbrave150 cohorts (Fig. S6L).
Responders to Atezo + Bev exhibited higher antigen processing and
presentation scores (Fig. S6M), and tumors with lower BCL9 levels in
the TCGA LIHC also had higher antigen processing and presentation
scores (Fig. S6N).

Notably, BCL9 inhibition in mice with Hepa1-6 orthotopic tumors
was associated with upregulated expression of MHC-I antigen
presentation-related genes, including Tap1, Tap2, B2m, and Psmb9
(Fig. S6O), and GSEA also demonstrated the enrichment of antigen
processing andpresentation following hsBCL9Z96 treatment (Fig. S6P).
This suggests that tumoral BCL9 may influence antigen presentation.
To examine the effects of tumor BCL9 in modulating the functions of
APC, we cultured BMDMs with Hepa-1-6 cells incubated with surface
OVA-loaded H2-Kb complex, and found that the surface OVA-loaded
H2-Kb complex was increased on BMDMs when they cocultured with
Bcl9-KO Hepa1-6 compared with Ctrl-KO Hepa1-6 (Fig. 6L) or when
hsBCL9Z96 was added to the cultures (Fig. 6M). Conversely, this
enhancement was reduced in macrophages cocultured with CD24-
overexpressing tumor cells, which could be prevented by hsBCL9Z96
(Fig. 6N). CD8+ T cells cocultured with Bcl9-KO Hepa1-6 cells and
macrophages showed trends toward increased GZMB secretion and
proliferation (Figs. 6O and S6Q, R). Additionally, mIHC staining con-
firmed that tumoral BCL9 could enhance the infiltration of M1 mac-
rophages, active antigen-processing macrophages (defined as
CD68+MHC-I+cells), and cytotoxic GZMB+CD8+ T-cells, while decreas-
ing the infiltration of M2 macrophages (Figs. 6P, Q and S7A–F).

In addition, a TCGA pan-cancer analysis revealed that there were
correlations between BCL9 expression and macrophage infiltration,
antigen presentation, and phagocytosis (Fig. S7G–J), and negative
relationships between BCL9 expression and CTL infiltration, the MHC

Fig. 4 | Combined treatment with hsBCL9Z96 and an anti-PD-L1 ab achieves a
better therapeutic effect thancombined treatmentwith anti-VEGFaband anti-
PD-L1 ab. A Viability of 20HCC PDOTSon day 5 following the indicated treatments
in a 3-D microfluidic system. B Relative viability of 20 HCC PDOTS on day 5 fol-
lowing the indicated treatments. The bar graph represents data summarized as the
means ± SD from n = 20 independent biological replicates in each group, which
were analyzed by one-way ANOVA. C The correlation of the PD-L1 ab kill index and
BCL9 expression of the 20 HCC PDOTS (the shaded band indicates the 95% con-
fidence interval of the regression fit, and statistical significance was determined by
spearman’s correlation test). D, E Representative images and statistical results for
Myc transgenic mice that received the indicated treatments (6 mice per group;
Vehicle + IgG, 10mg/kg; hsBCL9Z96, 30mg/kg; anti-PD-L1 ab, 10mg/kg; anti-VEGF
ab, 10mg/kg; and combination therapy). Scale bars: 1 cm. The bar graph represents
data summarized as themeans ± SD from n = 6 independent biological replicates in
each group, which were analyzed by one-way ANOVA. F Representative
B-ultrasound and growth curves of Hepa1-6 tumors inC57BL/6Jmice (Vehicle + IgG,
10mg/kg, n = 12; hsBCL9Z96, 30mg/kg, n = 11; anti-PD-L1 ab, 10mg/kg, n = 11; anti-
VEGF ab, 10mg/kg, n = 11; and combination therapy, n = 11). G Survival curves cal-
culated by the two-sided Log-rank test of C57BL/6J mice bearing Hepa1-6 tumors

(n = 10 per group) that received Vehicle + IgG, 10mg/kg; hsBCL9Z96, 30mg/kg; anti-
PD-L1 ab, 10mg/kg; anti-VEGF ab, 10mg/kg; or combination therapy.
H, I Representative H&E images of lung metastasis. The incidence of lung metas-
tasis (arrows) is shown in the indicated groups. J The t-distributed stochastic
neighbor embedding (t-SNE) plots of tumor-infiltrating immune cells, where each
color represents a distinct immune cell subset: MacroMonos, CD4+ T cells, CD8+

T cells, B cells, natural killer (NK) cells, double-negative (DN) T cells, dendritic cells
(DC), and granulocytes in the Hepa1-6 tumors as indicated by CyTOF analysis of
Hepa1-6 tumors from mice administered the indicated treatments (n = 4).
K Quantification of immune cells in Hepa1-6 tumors exposed to the indicated
treatments. Data are presented as mean ± SD from n = 4 independent biological
replicates. Comparisons were performed using an unpaired two-sided Student’s t-
test. L Hepa1-6 tumor volumes in C57BL/6J mice treated as indicated, and macro-
phages and neutrophils were depleted using anti-CSF1 ab and anti-Ly6G ab,
respectively. Data are presented as mean ± SD from n = 6 independent biological
replicates, Vehicle + IgG, 10mg/kg; hsBCL9Z96, 30mg/kg; anti-PD-L1, 10mg/kg;
anti-CSF1, 10mg/kg; anti-Ly6G, 10mg /kg. Statistical significance was determined
by two-sided one-way ANOVA followed by Tukey’s multiple comparisons test.
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score, and the PD-1 score, which were validated in multiple clinical
studies of ICI (Fig. 6R).

Thus, targeting tumoral BCL9enhancedphagocytosis and antigen
presentation by TAMs by decreasing the CD24 expression in tumor
cells. Targeting BCL9 may represent a promising strategy to combat
the resistance to immunotherapy in multiple cancer types,
including HCC.

Discussion
Although the association between Wnt/β-catenin signaling and resis-
tance to immunotherapy is well-established in HCC41, the mechan-
ism(s) by which this signaling contributes to ICI treatment resistance
are not fully understood. In this study, we identified BCL9 as a
major regulator of Wnt/β-catenin signaling activation-induced immu-
notherapy resistance in HCC and identified pathways where TAM
phenotype shifts may occur toward a tumor-suppressing M1

macrophage phenotype via the BCL9/BMP4 axis, and where TAMs’
phagocytosis and antigen presentation were increased through the
BCL9/CD24/SIGLEC-10 axis to mitigate ICI resistance (Fig. 6S). Our
findings highlight BCL9 as a targetable key player linkingmacrophage-
mediated innate immunity andT-cell-mediated adaptive immunity and
extend our understanding of how the innate immune system connects
with the adaptive immune response through Wnt/β-catenin signaling
to reverse ICI resistance in HCC. Given that 43% of HCC patients
acquire Wnt/β-catenin signaling alterations42, our study lays a
solid foundation toward understanding the link between Wnt/β-cate-
nin signaling abnormalities and resistance to immunotherapy. While
BCL9 expression correlates with ICI response in our cohorts, its pre-
dictive value as a standalone biomarker is limited by HCC hetero-
geneity. Future studies should validate these findings in larger
multicenter cohorts and explore combinatorial biomarker
approaches.
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Multiple factors, including PD-L1 expression and MSI, are known
to affect the efficacy, but are insufficient to predict the outcomes of
treatment. The absence of reliable biomarkers prevents the precise
selection of patients for ICI treatment, which results in poorer patient
response rates. Here, we reported that BCL9, a co-transcription factor
of β-catenin in the Wnt/β-catenin signaling pathway, serves as a cor-
related factor for responses of solid tumors to ICI. Our findings, which
identified a key resistance-driving pathway (Wnt/β-catenin signaling)
and a potential target (BCL9) from high-throughput screening of data
from first-line clinical trials of immunotherapy, may have significant
clinical implications. Our preclinical data further demonstrated that
treatment targeting BCL9 in combination with ICI agents could gen-
erate tumor growth inhibition, overcoming ICI resistance with a
favorable safety profile.

Macrophages are a vital component of adaptive immunity and are
oneof themost abundant infiltrateswithin the TIMEofHCC43,44. Similar
to DCs, another type of APC that exhibits poor infiltration and dys-
function in HCC45,46, macrophages have the capacity for antigen cross-
presentation to initiate an adaptive immune response47,48. However,
TAMs often lose their antigen-presenting function and are then con-
sidered tumor-promoting49. However, several clinical trials aiming to
deplete macrophages have failed to achieve satisfactory outcomes50.
Reinvigorating the antigen-presentation capacity of the macrophages
already present at the tumor site and rekindling their antitumor
potential could represent an alternative approach in macrophage-
targeting immunotherapy. The central mechanism underlying the
macrophage antigen-presentation process is phagocytosis, which is
generally impeded inHCC43. Ourmechanistic investigations uncovered
the role for tumoral BCL9 in regulating phagocytosis and the antigen
processing activity of TAMs. Targeting BCL9 could induce theM2 toM1
polarization of infiltrated TAMs via decreasing BMP4 secretion and can
promote M1 phagocytosis by reducing tumoral CD24 expression. This
subsequently enhanced the immune response mediated by CD8+

T cells through M1 macrophage-mediated antigen presentation via
inhibiting the CD24-SIGLEC-10 axis. In addition, as TAMs are the most
abundant immune cells in the TIME of human solid malignancies,
reinvigorating their phagocytosis and antigen-processing function
might provide a therapeutic target for the development of more pre-
cise and effective treatments for liver cancer and other solid tumors.

One of themajor reasons for the poor response of solid tumors to
immunotherapy is the highly complex underlying TIME51. The micro-
environment of HCC consists of dynamic cancer cells, intricate cyto-
kine networks, extracellular matrix components, immune cell subsets,
and various other components52. Thus, the difficulty for systemic

regimens to penetrate the microenvironment and interact with the
target explains the failure of many clinical trials of developed regi-
mens. In this study, we designed and synthesized hsBCL9Z96, a BCL9
inhibitor with a cell-penetrating signal. Our data indicated that
hsBCL9Z96 infiltrated deep into the tumor to trigger an immune reac-
tion andpromote antitumor immunitywhile simultaneously exhibiting
desirable specificity for its target. Therefore, hsBCL9Z96 showed
favorable inhibitory properties targeting the Wnt/β-catenin signaling
pathway that overcomes many critical drawbacks of existing drugs. As
expected, pharmacological inhibition of BCL9 with hsBCL9Z96 led to
tumor growth inhibition in multiple in vivo HCC models, including
transgenic spontaneous HCC models. Targeting BCL9 might be parti-
cularly useful against HCC with a “cold” TIME because it can remodel
the TIME to have more favorable immune responsiveness. Thus, we
herein developed a candidate therapeutic approach to improve the
treatment of HCC.

Although our study indicates that pharmacological inhibition of
BCL9 may be therapeutically valuable in HCC when combined with
anti-PD-L1 therapy, several limitations warrant consideration. The
predictive performance of BCL9 (AUC =0.80) remains below thresh-
olds for clinical implementation, compounded by the observation that
approximately 50% of non-responders exhibited low BCL9 expression
—a discrepancy potentially attributable to molecular heterogeneity
within HCC.Mechanistic insights into the BCL9-BMP4-CD24 axis, while
supported by preclinical models, require further validation in human
HCC, where tumor spatial architecture and microenvironmental
complexity may alter pathway dynamics. Translational development
of hsBCL9Z96 necessitates rigorous evaluation of target engagement in
human tumors, potential toxicity profiles in primates, and penetration
efficiency in fibrotic microenvironments. Future studies should vali-
date BCL9-based stratification in multi-institutional cohorts, develop
integrated biomarker panels incorporating TMB and PD-L1, and assess
effects on myeloid-derived suppressor cells.

In summary, BCL9 acts as a key regulator of Wnt/β-catenin sig-
naling activation-induced immunotherapy resistance. A regulatory
network was identified which involves to a tumor-suppressing phe-
notype in HCC. We also identified associations suggesting tumor-
infiltrating macrophages showed trends toward a tumor-suppressing
phenotype with enhanced phagocytosis and antigen presentation
through the BMP4/CD24/SIGLEC-10 axis. Targeting BCL9 could
remodel the TIME to reinvigorate innate and adaptive immunity to
enhance the response to ICI in HCC. These findings build upon the
current understanding of themechanisms underlying the resistance of
HCC (and other cancers) to immunotherapies and provide a rationale

Fig. 5 | Reprogramming of the TIME by targetingBCL9: Shifting TAMs to anM1-
like phenotype in a BMP4-dependent manner. A CIBERSORT analysis for M1
macrophage populations. Statistical significancewasdetermined by two-sidedone-
way ANOVA followed by Tukey’s multiple comparisons test. Data are presented as
mean ± SD from n = 3 biological replicates. The whiskers represent the minimum
and maximum values observed within the range of Q1 - 1.5 × IQR to Q3+ 1.5 × IQR.
Thebox shows the IQRbetween the25th (Q1) and 75th (Q3)percentiles, and the line
inside the box indicates the median (50th percentile). B Heatmap showing the
differential expression of genes indicative of protumor M2-like macrophages,
antitumor M1-like macrophages, IFN-γ-related pathways (from the Hallmark col-
lection), and T-cell infiltration in the indicated experimental groups. Scale bars
represent the normalized FPKMper gene (log2). Representative examples of genes
with known roles in the ICI response in patients are labeled. C Enrichment plot for
an antitumoral macrophage signature and macrophage activation sets in Hepe1-6
tumors from mice treated with hsBCL9Z96 + anti-PD-L1 ab versus anti-PD-L1 ab
alone.D Flow cytometric quantification of M1 macrophages in the Hepa1-6 tumors
from each group. Data are presented as the means ± SD from n = 3 biologically
independent mice in each group, and were analyzed via one-way ANOVA.
E Schematic overview of studies involving BMDMs cocultured with Hepa1-6 cells.
F M1 and M2 macrophage markers in BMDMs cocultured with Hepa1-6 cells.

G M1 signature scores of BMDMs. Data are presented as mean ± SD from n = 3
biological replicates and were compared by an unpaired two-sided t-test. H M1
macrophages in BMDMs cocultured with Hepa1-6 cells. Data are presented as
mean ± SD from n = 3 biological replicates and were compared by an unpaired two-
sided t-test. I Overlap of the genes upregulated in non-responders versus respon-
ders in the GO30140+ IMbrave150 cohorts, and genes downregulated in mice fol-
lowing hsBCL9Z96 treatment. J Bmp4 in Hepa1-6 cells in the indicated groups. Data
are presented as mean ± SD from n = 3 biological replicates and were compared by
two-sided one-way ANOVA followed by Tukey’s multiple comparisons test.K Bmp4
in Hepa1-6 cells treated with increasing concentrations of hsBCL9Z96. Data are
presented asmean ± SD from n = 3 biological replicates, with statistical significance
determined by two-sided one-way ANOVA followed by Tukey’s multiple compar-
isons test. L M1-polarized macrophages after BMP4 ab treatment. Data are pre-
sented as mean± SD from n = 3 biological replicates and were compared by an
unpaired two-sided t-test.M,NM1- andM2-polarizedmacrophages in the indicated
groups. Data are presented as mean± SD from n = 3 biological replicates, with
statistical significance determined by two-sided one-way ANOVA followed by
Tukey’s multiple comparisons test. Schematic in (E) was created in BioRender. Wu,
S. (2025) https://BioRender.com/n1zpx7y.
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for the further development of BCL9 inhibitors. Therefore, strategies
that target BCL9 hold promise to improve the efficacy of ICI-based
treatments in a broad spectrum of cancers.

Methods
Patients and specimens
This study compliedwith all relevant ethical regulations. The studywas
approved by the Institutional Ethics Committee of Zhongshan

Hospital, Fudan University with approved No. B2022-063R. This study
was conducted in accordance with the Declaration of Helsinki. Sex was
not considered in this study of public human RNA-seq data, as BCL9 is
autosomal, and no reports indicated that BCL9 function is sex-biased
and the study was not designed to investigate sex-based differences
but rather tumor-intrinsic pathways. Written informed consent was
obtained from all patients prior to tumor collection. No participants
received compensation for this study, in accordance with our

Article https://doi.org/10.1038/s41467-025-65945-z

Nature Communications |        (2025) 16:10039 12

www.nature.com/naturecommunications


institutional guidelines and the informed consent protocol. Tissue
microarrays (TMA) were obtained from Zhongshan Hospital, Fudan
University. Biopsy punctures of unresectable HCC patients who
received Atezolizumab (atezo) plus Bevacizumab (Bev) or anti-PD-1
plus TKIs were obtained from Zhongshan Hospital (Supplementary
Table 2), Fudan University. Patients who accepted the Atezo + Bev
treatment received 1200mg of Atezo plus 15mg per kilogram of body
weight of Bev intravenously every 3 weeks. Patients who accepted the
anti-PD-1 plus TKIs treatment received 200mg of anti-PD-1 ab every
3 weeks intravenously plus the oral TKIs. No grade 3 or 4 treatment-
related adverse events occurred during treatment. The treatment
response for patientswas assessedusing theRECIST 1.153. Radiographic
assessment of the response was performed by independent radiology
review. The ZS T+ A cohort consisted of 70 patients (57 male, 13
female)with amedian ageof 54 years (range, 30–77 years). The ZS PD-1
plus TKI cohort consisted of 44 patients (37 male, 7 female) with a
median age of 53 years (range, 33–74 years). The ZS PDOTS cohort
consisted of 77 patients (69 male, 8 female) with a median age of 62
years (range, 35–69 years). Detailed clinicopathological characteristics
are provided in Supplementary Table 2. Postoperative patient sur-
veillance was conducted. All patients were routinely followed up at an
interval of 2–3months during the first two years after surgery and then
every 3–4 months after. All patients were routinely monitored by
serum alpha-fetoprotein measurements, liver function tests, abdom-
inal ultrasonography, and chest radiography at an interval of 1 to
6 months, depending on the postoperative time. Enhanced Magnetic
Resonance Imaging (MRI) or computed tomography (CT) of the
abdomen was performed every six months. If intrahepatic recurrence
and/or distal metastasis were clinically suspected based on symptoms
or unexplained elevations in tumor marker levels, MRI, CT, or bone
scans were performed immediately. The Recurrence-Free Survival was
defined as the interval between resection and intrahepatic recurrence
or extrahepaticmetastasis. The overall survival (OS) was defined as the
interval between resection and death by any cause or the last obser-
vation date, and the data for surviving patients were censored at the
last follow-up period.

Cell lines and cell culture
The Hepa1-6 and H22 cell lines were kindly provided byDr. Xun Huang
at Lingang Laboratory, Shanghai, China. The Bcl9-targeting sgRNA

sequences (5′-AGGCGTCTAACATTCAGTAGAGG-3′ and 5′-GTTCCTT
GTCATGAGCCTGGGGG-3′) were cloned into the CRISPR-U plasmid
(Ubigene), and Hepa1-6 cells were transfected by electroporation.
Following puromycin selection and single-cell cloning, stable Bcl9-KO
Hepa1-6 cell lines were established and validated by PCR and Sanger
sequencing. The HepG2 cell line was purchased from the Institute of
Biochemistry and Cell Biology (Chinese Academy of Sciences, Shang-
hai, China). RAW264.7, HEK293, and HeLa cells were kindly provided
by the StemCell Bank, ChineseAcademyof Sciences. B16F10 cells were
kindly provided by the Laboratory of Pengyuan Yang at Fudan Uni-
versity, Shanghai, China. CellSensor CRE-bla Jurkat cells were pur-
chased from Thermo Fisher Scientific. Cell lines were identified by
short tandem repeat authentication. RAW264.7, Hepa1-6, HEK293,
HeLa, B16F10, and HepG2 cells were cultured in DMEM. H22 cells and
CellSensorCRE-bla Jurkat cellswere cultured inRPMI 1640medium.All
media were supplemented with 10% FBS (Gibco, 10099-141) and
penicillin-streptomycin, and cells were cultured at 37 °C in a 5% CO2

incubator. Mouse BMDMs were obtained by flushing the femurs and
tibias of 6- to 8-week-old healthy C57BL/6 mice. Bone marrow cells
were then cultured for 6 days in RPMI 1640 complete medium con-
taining 20 ng/mL carrier-free recombinant mouse M-CSF (BioLegend,
576404) prior to use in experiments. All cell cultures were tested for
identity using STR and tested for Mycoplasma by qRT-PCR (monthly
testing).

Animal studies
Animal studies followed the ARRIVE guidelines54. All animal care and
experimental protocols performed were approved by the Institutional
Animal Care and Use Committee (IACUC) of Zhongshan Hospital,
Fudan University. Our IACUC permitted a maximal tumor size of
20mm, which was not exceeded in our study. All animal experiments
were conducted using male mice only; therefore, data disaggregation
by sex was not applicable. BALB/cmice, C57BL/6J mice, and NOD SCID
mice were purchased from Shanghai SLAC Laboratory Animal Ltd., Co.
Mice were housed under specific pathogen-free conditions in the
Experimental Animal Center of Zhongshan Hospital. Mice were main-
tained at 12-h/12-h dark–light cycle, approximately 25 °C and
approximately 60% humidity and given food andwater ad libitum. The
mice were assigned to indicated group by random allocation. During
daily monitoring, mice were checked for any effects of tumor growth

Fig. 6 | Targeting tumoral BCL9 promotes macrophage phagocytosis and
antigen presentation by inhibiting CD24 transcription. See also Figs. S6 and 7.
A, B GO analysis showed enrichment of pathways involved in macrophage activa-
tion, antigen processing and presentation, and antitumor T-cell activation path-
ways inHepa1-6 cells after hsBCL9Z96 treatment. GOanalysiswas performedusing a
two-sided hypergeometric test with Benjamini–Hochberg FDR adjustment for
multiple comparisons; terms with an adjusted P value < 0.05 were considered sig-
nificant. C Putative ligand–receptor (L–R) interactions between tumor cells and
macrophages were inferred using CellPhoneDB. Statistical significance was asses-
sed using a two-sided permutation test. D Correlation of BCL9 and ligand expres-
sion. A two-sided Spearman’s rank correlation test was performed for BCL9 and
indicated genes. E Effects of Bcl9-KO on CD24 expression in HCC cells as deter-
mined by FACS. Data are presented as mean ± SD from n = 3 biological replicates
and were compared by an unpaired two-sided t-test. F Effects of treatments with
hsBCL9Z96 on the CD24 expression as determined by FACS. Data are presented as
mean ± SD from n = 3 biological replicates, with statistical significance determined
by two-sided one-way ANOVA followed by Tukey’s multiple comparisons test.
G ChIP-qPCR analysis using BCL9 ab for the promoters of CD24 in Hepa1-6 cells.
Data are presented as mean± SD from n = 3 biological replicates and were com-
pared by paired two-sided t-test. H ChIP-qPCR analysis using TCF4 ab for the
promoters of CD24 in Hepa1-6 cells. Data are presented as mean± SD from n = 3
biological replicates, with statistical significance determined by paired two-sided t-
test. I Effects of hsBCL9Z96 treatment on CD24 expression in HCC cells as deter-
mined by qRT‒PCR assays. Data are presented as mean ± SD from n = 3 biological
replicates and were compared by an unpaired two-sided t-test. J,K The phagocytic

capacity of macrophages treated with the indicated agents in vivo using mIHC
assays. Data are presented as mean ± SD from n = 3 biological replicates, with sta-
tistical significance determined by two-sided one-way ANOVA followed by Tukey’s
multiple comparisons test. L The surface H-2Kb OVA complex in macrophages
cocultured with OVA257–264-loaded Hepa1-6 cells with or without Bcl9-KO. Data are
presented as mean ± SD from n = 4 biological replicates and were compared by an
unpaired two-sided t-test.M The surface H-2Kb OVA complex in macrophages was
cocultured with OVA257–264-loaded Hepa1-6 cells with or without hsBCL9Z96.Data
are presented as mean ± SD from n = 5 biological replicates and were compared by
an unpaired two-sided t-test. N Macrophages cocultured with the OVA257–264-loa-
ded Hepa1-6 cells with the indicated treatment. Data are presented as mean ± SD
from n = 3 biological replicates, with statistical significance determined by two-
sided one-way ANOVA followed by Tukey’s multiple comparisons test.
O Quantification of granzyme B production in OT-I cells. Data are presented as
mean ± SD from n = 3 biological replicates and were compared by an unpaired two-
sided t-test. P Representative mIHC staining on TMAs. CD68/CD86 and CD68/
CD163 images were acquired from the same microscopic fields, with different
fluorescence channels displayed. Scale bars, 200μm (overview images) and 10μm
(magnified and inset images).QCorrelations between the tumoral BCL9 and CD24,
M1/M2 phenotypes, antigen-processing potentials of macrophages, and infiltrating
active effectorT-cell proportions.R Evaluationof the associations between tumoral
BCL9 and the CTL score, MHC score, and PD-1 score in multiple clinical studies.
S Schematic diagram of the proposed model showing how hsBCL9Z96 enhances
immunotherapy in HCC. Schematic in (S) was created in BioRender. Wu, S. (2025)
https://BioRender.com/nxpkml6.
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and treatment on normal behavior, such as mobility, food and water
consumption, body weight, and for other effects. Mice were not fasted
before assessments were carried out; All experiments were optimized
to minimize mouse suffering and to reduce the number of mice used.
For euthanasia at the endof the treatmentperiod,micewere humanely
killed using CO2 asphyxiation followed by cervical dislocation or by
intraperitoneal injection of a pentobarbital-phenytoin solution. All
effortsweremade tominimize suffering. Following euthanasia, tumors
were dissected, photographed, and weighed. The tumor volume was
calculated using the formula length (mm) ×width2 (mm) ×0.5. Mice
were kept in the same cage according to the sameexperimental group,
and the experiment operators were aware of the groups of animals
with different treatment.

For in vivo studies, the following antibodies were used: a VEGF ab
(Bevacizumab, Selleck, #A2006), isotype control for the VEGF ab
(BioXCell, #BE0297), PD-L1 ab (BioXCell, clone 10 F.9G2, #BE0101), and
isotype control for the PD-L1 ab (BioXCell, clone LTF-2, #BE0090).

Anorthotopic liver tumormodel was generated. For thismodel, 5-
week-old male C57BL/6J or BALB/c mice were used. A total of 5 × 106
Hepa1-6 or H22 cells in 100μL DMEM were first subcutaneously
injected into the rightflankof new5-week-oldmaleC57BL/6J orBALB/c
mice. After two weeks, the subcutaneous tumors were dissected into
small pieces (1mm3) under aseptic conditions and then implanted into
the right liver lobe of new mice. When Hepa1-6 or H22 orthotopic
tumor growth reached an estimated 100mm2, the mice were rando-
mized into five groups according to our previous experimental
protocol55: isotype control group (n = 12), hsBCL9Z96 group (n = 11), PD-
L1 ab group (n = 11), VEGF ab + PD-L1 ab group (n = 11), and
hsBCL9Z96 + PD-L1 ab group (n = 11). The VEGF ab or isotype control
was injected intraperitoneally at a dosage of 5mg/kg twice a week.
hsBCL9Z96 was injected intraperitoneally at a dose of 40mg/kg daily.
The PD-L1 ab or isotype control was injected via the caudal vein for the
first time at a dose of 10mg/kg and subsequently administered by
intraperitoneal injection at a doseof 5mg/kg three timesperweek.The
doses andmedications used for combination therapywere the sameas
those used for the corresponding monotherapies. The above five
groups were treated for 21 days. Ultrasound tumor imaging was per-
formed with a Preclinical Vevo 3100 micro-ultrasound imaging plat-
form (Visual Sonics) every three days according to the group of
different treatment, and images were analyzed using VevoLAB soft-
ware (Visual Sonics) to determine the tumor length, width, and
volume.

A c-Myc-driven spontaneous HCC model was generated by
crossing mice expressing Cre recombinase under the control of the
albumin promoter (AlbCre/Cre mice) with mice harboring LoxP alleles of
c-Myc (MycMut/Mut mice). At the age of 6 weeks, malemicewere selected
for in vivo experiments (n = 6 per group). The mice used were pur-
chased from the Shanghai Model Organisms Center.

Immunochemistry
Tumor microarrays were subjected to IHC staining for BCL9, CD3,
CD8, CD68, and FOXP3. The antibodies used are shown in the Sup-
plementary Table 3. The quantification of BCL9 staining was per-
formed using the mean optical density values of BCL9 staining
obtained in the IHC assay. The quantification of CD3, CD8, CD68, and
FOXP3 IHC used the positive cell count per field.

Multiplex immunofluorescence staining
mIHC was performed by staining 4-μm-thick formalin-fixed, paraffin-
embedded whole tissue sections with standard, primary antibodies
sequentially paired with a TSA 7-color kit (abs50015-100T, Absinbio,
Shanghai). Then samples were stained with DAPI. For example,
deparaffinized slides were incubated with an anti-CD68 ab (CST76437,
Cell Signaling Technology) for 30min and then treated with an anti-
rabbit/mouse horseradish peroxidase-conjugated secondary ab

(abs50015-02, Absinbio, Shanghai) for 10min. Then, labelling was
developed for a strictly observed 10min, using TSA 520 per the man-
ufacturer’s instructions. Slides were washed in TBST buffer and then
transferred to preheated citrate solution (90 °C) before being heat-
treated using a microwave set at 20% of maximum power for 15min.
Slideswere cooled in the same solution to room temperature. Between
all steps, the slideswerewashedwithTris buffer. The sameprocesswas
repeated for the following antibodies/fluorescent dyes, in order: anti-
CD86/TSA 570 and anti-CD163/TSA 620. Each slide was then treated
with 2 drops of DAPI (abs47047616, Absinbio, Shanghai), washed in
distilled water, and manually cover slipped. Slides were air-dried, and
pictures were taken with a Pannoramic MIDI II (3D HISTECH). Images
were analyzed using Indica Halo software.

Microfluidic 3D culture and combined treatment assay
The microfluidic 3D culture study was approved by the Institutional
Ethics Committee of Zhongshan Hospital, Fudan University with
approval No. B2021-689R. Resected primary tumors from patients with
HCC were mechanically minced and dissociated into 1mm3 fragments,
diluted in Advanced DMEM/F-12 (Thermo Fisher Scientific, 12634010)
with 0.1% Collagenase, Type 4 (Worthington, LS004188), 0.05% Hya-
luronidase (Sigma, H3506), 0.01% deoxyribonuclease (Sigma, DN25),
and shaken on a horizontal platform for 30min at 37 °C. Spheroids
(40–100μm) were resuspended in type I rat tail collagen (Corning,
354236), and the spheroid-collagenmixture was injected into the center
gel channel of a 3D microfluidic chamber (9 µL mixture for each chan-
nel). After incubation for 30min at 37 °C in a 5% CO2 incubator, basic
medium (advanced DMEM/F12 supplemented with 10% fetal bovine
serum (FBS), 500U/mL IL-2, and 1× CD3/CD28 T cell activator) with or
without the indicated drugs and/or abs (10μM hsBCL9Z96, 500 µg/mL
PD-L1 ab, and 10 µg/mL VEGF ab) was added to the media port. The
medium was refreshed every three days. After 5 days of incubation, the
mediumwas removed, 10 µL AO/PI reagent was injected into eachmedia
port, and the chamber was incubated in the dark at room temperature,
followed by removal of the AO/PI reagent and incubation with DAPI for
10min at room temperature. Images were captured with an OLYMPUS
fluorescence microscope, and areas of live cells or dead cells were
quantified using ImageJ software. The kill index was calculated as the
(Live NC – Live Treatment)/Live NC. The Live NC is the live area ratio in the
negative control group [Live NC =Green Area/(Green Area +Red Area)], and
the Live Treatment refers to the live area in the indicated treatment group
[Live Treatment =Green Area/(Green Area + Red Area)]. Each PDOTS had three
replicates, and the average of the three kill index was the final kill index
used for the calculation.

Preparation of HCC-conditioned medium (CM) and coculture
with macrophages
To obtain Hepa1-6 CM and H22 CM, cells were seeded 1 day before
treatment with hsBCL9Z96 (10μM) for 48 h at 37 °C in a 5% CO2 incu-
bator, withDMSOused as the vehicle control. ToobtainCtrl-KOHepa1-
6 CM and Bcl9-KO Hepa1-6 CM, Hepa1-6 Scramble and Bcl9-KO cells
were cultured at 106 cells/well in 6-well flat-bottom culture plates
containing complete culture media for 48 h. The supernatants were
collected and filtered through a 0.22-μm-diameter sterile syringe filter.
H22 CM or hsBCL9Z96-treated H22 CM was added to cultures of
RAW264.7 cells (M0) for 48 h. Hepa1-6 CM, Ctrl-KO Hepa1-6 CM,
hsBCL9Z96-treatedHepa1-6 cell CM, orBcl9-KOHepa1-6CMwas added
to cultures of BMDMs (M0) for 48 h. To assess the role of tumor cell-
derived soluble factors in macrophage polarization, 50 ng/mL mouse
recombinant BMP4 (PeproTech, 315-27) was added to the coculture
system. In some experiments, the soluble BMP4 present in the cocul-
ture system was neutralized by a rat anti-mouse BMP-4 monoclonal ab
(R&D Systems, MAB50201). A rat IgG1 isotype control (MAB005, R&D
Systems) was used as a negative control. After incubation for 48 h, the
macrophages were harvested and assessed by flow cytometry.
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Flow cytometry-based evaluation of phagocytosis
The in vitro phagocytosis assay was performed by coculturing CFSE-
labeledHepa1-6 cells andBMDMs at a ratio of 200,000Bcl9-KOorCtrl-
KOHepa1-6 cells to 100,000BMDMs for 2 h inultralow-attachment 48-
well plates (Corning) in serum-free RPMI 1640medium. To explore the
effects of hsBCL9Z96 treatment on macrophage-mediated phagocy-
tosis, Hepa1-6 cells were pretreated with hsBCL9Z96 (10μM) or DMSO
vehicle control for 2 h before the coculture and harvested with 0.25%
trypsin-EDTA (Meilunbio, MB4376). Then, the Hepa1-6 cells were
fluorescently labeledwith 0.5μMCFSE (Invitrogen, C34554) according
to the manufacturer’s instructions, followed by coculture with
BMDMs. Phagocytosis was quantified by measuring the percentage of
F4/80+CFSE+ cells among the total CD11b+F4/80+ macrophage
population.

In vitro antigen presentation analysis
To detect surface OVA257–264-peptide presentation on H-2Kb (MHC-I),
macrophages (BMDMs) were cocultured with OVA257–264-loaded
Hepa1-6 cells for 48 h followed by staining with PE-conjugated mouse
anti-OVA257-264 (SIINFEKL) peptide bound to anti-H-2Kb antibodies
(eBioscience, 12-5743-81), PE-Cyanine7-conjugated anti-mouse CD11b
(eBioscience, 25-0112-82), and APC-conjugated anti-mouse F4/80
(eBioscience, 17-4801-80). The cells were analyzed by fluorescence-
activated cell sorting (FACS). To performRNA-seq,macrophages in the
coculture system were magnetically purified using the EasySep Mouse
F4/80 Positive Selection Kit (StemCell, 100-0659). Total RNA was
extracted using theRNeasyMicroKit (Qiagen, 74004) according to the
manufacturer’s protocol.

T-cell proliferation and activation assay
For the in vitro T-cell proliferation assay, 104 macrophages were
cocultured overnight with equal numbers of OVA257–264-loadedHepa1-
6 cells in serum-free RPMI 1640 medium. The next day, spleens were
isolated fromOT-I transgenicmice and CD8+ T cells weremagnetically
enriched using the EasySep Mouse CD8+ T Cell Isolation Kit (Stem-
Cell,19853) and labeled with 0.5mM CFSE. Then, 5 × 104 CD8+ T cells
and 20% FBS were added to the cultures. After a 3-day incubation, the
cells were harvested and analyzed for CFSE dilution and evaluation of
GZMB expression by FACS.

Quantitative real-time PCR
Total RNA was isolated from cultured cells or tumor tissue using the
TRIzol reagent (Ambion, 15596-026) and was reverse transcribed into
cDNA using the Hifair II 1st Strand cDNA Synthesis Kit (Yeasen,
11141ES60) according to the manufacturer’s instructions. Quantitative
real-time PCR was performed using SYBR Green Master Mix (Yeasen,
11184ES08) according to the manufacturer’s instructions. A house-
keeping gene, β-actin, was used as an internal control. The primer
sequences are listed in the Supplementary Table 4.

RNA-seq and analysis
The TRIzol method was adopted to extract total RNA according to the
manufacturer’s protocol. A NanoDrop 2000 spectrophotometer
(Thermo Scientific) was applied to assess the RNA purity and for
quantification, and an Agilent 2100 bioanalyzer (Agilent Technologies,
SantaClara, CA, USA)wasused to assess the RNA integrity. Sequencing
libraries were generated using the TruSeq Stranded mRNA LT Sample
Prep Kit (Illumina, San Diego, CA, USA) following the manufacturer’s
recommendations.

Prepared libraries were sequenced on an Illumina HiSeq X Ten
platform. Raw sequence readswerefirst aligned to themouseUniGene
transcriptomewith Bowtie (v1.0.0) to estimate the insert fragment size
and the standard deviation needed by TopHat2 to align the reads to
the genome. Then, TopHat2 was used to align the reads to a reference
mouse genome (GRCm38) with the aligning parameter bowtie1 and

Ensembl-annotated transcripts (version 77) set as a guide reference.
Uniquely mapped reads were used to quantify gene expression, and
differential gene expression was analyzed by Cuffdiff, a subpackage of
Cufflinks (v2.1.1) with the Ensembl-annotated genes (version 77). The
abundances of transcripts (including those of mRNAs, pseudogenes,
noncoding RNAs, and other predicted RNAs) were calculated and
normalized in fragments per kilobase of transcript permillionmapped
reads (FPKM), as described above, from the raw RNA-seq data and
were used for GSEA (Broad Institute).

To estimate the cellular composition of bulk RNA-seq data for
mouse samples, we used CIBERSORT to deconvolute bulk RNA-seq
data. CIBERSORT can estimate relative cell abundances in a mixed cell
population. The CIBERSORTgene signaturematrix, which contains 512
genes and distinguishes 24 mouse cell types, was downloaded from
ImmuCC. For the bulk RNA-seq data for TCGA LIHC samples, we used
ssGSEA to estimate the cellular composition. The R codes were
uploaded.

CyTOF sample preparation and data analysis
Freshly harvested tumors were digested with the Mouse Tumor Dis-
sociation Kit (Miltenyi Biotec) according to the manufacturer’s
instructions.Briefly, dissociated tumor sampleswerefiltered through a
70-μm strainer and centrifuged with 36% Percoll reagent to remove
cell debris and enrich immune cells. ACK lysis buffer was then utilized
to lyse erythrocytes. The cells were resuspended in 100μL Living Cell
Staining Mix (250nM cisplatin in PBS) and incubated for 5min on ice.
The samples were blocked and stained for 30min with a surface Ab
panel developed in-house (see Supplementary Table 5), followed by
fixation overnight in DNA intercalator solution (250nM 191/193-
iridium).

To stain intracellular markers, permeabilization buffer
(eBioscience, San Diego, California, USA) was utilized following the
manufacturer’s instructions. Cells were then washed, resuspended in
ddH2O, and stored at 4 °C before data were acquired on a Helios
instrument (Fluidigm).

Mass cytometry data were randomized and normalized before
processing. A doublet filtering scheme was used on mass-tagged bar-
codes for differentiating samples. Single cells were manually gated to
exclude calibration beads, debris, dead cells, and doublets. Next, live
CD45+ cells were gated and exported for further downstream analysis.
Separate viSNE plots and heatmaps were developed for all CD45+ cells
to specifically characterize the T cell clusters. X-shift was applied to the
T cell compartment defined in the first X-shift analysis. A dimension-
ality reduction analysis was performed with the viSNE tool, clustering
analysis with X-shift.

Single-cell transcriptomic analysis
The HCC scRNA-seq data in the NCBI GEO GSE125449 and GSE140228
datasets were downloaded. We downloaded both the raw count
matrices and corresponding cell annotations. Conos (https://github.
com/kharchenkolab/conos) was used to integrate multiple scRNA-seq
datasets. Each individual dataset was first normalized using the
basicP2proc function in pagoda2 with default parameters. Different
samples were then aligned using Conos with default parameter set-
tings (PCA space with 30 components, angular distance, mNN
matching, k = 15, and k.self = 5), and UMAP embedding was estimated
using default parameter settings. Leiden clustering (Conos: findCom-
munities) was used to determine joint cell clusters across the entire
collection of datasets. For the macrophage phenotypes, the signature
scores were estimated as average expression values of the genes in a
given gene set, which were included in Supplementary Data 1. Valida-
tion HCC scRNA-seq data GSE151530 was obtained from GEO, includ-
ing the gene expression matrix and corresponding cell annotations.
Subsequent analyses were performed using the Seurat R package with
default parameters.
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Ligand-receptor analysis
Ligand-receptor interactions were inferred using an approach similar
to that Efremova M. et al.56. We collected 1263 well-annotated ligand-
receptor pairs fromCellPhoneDB.We first screened each of the ligands
and receptors based on their expression within each cell type,
requiring that the gene be expressed in more than 10% of the cells.
Next, we calculated the average expression of ligand-receptor pairs
across cell type pairs in normalized scRNA-seq data. The product of
average ligand expression in cell type A and average receptor
expression in cell type B was used to measure ligand-receptor pair
expression. To evaluate the robustness and statistical significance of
ligand-receptor pairs, we calculated a null distribution for average
ligand-receptor pairs by shuffling cell identities in the aggregated data
and recalculating the average ligand-receptor pair expression across
1000 permutations of randomized cell identities. The P value repre-
sents the number of randomized pairs exceeding the observed data.

Enzyme-linked immunosorbent assay (ELISA)-based measure-
ment of soluble factors
The supernatants ofHepa1-6 cells orHCCPDOTSculturemediumwere
collected. The concentration of BMP4 secreted by Hepa1-6 cells was
measured with the mouse bone morphogenetic protein 4 (BMP-4)
ELISA Kit (Cusabio, CSB-E04512m) according to the manufacturer’s
instructions. The concentrations of TGFβ and IL10 in the HCC PDOTS
culturemediumweremeasuredwith aHuman/Mouse/Rat TGF-β ELISA
Kit (MultiSciences, EK981-96) and Human IL-10 ELISA Kit (Multi-
Sciences, EK110-96) according to the manufacturer’s instructions.

Flow cytometry
At the end of the study, tumors were dissected from HCC rodent
models, cut intopieces, anddigested inRPMI 1640mediumcontaining
1mg/mL collagenase IV (Sigma, C5138) and 1mg/mL DNase I (Mei-
lunbio, MB3069). Single-cell suspensions were prepared and stained
for flow cytometric analysis. For surface-marker analyses, cells were
stained with fluorochrome-conjugated antibodies against surface
markers. For assays involving intracellular or nuclear markers, cells
were first stained for surface markers, then fixed and permeabilized
using an intracellular fixation & and permeabilization buffer set (88-
8824-00, eBioscience) according to the manufacturer’s protocol, and
then were stained with intracellular antibodies. The complete list of
antibodies is provided in Supplementary Table 3.

In in vitro studies, Hepa1-6 cells were stained with Brilliant Violet
421-conjugated anti-mouse CD24 (BioLegend, 101826) ab. BMDMs
were digested in 0.25% trypsin-EDTA (Meilunbio,MB4376) and stained
with PE-Cyanine7-conjugated anti-mouse CD11b (eBioscience, 25-0112-
82), APC-conjugated anti-mouse F4/80 (eBioscience, 17-4801-80), PE-
conjugated anti-mouse CD206 (eBioscience, 12-2061-82) and Alexa
Fluor 488-conjugated anti-mouse iNOS (eBioscience, 53-5920-82)
antibodies. The LIVE/DEAD Fixable Yellow Dead Cell Stain Kit (Invi-
trogen, L34967) was used to gate living cells. Samples were analyzed
using a FACSAria II cell sorter (BD Biosciences) or CytoFlex S flow
cytometer (Beckman). The data reported in this paper were analyzed
using FlowJo V10 software.

To identify macrophages, the following gating strategies were
used: (I) selection of live single-cell leukocytes [SSC–A, CD45+], (II)
selection of macrophages [CD11b+F4/80+], and (III) selection of M1
macrophages [iNOS+CD206−] and M2 macrophages [iNOS−CD206+].
We also selected for activated GZMB+CD8+ cells.

ALPHA assays
ALPHA screening (Perkin Elmer) was performed according to a stan-
dard protocol, with modifications to account for the optimized read-
out. The maximum average signal in the ALPHA assay was 31,618.9,
with a standard deviation of 2,872.1. The minimum average signal was
526.4, with a standard deviation of 68.6, and the Z-factor was 0.7.

Biotinylated BCL9-HD2 and hsBCL9Z96 were conjugated with
streptavidin-coated donor beads via a PEG linker, which was custo-
mized to allow a larger binding area between BCL9 peptides and β-
catenin, while β-catenin was conjugated with protein A-coated accep-
tor beads using an anti-β-catenin Ab (Abcam ab32572). Following
cross-titrations, 100 nM BCL9-HD2B (biotinylated BCL9-HD2 peptide),
which lacked the PEG tag in comparison to BCL9-HD2A, and 100 nM β-
catenin were used in further studies. ALPHA assay readouts were
measured on an EnVision Multimode Plate Reader and Enspire Multi-
mode Plate Reader (Perkin Elmer). All assays were performed in
duplicate and repeated at least twice with freshly prepared reagent
solutions.

Biacore assay
Beta-catenin (Feng et al. SA, 2019) was immobilized on a CM5 chip (GE
Health) using a Biacore T200. A sensogram was obtained by using
serially diluted concentrations of hsBCL9Z96. The surface plasmon
resonance sensograms had association time intervals of 45 s and dis-
sociation time intervals of 60 s. Data were analyzed using Biacore
Evaluation Software.

TCF/LEF signal reporter assay
To measure the TCF/LEF signal reporter activity, 1 × 105 Hepa1-6 cells
were added to 96-well plates and transfectedwith Lipofectamine 2000
(Invitrogen, 11668-019)-loaded LEF/TCF plasmids (QIAGEN,
7601316241). Lipofectamine 2000wasmixedwith LEF/TCF plasmids at
25 °C for 20min before being added into 96-well plates. Cells were
cultured at 37 °C in a 5% CO2 incubator and treated with different
concentrations of hsBCL9Z96 or ICG-001 for 24 h. The luciferase
reporter activity was measured using the Firefly & Renilla Luciferase
Reporter Assay Kit (meilunbio, MA0518).

Other reporter assays
The following signaling pathways and cell lines were analyzed in other
assays: the cAMP/PKA pathway was tested in CRE-bla Jurkat cells (Life
Technologies) following forskolin stimulation, the heat shock
response was examined in HepG2 cells after 17-(allylamino)-17-deme-
thoxygeldanamycin (17-AAG) stimulation, the MAPK/ERK pathway
activity in luc2P/SRE/Hygro HEK293 cells was examined using EGF
stimulation, the interferon regulation pathway in HeLa cells was tested
following IFN-γ stimulation, the STAT3 pathway in HEK293 cells was
examined after IL-6 stimulation, and the NF-κB pathway was assessed
in luc2P/NF-κB-RE/Hygro HEK293 cells with hTNF stimulation.

cAMP/PKA-CRE-bla Jurkat cells-inhibitor screen. CRE-bla Jurkat
cells were thawed and prepared as described in the manufacturer’s
protocol. A 4μL aliquot of 10× serial dilutions of H-89 (control inhi-
bitor; starting concentration: 10,000 nM) or a test compound was
added to a tissue culture-treated assay plate. Then, 32μL of cell sus-
pension was added to each well, and the plate was preincubated at
37 °C/5% CO2 in a humidified incubator with compound and control
inhibitor titrations for 30min. Next, 4μL forskolin (10×, control acti-
vator) at the predetermined 80% maximal effective concentration
(EC80) was added to wells containing the control inhibitor or com-
pounds. The plate was incubated for 5 h at 37 °C/5% CO2 in a humidi-
fied incubator before 8μL substrate loading solution (1μM)was added
to each well, followed by incubation for 2 h at RT. The plate was read
on a fluorescence plate reader.

Heat shock response–HepG2 cells–inhibitor screen. HepG2 cells
(1 × 104 cells per well) were plated in a solid-white 96-well plate
(Corning Cat. # 3917) and incubated for 24 h in a 37 °C, 5% CO2 incu-
bator. Vector constructs were diluted at a 10:1 mass ratio to 10 ng total
DNA/μL in Opti-MEM I. Then, FuGENE HD (E2311) was added at a 4.5:1
lipid:DNA ratio. Samples were mixed by pipetting and incubated at RT
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for 20min. A 10μL volume of transfection complex was added to each
well (100 ng DNA/well) and the plate was incubated for 18 h in a 37 °C/
5%CO2 incubator. The culturemediumwas removed from the cells and
replaced with 72μL DMEM+0.5% charcoal-stripped FBS per well.
Then, 8μL 17-AAG (1μM) was added to each well and the plate was
incubated for another 6 h in a 37 °C/5%CO2 incubator. The plates were
removed from the 37 °C/5% CO2 incubator and allowed to cool to RT
for approximately 15min, and then luminescence was measured.

MAPK/ERK-luc2P/SRE/Hygro HEK293 cells-inhibitor screen.
HEK293 cells (1 × 104–1.5 × 104 cells per well) were plated in a solid-
white 96-well plate (Corning Cat# 3917) and incubated for 24 h in a
37 °C/5% CO2 incubator. The pGL4.33 [luc2P/SRE/Hygro] vector (Pro-
mega, E134A) was diluted at a 10:1 mass ratio to 10 ng total DNA/μL in
Opti-MEM I. FuGENE HD (E2311) was added at a 4.5:1 lipid:DNA ratio.
The samples were mixed by pipetting and incubated at RT for 20min.
Then, 10μL of transfection complex was added per well (100 ng DNA/
well) and the plate was incubated in a 37 °C/5% CO2 incubator. After a
4–6-h incubation, themediumwas changed to DMEM/0.5% FBS (100 µl
per well) to start serum starvation. Then, 50 µL of the medium was
removed, and 50 µL 2× induction solution (40% FBSplus 20 ng/mLEGF
in DMEM) was added to the cells to be induced, or 50 µL 2× control
solution (DMEM)was added to the control/noninduced cells. The cells
were incubated for 6 h in a 37 °C/5% CO2 incubator. The plates were
then removed from the 37 °C/5% CO2 incubator and allowed to cool to
RT for approximately 15min, and luminescence was measured.

Interferon regulation pathway–HeLa cells–inhibitor screen. HeLa
cells (1 × 104 per well) were plated in a solid-white 96-well plate (Corning
Cat# 3917) and incubated for 24h in a 37 °C/5% CO2 incubator. A 10μL
aliquot of transfection complex (pDD006, pFirefly, polyethylenimine)
wasadded to thecells,whichwere incubated for another4 h ina37 °C/5%
CO2 incubator. The culturemediumwas then removed from thecells and
replaced with complete medium (DMEM+ 10% FBS). The plate was
incubated for 4 h in a 37 °C/5% CO2 incubator. Then, the culturemedium
was removed from the cells, and IFN-γ (final concentration; 10ng/mL) or
test compound(s) was added to appropriate wells of the plate. The plate
was then incubated for 16h in a 37 °C/5% CO2 incubator. The plates were
removed from the 37 °C/5% CO2 incubator and allowed to cool to RT for
approximately 15min prior to luminescence detection.

STAT3 pathway–HEK293 cells–inhibitor screen. A total of 2.5 × 104

HEK293 cells per well were plated in a solid-white 96-well plate
(Corning Cat. # 3917) and incubated for 24 h in a 37 °C/5% CO2 incu-
bator. A 20μL aliquot of transfection complex (pDD021, pFirefly,
polyethylenimine) was added to the cells, whichwere incubated for 4 h
in a 37 °C/5% CO2 incubator. At that time, the culture medium was
removed from the cells and replaced with a complete medium
(DMEM+ 10% FBS). The plate was then incubated for 24 h in a 37 °C/5%
CO2 incubator. Then, the culturemediumwas removed from the cells,
and IL-6 (final concentration of 10 ng/ml) or test compound(s) was
added to appropriate wells of the plate. The plate was then incubated
for 24 h in a 37 °C/5%CO2 incubator. Theplateswere removed fromthe
37 °C/5% CO2 incubator and allowed to cool to RT for approximately
15min, and then luminescence was measured.

NF-κB pathway–luc2P/NF-κB-RE/Hygro HEK293 cells. A total of
1.5 × 104 HEK293 cells perwell wereplated in a solid-white 96-well plate
(Corning Cat. # 3917) and incubated for 24 h in a 37 °C/5% CO2 incu-
bator. Each well of the 96-well plate to be transfected received 0.1 µg
pGL4.32 [luc2P/NF-κB-RE/Hygro] plasmid DNA (Promega, E849A). The
plate was then incubated for another 24h in a 37 °C/5% CO2 incubator.
The medium was removed from the wells, and 100 µl 1× induction
solution (20 ng/mL TNFα in DMEM/FBS) was added to the cells to be
induced, or 100 µl 1× control solution (DMEM/FBS) was added to the

control noninduced cells. The cells were incubated for 5 h in a 37 °C/5%
CO2 incubator. The plates were then removed from the incubator and
allowed to cool to RT for approximately 15min prior to the measure-
ment of luminescence.

PK profiling
PK analysis of hsBCL9Z96 was conducted in 3 male Sprague–Dawley
rats (weighing 220–250 × g) (Shanghai SLAC Laboratory Animal Co.
Ltd.) in accordance with a standard protocol (Viva Biotech) and ethical
regulations (IACUC). Rats were administered hsBCL9Z96 by intrave-
nous injection via the tail vein. Positive control vehicles were prepared
with 10% DMSO and 90% deionized H2O to generate a mixed solvent,
with peptides tested at nominal concentrations of 0.5mg/mL (incu-
bated at RT before administration). Blood samples (300mL) were
collected periodically from the retro-orbital vein at 0.083, 0.25, 0.5, 1,
2, 4, 8, 24, 48, and 72 h after dosing, followed by plasma separation for
subsequent bioanalysis.

Cell viability assay
Cell viability was assessed using the cell counting kit-8. Tumor cells
(100 µl; 10,000 cells/well) were seeded in a solid-white 96-well plate
(Corning Cat# 3917) and incubated for 24h in a 37 °C/5% CO2 incu-
bator. Then the cells were treated with different concentrations of
hsBCL9CT-24 or hsBCL9Z96 for 24 h at 37 °C under 5% CO2. Subse-
quently, 10 µl of CCK8 solution (MA0218-2, Meilunbio) was added into
the medium and the plate was incubated at 37 °C for 1 h away from
light. The absorbance (450nm) was measured using a Synergy H1
microplate reader (BioTek).

Cell membrane penetration assay
To determine the cell membrane penetration ratio of hsBCL9Z96,
HCT116 cells were treated with hsBCL9CT-24-FITC or hsBCL9Z96-FITC
in vitro for 24 h, and the proportion of FITC+ live cells was analyzed by
flow cytometry.

The penetration rates of hsBCL9Z96 and hsBCL9CT-24 in Hepa1-6
tumor tissues were measured by in vivo imaging. Briefly, the tumor
samples were fixed with 4% paraformaldehyde, then pruned, dehy-
drated, embedded, sliced, stained with DAPI (Absinbio, abs47047616),
and sealed in strict accordance with the SOP procedure of the
pathology department. Finally, samples qualified for microscopic
examination were obtained. Pictures were taken with a Pannoramic
MIDI II (3D HISTECH). Images were analyzed using Indica Labs soft-
ware (U.S.A.).

Drug safety assessment
To perform a preliminary toxicology study of hsBCL9Z96, SD rats
(n = 3) were treated with vehicle control (25% glucose) or hsBCL9Z96
(25, 50, and 100mg/kg) via intravenous (i.v.) injection, QD over
14 days. The body weight and food intake were recorded. Serum
chemistry and hematology studies were performed. In another study,
Balb/c mice (n = 3) were treated with vehicle control (25% glucose) or
hsBCL9Z96 at 10mg/kg via i.v. injection, QD over 14 days. The numbers
of different blood cell types and parameters were analyzed, including
white blood cells, lymphocytes (Lym), monocytes (Mon), neutrophils
(Neu), red blood cells, hematocrit (HCT), hemoglobin (HGB), platelets
(PLT), and the mean platelet volume (MPV).

Statistical analysis
GraphPad software (version 9.0) and R statistical software (version
4.2.0) were used for most data analyses. Significance was determined
by Student’s t-test when comparing two groups. Survival and recur-
rence curves were generated by the Kaplan–Meier method, and the
differences between groupswere evaluatedby the log-rank test. A two-
tailed P <0.05 was considered to be statistically significant. Data are
presented as the means ± SD unless otherwise indicated.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The RNA-seq data generated in this study have been deposited in the
Genome Sequence Archive (GSA) under project accession number
CRA031201 and CRA031323. Publicly available datasets are available
under accession codes: GSE125449 (GEO: https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE125449), GSE140228 (GEO: https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE140228),
GSE151530 (GEO: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE151530), GSE22058 (GEO: https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE22058), GSE43619 (GEO: https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE43619), GSE19977 (GEO: https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE19977), and TCGA
cancer data (TCGA database: https://www.cancer.gov/tcga). Clinical
and RNA-seq data of the GO30140 and IMbrave150 cohorts were
downloaded from European Genome-Phenome Archive under acces-
sion no. EGAS00001005503. Proteomic data of HCC cohorts were
obtained from CPTAC under accession No. PDC000198. All newly
generatedmaterials are available from the corresponding author upon
request. Requests will be processed under a Materials Transfer
Agreement to ensure appropriate use and to address any intellectual
property constraints. The remaining data are available within the
article, Supplementary Information, Source Data file or from the cor-
responding author on request. Source data are provided with
this paper.

Code availability
Software used for single-omic andmulti-omic analyses were described
and referenced in the respective Method Details subsections with
default parameters and listed in the Supplementary Table 3. No addi-
tional customer code was generated in this article
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